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An energy-resolved study of the partial fragmentation dynamics of Ar–HCl
into H ¿Ar–Cl after ultraviolet photodissociation

J. C. Juanes-Marcos and A. Garcı́a-Vela
Instituto de Matema´ticas y Fı́sica Fundamental, C.S.I.C., Serrano 123, 28006 Madrid, Spain

~Received 29 November 1999; accepted 13 December 1999!

The UV photolysis of Ar–HCl is simulated by an exact wave packet calculation. Partial
fragmentation of the cluster into H and Ar–Cl fragments is studied by projecting out the asymptotic
wave packet onto the product states, at several excitation energies in the range of the Ar–HCl
absorption spectrum. The partial fragmentation pathway is found to dominate the photolysis process
at very low excitation energies, and to be intense also at high energies. At medium excitation
energies the other competing fragmentation pathway, namely total fragmentation into H, Ar, and Cl,
dominates almost completely the photodissociation dynamics. The relative intensity of the two
fragmentation pathways depends on the extent to which the hydrogen is initially blocked by Ar and
Cl. The Ar–Cl radicals are produced with high rotational and low vibrational excitation at most of
the Ar–HCl energies studied. The internal energy distributions of Ar–Cl show remarkable
differences in shape depending on the regions of the absorption spectrum which are excited. This
effect can be exploited to control both the efficiency of Ar–Cl generation and the internal excitation
of the radical prepared, by changing the excitation energy of the parent cluster. ©2000 American
Institute of Physics.@S0021-9606~00!00210-5#
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I. INTRODUCTION

The study of weak interactions between atomic and
molecular species has attracted a great deal of interest in
last years, due to their fundamental role in condensed ma
physics. Much of the research effort was addressed to
interactions between closed-shell systems,1,2 while interac-
tions involving open- and closed-shell species were less
vestigated. Rare gas halides~Rg–X! are the simplest proto
typical systems involving the latter type of interactions, a
they have been extensively studied. The main interest in
Rg–X open-shell complexes arises from their use in excim
lasers in the UV region. A detailed knowledge of the Rg–
interaction is also central to understand the solvation effe
in the photophysics and photochemistry of some impuri
~like HX and X2) embedded in rare gas matrices3–5 and
liquids.6,7

Different types of experimental techniques have be
applied to study Rg–X radicals. Among them are the sp
troscopic studies carried out by several groups.8–15 A large
variety of Rg–X complexes was also explored by means
scattering experiments performed by Lee and co-worker16

and Aquilanti and co-workers.17 A third type of technique
consisted of electron photodetachment of the Rg–X2 anions
followed by zero electron kinetic energy~ZEKE! spectros-
copy. This technique was applied by Neumark and
workers to investigate a number of Rg–X complexes and
corresponding anions.18 Interaction potential curves were ob
tained from the data generated by all the above experime

A new type of experiment has been recently suggeste
prepare and probe Rg–X radicals. Wittig and co-work
carried out energy-resolved experiments on the UV photo
sis of the Ar–HI cluster, and measured the time-of-flig
~TOF! spectrum of the H fragment by means of high-n Ry-
dberg TOF~HRTOF! spectroscopy.19 A blueshift was ob-
4980021-9606/2000/112(11)/4983/11/$17.00
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served in the hydrogen kinetic-energy release distribut
obtained from the TOF spectrum, which was attributed to
fragments hotter than those produced by total fragmenta
of the cluster, Ar–HI1hn→H1Ar1I. The authors inter-
preted such a blueshift as an indirect evidence that A
radical complexes were formed as products of the photol
process. Wittig and co-workers suggested that UV photo
sociation of hydrogen-bonded clusters could be a via
method to prepare high concentrations of Rg–X complex
or even other types of radicals.19

The HRTOF spectroscopic technique was applied
Wittig and co-workers to explore the UV photolysis of oth
hydrogen-bonded clusters like~HI!2 ~Ref. 20! and~HCl!2 ,21

and evidence was found of formation of I–HI and Cl–H
radicals, respectively. Due to energy conservation, the
fragment TOF spectrum measured, reflected the state d
bution of the radicals prepared. The light fragment thus
comes a probe of the radical complexes produced by
photolysis of the parent cluster. In turn, Nesbitt and c
workers have carried out experiments on the UV photod
sociation of Ar–H2O ~Ref. 22! and Arn– H2 (n<2) ~Ref. 23!
clusters. In the case of Ar–H2O the authors observed a sligh
heating in the rotational distribution of the OH photofra
ment, as compared with that of the OH product result
from photolysis of unclustered H2O at the same wavelength
A classical trajectory simulation24 of the Ar–H2O photodis-
sociation showed that the OH rotational heating could be
to formation of Ar–OH radicals. Photolysis of Arn– H2S pre-
cursors provided the first direct observation of Ar–SH a
Ar2–SH open-shell complexes from laser induced fluor
cence~LIF! spectra. A high efficiency of radical formatio
was obtained for excitation at 248 nm, while it decreased
tenfold lower when photolysis was carried out at 193 nm

In this paper the UV photodissociation of Ar–HCl
3 © 2000 American Institute of Physics
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studied, focussing on the partial fragmentation mechanism
the cluster, Ar–HCl1hn→H1Ar–Cl. The probability of
Ar–Cl formation was estimated in an earlier wave pac
simulation, and found to be rather high.25 Such an estimated
probability was not resolved in energy. More rigorou
energy-resolved calculations were further carried out by p
jecting the wave packet onto the asymptotic states assoc
with the H and Ar–Cl fragments, for several excitation e
ergies of the parent cluster. Preliminary results w
reported26 showing a high yield of Ar–Cl radical product
resulting from photolysis at very low and very high excit
tion energies of Ar–HCl. In the present work we extend t
previous study, with the emphasis on the analysis of the fi
state distributions of the Ar–Cl complexes formed. To t
best of our knowledge, the theoretical study reported h
~along with that of Ref. 26! is the first one on the generatio
of Rg–X radicals from UV photolysis of a Rg–HX precu
sor, based on a 3D quantum calculation.

The organization of the paper is the following. In Sec.
the method used is described. The results are presented
discussed in Sec. III. Finally, conclusions are given
Sec. IV.

II. THEORETICAL TREATMENT

The UV photodissociation of Ar–HCl is simulated upo
optical excitation of the HCl molecule from its ground
electronic stateX 1S1 to the repulsive excited stateA 1P
@both of which correlating adiabatically with the H(2S)
1Cl(2P3/2) asymptote#. As in previous calculations, we sha
assume here that the system is excited through an ultra
Franck–Condon transition, and the photodissociation
namics takes place only on theA 1P electronic surface. The
potential-energy surfaces of the two electronic states h
been described elsewhere.25,27We note that by neglecting th
nonadiabatic~spin–orbit and rotational! couplings between
theA 1P state and other electronic states correlating with
H(2S)1Cl(2P1/2) asymptote,28 we are ruling out the possi
bility of obtaining H1Ar1Cl(2P1/2) and H1Ar–Cl(2P1/2)
as products of the photolysis. Only Cl(2P3/2) and
Ar–Cl(2P3/2) fragments are possible in our calculation. U
fortunately, an exact description of the Ar–HCl photodiss
ciation dynamics including several coupled electronic sta
becomes prohibitively expensive. The initial state of Ar–H
used in the simulation corresponds with the vibroelectro
ground state of the cluster, and it is described in ear
works.25,27

It has been found in previous studies25,27,29,30that photo-
dissociation of Ar–HCl takes place through two differe
and competing fragmentation pathways:

Ar–HCl1hn→H1Ar1Cl, ~1!

Ar–HCl1hn→H1Ar-Cl, ~2!

which we shall refer to by total fragmentation@Eq. ~1!# and
partial fragmentation@Eq. ~2!# pathways hereafter. Tota
fragmentation~TF! of the cluster is produced by an indire
photodissociation mechanism, following which the hydrog
photofragment is temporarily trapped in resonances in
tween the Ar and Cl atoms. During this trapping the H fra
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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ment collides once or more with the heavier atoms, trans
ring to them part of its initial excess energy, and giving ri
to three final fragments. This indirect dissociation mech
nism has been recently investigated,30 finding that it accounts
for '13% of the total probability of photodissociation in th
energy range of the absorption spectrum. Actually, mos
the total fragmentation of Ar–HCl is likely to occur via
nearly direct photodissociation mechanism, in which the
coiling H fragment interacts rather weakly with the Ar atom
In this case the hydrogen would transfer only a small fract
of energy to the Ar atom, which would be enough to bre
the weak Ar–Cl bond. Such a nearly direct dissociati
mechanism seems to dominate at most of the cluster ex
tion energies. The partial fragmentation~PF! pathway of Eq.
~2! is produced by a mechanism of~completely! direct pho-
todissociation, in which the recoiling hydrogen does not
teract appreciably with Ar. Through this mechanism t
Ar–Cl bond gets a smaller share of energy than in the t
above mechanisms, allowing the Ar–Cl radical to surviv
The analysis of the partial fragmentation of Ar–HCl leadi
to Ar–Cl radical complexes is the purpose of the pres
work.

In the calculation, the Ar–HCl cluster is represented
Jacobian coordinates (r ,R,u), wherer is the HCl distance,R
is the separation between the Ar atom and the HCl cente
mass, andu is the angle between the vectorsrW andRW . Zero-
total angular momentum is assumed. The total wave func
of the system is defined for convenience as

C~r ,R,u!5F~r ,R,u!/rR, ~3!

and the Hamiltonian for the reduced wave functi
F(r ,R,u) for J50 is

Ĥ~r ,R,u!52
\2

2m r

]2

]r 2 2
\2

2mR

]2

]R2

1S 1

2m r r
2 1

1

2mRR2D ĵ 21V~r ,R,u!, ~4!

being m r and mR the reduced masses associated with thr
andR modes, respectively. The excited-state photodisso
tion dynamics is simulated by solving the time-depend
Schrödinger equation for theF(r ,R,u) wave packet

i\
]F~r ,R,u,t !

]t
5ĤF~r ,R,u,t !, ~5!

up to t580 fs. The numerical details of the wave pack
propagation have been given elsewhere.25

After propagating the wave packet, the second stage
our calculation is to project that wave packet onto the sta
associated with the products H1Ar–Cl, for different total
energies initially excited in Ar–HCl. As it has been di
cussed previously,30 the asymptotic states of the fragmen
H1Ar–Cl cannot be precisely defined in the Jacobian co
dinate representation (r ,R,u) used for the wave packe
propagation. The reason is that theR coordinate does no
represent exactly the Ar–Cl stretch mode~although it is quite
close, due to the H/Cl mass ratio!. Actually, a precise defi-
nition of the H1Ar–Cl product states is possible in the Jac
bian representation (R8,r 8,u8), whereR8 is the distance be-
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
tween H and the Ar–Cl center of mass,r 8 is the Ar–Cl
separation, andu8 is the angle between the vectorsR8W and
r 8W .

The use of the (R8,r 8,u8) representation in the wav
packet propagation demands a larger grid than the (r ,R,u)
one, making the problem prohibitively costly. An alternati
is to perform a Jacobian transformation of the asympto
wave packetF(r ,R,u,t5`) to a new grid in the (R8,r 8,u8)
coordinates, and then to carry out the projection in this la
representation. This procedure becomes very expensive
since it requires interpolating a dense, complex, 3D fu
coupled wave packet like the present one. Instead, we c
to transform the asymptotic states of the products from
(R8,r 8,u8) to the (r ,R,u) representation, where now th
wave packetF(r ,R,u,t5`) is projected out. Since the
asymptotic states of H1Ar–Cl can be defined as a product
three one-dimensional functions, as will be seen below,
evaluation of the required interpolations becomes more e
cient.

The asymptotic states of the H and Ar–Cl fragments
a given total energyE of Ar–HCl can be represented as th
direct product

jek ,v, j
(E) ~R8,r 8,u8!5S mR8

2pkR8\
2D 1/2

3eikR8R8xv
( j )~r 8!Pj~cosu8!, ~6!

where ek is the kinetic energy associated with the relati
translational motion between the two fragments@kR8
5(2mR8ek)

1/2/\#, Pj (cosu8) is a normalized Legendre poly
nomial, andxv

( j )(r 8) is a vibrational eigenstate of the Ar–C
stretch mode for a givenj state, obtained as a solution of th
Schrödinger equation

F2
\2

2m r 8

]2

]r 82
1

j ~ j 11!\2

2m r 8~r 8!2
1VAr–Cl~r 8!Gxv

( j )~r 8!

5Ev, jxv
( j )~r 8!, ~7!

with an associated energy levelEv, j . A time-dependent
phase factore2 iEt/\ has been omitted in Eq.~6! for simplic-
ity. In the asymptotic limit the total energy of the fragmen
can be expressed in terms ofek andEv, j as

E5ek1Ev, j . ~8!

In Eq. ~6!, jek ,v, j
(E) (R8,r 8,u8) is the reduced form of the

asymptotic state wave function in the (R8,r 8,u8) coordinate
representation. The total wave function must have a uni
value at any point in space, regardless of the coordinate
resentation used. This can be expressed as31

1

R8~r ,R,u!r 8~r ,R,u!
jek ,v, j

(E) @R8~r ,R,u!,

r 8~r ,R,u!,u8~r ,R,u!#5
1

rR
hek ,v, j

(E) ~r ,R,u!, ~9!

where hek ,v, j
(E) (r ,R,u) is the reduced wave function of th

asymptotic state in the (r ,R,u) representation, and

rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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R8(r ,R,u), r 8(r ,R,u), and u8(r ,R,u) are the functions
which transform any point in space from the (r ,R,u) coor-
dinate representation to the (R8,r 8,u8) one. From Eq.~9! it
immediately follows that

hek ,v, j
(E) ~r ,R,u!5

rR

R8~r ,R,u!r 8~r ,R,u!
jek ,v, j

(E)

3@R8~r ,R,u!,r 8~r ,R,u!,u8~r ,R,u!#.

~10!

Now hek ,v, j
(E) (r ,R,u) can be used to project out the wav

packetF(r ,R,u,t5`) in the (r ,R,u) coordinates,

cv, j~E!5^hek ,v, j
(E) ~r ,R,u!uF~r ,R,u,t5`!&, ~11!

and then to obtain the probabilityPv, j (E)5ucv, j (E)u2 of
Ar–HCl photodissociation into an atomic H fragment wi
kinetic energyek

H5(mAr1mCl /mH1mAr1mCl)ek , and an
Ar–Cl radical fragment in a ro-vibrational state (v, j ) and
with a translational energyek

Ar–Cl5E2ek
H2Ev, j . In order to

ensure that the wave packetF(r ,R,u,t5`) which is pro-
jected out is actually asymptotic, only the wave packet co
ponents corresponding to distancesr .19.9 a.u. have been
included in Eq.~11!. About 7% of the wave packet is stil
located at distancesr ,19.9 a.u. for t580 fs. As it was
shown previously,30 these latter wave packet componen
correspond to the TF pathway, so removing them from
~11! does not affect the value of the calculated coefficie
cv, j (E).

It should be noted that total energy conservation@Eq.
~8!# implies that the two quantitiesek andEv, j are not inde-
pendent ones. For a given energyE, since the spectrum o
energy levelsEv, j is discrete, only discrete values ofek ~or
equivalently,ek

H) are allowed. Therefore, although we r
tained the four indexesE, ek , v, andj in the above equations
@except incv, j (E) andPv, j (E)#, only eitherE andek or E, v,
and j are needed to specify a given state of the product p
tofragments. As a consequence, for a given total energy,
ro-vibrational state distribution of Ar–Cl,Pv, j (E), coincides
with the kinetic-energy distribution of the H fragmen
P(ek

H ,E), in the energy range of the Ar–Cl spectrum
bound states. The experimental implication is that the
fragment TOF spectrum can be used as a probe of the
distribution in which the radical complexes are prepared.

The vibrational statesxv
( j )(r 8) were obtained by solving

numerically Eq.~7!. A number of 196 bound statesxv
( j )(r 8)

~with energy levels below the dissociation limit of the Ar–C
potential! was found withj <41. In addition, 76 quasibound
states~above the dissociation limit of the potential! sup-
ported by the centrifugal barrierj ( j 11)\2/2m r 8(r 8)2, were
also obtained withj <60. Neither bound nor quasiboun
states were found forj .60. The metastable states are ze
order ones which are expected to decay by tunneling thro
the barrier. The time scale of decay of these states was
lyzed by means of line-shape calculations.32 The results
showed that most of the zero-order states were an exce
approximation in the region where the wave packet is to
projected out. Four states very close to the top of the co
sponding rotational barrier were found to be spurious a
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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were discarded. For the remaining 72 states, the decay
times obtained ranged from a few picoseconds to several
of picoseconds. Since in all cases the tunneling time s
was much longer than that of direct dissociation of the
fragment~about 15–20 fs!, the 72 quasibound states can
considered as bound ones in practice. Therefore the w
packet was projected out onto 268 degenerate states o
H1Ar–Cl products for each total energy studied.

III. RESULTS AND DISCUSSION

A. Probability of Ar–Cl formation for different
excitation energies of Ar–HCl

The wave packet projection was carried out for 20 d
ferent initial excitation energiesE of Ar–HCl, in the range
covered by the absorption spectrum~0.8 eV–5.8 eV!. Sum-
mation of the probabilitiesPv, j (E) corresponding to the 268
H1Ar–Cl(v, j ) product states associated with a given e
ergy E gives the probability of the PF pathway at that e
ergy. Such a probability distribution@denoted in the follow-
ing asPAr–CL(E)# is displayed in Fig. 1~solid line!. The total
probability of photodissociation, calculated as

Ptotal~E!5
1

2p\
2

3ReF E
0

`

dt^F~r ,R,u,t50!uF~r ,R,u,t !&eiEt/\G ,
is also shown in Fig. 1~dashed line!. Note that by multiply-
ing Ptotal(E) by the energy«(l) of the photon used to excit
the system, the absorption spectrum is obtained~within a
constant factor!.

Integration of PAr–Cl(E) over the whole energy rang
yields the total probability of Ar–HCl photolysis into
H1Ar–Cl fragments,

PAr–Cl
total 5E dE PAr–Cl~E!.

FIG. 1. Probability of Ar–Cl formation~solid line! and total probability of
photodissociation~dashed line! vs the initial excitation energy of Ar–HCl.
The limit E50 corresponds to three separated atoms.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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It is found that 1.1% of the photodissociation process occ
via the PF pathway of Eq.~2!. Consequently, in the remain
ing 99% of the process the Ar–HCl cluster dissociates i
three fragments@Eq. ~1!#. As said above, the probability o
total fragmentation due to an indirect photodissociat
mechanism induced by collisions of the hydrogen with t
heavy atoms was estimated30 as '13%. Therefore,'86%
of the cluster photolysis would take place through the
pathway following a nearly direct dissociation mechanis
where the recoiling H fragment interacts to some extent w
the Ar atom.

It is interesting to analyze in more detail the behavior
the PAr–Cl(E) distribution when different total energies o
the parent cluster are excited. To this purpose, the probab
PAr–Cl(E) is shown in Fig. 2~a! at a different scale as in Fig
1, along with the partial probability distributionsPAr–Cl

b (E),
andPAr–Cl

q (E), associated with formation of Ar–Cl radical
in bound and quasibound ro-vibrational states, respectiv
In addition, the ratiosPAr–Cl /Ptotal, PAr–Cl

b /Ptotal, and
PAr–Cl

q /Ptotal are plotted in Fig. 2~b! vs the cluster excitation
energy.

The most interesting finding is the behavior of the ra

FIG. 2. ~a! Total probability of Ar–Cl formation,PAr–Cl ~solid line!, and
partial probabilities of Ar–Cl formation in bound states,PAr–Cl

b ~dashed
line!, and in quasibound states,PAr–Cl

q ~dotted line! vs the excitation energy
of the parent cluster.~b! Ratios between the above three probabilities
Ar–Cl and the total probability of photodissociation,PAr–Cl /Ptotal ~solid
line!, PAr–Cl

b /Ptotal ~dashed line!, andPAr–Cl
q /Ptotal ~dotted line! vs E.
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PAr–Cl /Ptotal with the total energy. At low energies th
Ar–Cl radicals are the dominant products of the photoly
process, although the percentage of Ar–Cl formation
creases sharply as the excitation energy increases. The
creasing of the Ar–Cl production with increasing excitati
energy is in agreement with the experimental findings
photodissociation of Ar–H2S and Ar2–H2S clusters.23 Nes-
bitt and co-workers have proposed a gentle rec
mechanism23 to explain the high production of radical com
plexes in the case of Arn– H2S (n<2). Such a mechanism i
based on the fact that the recoiling H fragment carries m
of the excitation energy initially deposited in the cluste
leaving only a small fraction of this energy to be accomm
dated in the radical formed. By increasing the excitation
ergy, the fraction of available energy for the radical increa
correspondingly, leading to a decrease of the percentag
surviving radicals.

The energy difference between the lowest bound s
and the highest quasibound state of Ar–Cl is'200 cm21.
This is thus the maximum amount of energy which can
accommodated as internal~ro-vibrational! excitation energy
of the radical without breaking it~within the time scale of
hydrogen dissociation!. For E,1.9 eV the amount of energ
available for the Ar–Cl fragment~to be distributed among
center-of-mass energy and internal energy! is ,200 cm21.
This fact combined with the gentle recoil mechanism wo
explain the high survival probability of Ar–Cl products i
that energy range.

The gentle recoil mechanism is a ballistic-type mod
which implies direct dissociation of the hydrogen fragme
Consequently, the energy available for the two fragment
and Ar–Cl is governed by the ratio between their masses
the behavior of the ratioPAr–Cl /Ptotal three different energy
regions can be distinguished. In the first region,E,1.9 eV,
the ratio decreases sharply from nearly 1, then it stabili
around 0.01 for 1.9 eV,E,4.7 eV, and finallyPAr–Cl /Ptotal

raises forE.4.7 eV, reaching again a high efficiency
radical obtention. This behavior cannot be explained if
gentle recoil~or direct dissociation! mechanism is the only
one governing the probability of formation of Ar–Cl rad
cals. If this was the case, the ratioPAr–Cl /Ptotal would be
essentially determined by the amount of energy available
the Ar–Cl fragment. In this situation one would expe
PAr–Cl /Ptotal to be 1 forE,1.9– 2.0 eV, and then a more o
less gradual decay of the ratio to zero forE.1.9– 2.0 eV.

The behavior ofPAr–Cl /Ptotal can be understood in term
of a competition between the PF and the TF pathways. T
competition occurs along the whole energy range of the
sorption spectrum. At very low energies the PF pathw
dominates the photolysis process, but the rapidly increa
probability of the TF pathway leads to the opposite situat
at E'2.0 eV. In the energy range 1.9 eV,E,4.7 eV the low
ratio PAr–Cl /Ptotal is likely due to a combination of two fac
tors. The main factor is probably the highly dominant T
pathway, and a secondary factor is the increasing amoun
energy available for Ar–Cl after direct dissociation of t
hydrogen. At high energies,E.4.7 eV, the probability of the
TF pathway would decrease, making possible an increas
PAr–Cl /Ptotal.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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The relative intensity of the two fragmentation pathwa
depends on the extent to which the hydrogen dissociatio
direct or not. This is determined essentially by the Ar–H
configurations~or the regions of the upper potential-ener
surface! which are initially populated at different excitatio
energies. At very low excitation energies the Ar–HCl co
figurations mainly populated are probably those where
hydrogen is not blocked by the heavier atoms, which fav
direct dissociation of the H fragment. At higher energie
initial cluster configurations in which the light atom
blocked to a larger extent would dominate. Starting fro
these configurations the hydrogen would collide, eith
weakly or strongly, with the heavier atoms, transferri
enough energy to break the Ar–Cl bond, and thus leadin
total fragmentation. Therefore, following this interpretatio
the probability of each fragmentation pathway would be d
termined by the initial Ar–HCl geometries populated at ea
excitation energy, and more specifically, by the relative p
sition of the hydrogen with respect to Ar and Cl.

It is observed that the ratioPAr–Cl /Ptotal does not decay
to zero at energiesE.1.9 eV, and even grows significantl
at very high energies, despite the increasing amount of
ergy available for the radical. This result is explained if on
a fraction,200 cm21 of the available energy is converte
into internal energy, and the remaining energy becom
translational~center-of-mass! energy of the Ar–Cl fragment
Since the PF pathway occurs upon a direct dissocia
mechanism, the partitioning of the available energy in
translational and internal energy is likely to be determin
to a large extent, also by the initial geometry of the par
cluster.

In a previous work25 the quantitiesPAr–Cl(Ekr
) and

PAr–Cl(Ekr
)/Ptotal(Ekr

) were calculated~Fig. 10 of Ref. 25!,

whereEkr
is the kinetic energy associated with the Jacob

r mode ~the H–Cl stretch vibration!. Despite the fact that
only bound states of Ar–Cl were included in the calculatio
the PAr–Cl(Ekr

) distribution was found to be very intense

most of the kinetic energiesEkr
studied. The ratio

PAr–Cl(Ekr
)/Ptotal(Ekr

) turned out to be very small at low

kinetic energies, but rapidly increasing and approach
unity at higher energies. The behavior ofPAr–Cl(Ekr

) and

PAr–Cl(Ekr
)/Ptotal(Ekr

) is apparently in sharp contrast wit

that of the magnitudesPAr–Cl(E) and PAr–Cl(E)/Ptotal(E)
shown in Figs. 1 and 2~b!.

Two factors contribute to this discrepancy. First, in ord
to simplify the wave packet projection it was assumed
Ref. 25 thatxv

( j )(r 8)Pj (cosu8)'xv
(j)(R)Pj(cosu), and then

the wave packet was projected onto the sta
eikr rxv

( j )(R)Pj (cosu) @kr5(2m rEkr
)1/2/\#. Such an assump

tion seems reasonable, in principle, since due to the H
mass ratio ther 8 and R coordinates are quite similar. B
making this assumption the Jacobian transformation of
H1Ar–Cl asymptotic states is avoided, but the calcula
PAr–Cl(Ekr

) distribution becomes approximate. Secon

PAr–Cl(Ekr
) andPAr–Cl(E) are actually different magnitude

@and soPAr–Cl(Ekr
)/Ptotal(Ekr

) andPAr–Cl(E)/Ptotal(E)#, not

directly comparable. Indeed, thePAr–Cl(Ekr
) distribution is
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not resolved in energy, since all the stat
eikr rxv

( j )(R)Pj (cosu) with a given energyEkr
are associated

with different total energies E. Therefore, the
eikr rxv

( j )(R)Pj (cosu) states should be viewed just as a ba
on which theF(r ,R,u,t5`) wave packet can be expande
The more complete is the basis set, the larger is the am
of wave packet which is possible to expand on it, whi
would explain the high intensity ofPAr–Cl(Ekr

). We believe,

however, that theeikr rxv
( j )(R)Pj (cosu) states do not prop

erly approximate the true asymptotic states of the produ
H1Ar–Cl @Eq. ~10!#, and this is the main reason of the di
crepancy betweenPAr–Cl(Ekr

) andPAr–Cl(E) ~and the corre-

sponding ratiosPAr–Cl /Ptotal). The calculation of sensitive
quantities likePv, j (E) seems to require a precise definitio
of the asymptotic states used in the wave packet project
This would explain the dramatic failure of the assumpti
that hEkr

,v, j
(E) (r ,R,u)'(m r /2pkr\

2)1/2eikr rxv
( j )(R)Pj (cosu),

made in the previous study.
In the work of Ref. 25, the analysis of the asympto

wave packet showed that most of the wave packet inten
in the R coordinate remained in the interaction region. Th
was interpreted as an indication that Ar–Cl radicals w
formed as products of the photodissociation with very h
probability. This interpretation was apparently confirmed
the calculated quantities PAr–Cl(Ekr

) and
PAr–Cl(Ekr

)/Ptotal(Ekr
), discussed above. In the light of th

present, more accurate results, such an interpretation h
be revised. Most of the wave packet intensity remaining
the interaction region of theR coordinate actually corre
sponds to dissociated Ar–Cl bonds, upon transfer of a r
tively small amount of energy from the hydrogen. The resu
ing cold, slow-moving Ar and Cl fragments take a long
time to leave the interaction region than the 80 fs of the ti
propagation.

Analysis of the partial distributionsPAr–Cl
b (E) and

PAr–Cl
q (E), and the corresponding ratiosPAr–Cl

b /Ptotal and
PAr–Cl

q /Ptotal provides additional information on the mech
nism of the PF pathway. Since the quasibound states
Ar–Cl are supported by centrifugal barriersj ( j
11)\2/2m r 8(r 8)2, population of these states is associa
with rotational excitation of the Ar–Cl radical formed. I
addition, while the bound states provide information on
potential well of the Ar–Cl complex, the quasibound sta
allow one to probe the shorter- and longer-range Ar–Cl
teraction. It thus becomes interesting, from an experime
viewpoint, to know whether there are excitation energies
which the Ar–Cl radicals are produced dominantly either
bound or in quasibound states, and if so, which are th
energies. The relative intensities of the distributio
PAr–Cl

b (E) and PAr–Cl
q (E) of Fig. 2~a! show a nonuniform

behavior with E, which is also reflected in the ratio
PAr–Cl

b /Ptotal and PAr–Cl
q /Ptotal. At very low excitation ener-

gies (E,1.0 eV! the population of bound states dominate
although this situation is reversed in the energy region
eV,E,2.2 eV. At medium energies~2.2 eV,E,4.7 eV!
the Ar–Cl radicals are again formed mainly in bound stat
while for higher energiesPAr–Cl

b (E) becomes very small an
PAr–Cl

q (E) and PAr–Cl(E) practically coincide. The result
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show a clear selectivity in the population of bound or qua
bound states of Ar–Cl with the cluster excitation energ
more pronounced at low and high energies. This effect co
be exploited experimentally.

B. State distributions of the Ar–Cl radical

In the following we shall analyze the distribution o
states in which the Ar–Cl radical fragments are formed
different excitation energies of the parent cluster. Such d
tributions can be experimentally obtained by probing direc
the Ar–Cl complex~e.g., by spectroscopic methods!, or in-
directly from the hydrogen fragment TOF spectrum co
verted to the kinetic-energy domain. As discussed in Sec
by energy conservation the H fragment kinetic-energy dis
bution ~KED! coincides with the Ar–Cl state distribution i
the kinetic-energy region of bound ro-vibrational states,ek

H

5(mAr1mCl /mH1mAr1mCl)(E2Ev, j ). In the region of ki-
netic energy corresponding to the Ar–Cl quasibound sta
there may be an additional contribution to the intensity of
hydrogen KED, coming from double-continuum states as
ciated with the TF pathway into H1Ar1Cl. These TF states
are degenerate with the PF oneshek ,v, j

(E) associated with

Ar–Cl quasibound states, both in the total energyE and in
the kinetic energy of the H fragment, which implies th
ek

Ar1ek
Cl5ek

Ar–Cl1Ev, j . At those excitation energies fo
which both the intensity of the PF pathway and the popu
tion of the quasibound states are high enough, such st
could be resolved in the experimental hydrogen KED.

Indeed, one of the advantages of using the H fragmen
a probe of the final state distribution of the radical, is t
possibility of detecting the radical quasibound states in
same conditions as the bound ones. Due to the short
scale of hydrogen dissociation as compared with the de
time scale of the metastable states, the recoiling H fragm
‘‘sees’’ these states as truly bound states. Because of en
conservation, the signature of the quasibound states ca
detected in the hydrogen KED, same as in the case of
bound states. In contrast, probing the metastable state
rectly from the radical fragment implies that the time del
between the radical formation and the application of the
tection method must be shorter than the lifetime of the sta

It is possible to distinguish three main energy regions
the behavior of the ratioPAr–Cl /Ptotal with E, namelyE,1.9
eV, 1.9 eV,E,4.7 eV, andE.4.7 eV. In Fig. 3 the prob-
ability distributions of Ar–Cl ro-vibrational states are show
for six different excitation energies of Ar–HCl within th
above three regions. These distributions can be plotted e
vs the kinetic energy of the H fragment or vs the ener
levels of the radical complex. The latter energy scale
been chosen for convenience, since it allows one to iden
easily the population associated with bound (Ev, j,0) and
quasibound (Ev, j.0) states. The discrete form of the distr
butions reflects the discrete spectrum of Ar–Cl ro-vibratio
levels, and some (v, j ) states have been explicitly labeled
the figure. The energy levels associated with quasibo
states are zero-order ones. It should be noted that the in
sity associated with Ar–Cl bound states corresponds with
atoms leaving with more energy than the recoil energy. T
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FIG. 3. Internal energy distributions
of the Ar–Cl radical for six different
excitation energies of Ar–HCl. Some
(v, j ) states have been explicitly la
beled in the distributions. See the tex
for details.
u
is

ls
as
n

-
ns

h an
The
of
blueshifted intensity of the hydrogen KED is the analogo
effect in Ar–HCl to that found experimentally for photolys
of Ar–HI.19

At very low excitation energies (E,1.0 eV! most of the
population is concentrated in bound (v, j ) states, since little
energy is available for internal excitation of the radical. AsE
increases the available energy for the Ar–Cl fragment a
increases, and the population shifts gradually to the qu
bound states, which dominate the ro-vibrational distributio
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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in the range 1.0 eV,E,1.9–2.0 eV. In addition, by increas
ing E in the above range the maximum of the distributio
shifts towards the energetically highest quasibound states~as
in the case of theE51.55 eV distribution!, indicating an
extensive rotational excitation of Ar–Cl.

The situation changes in the region 1.9–2.0 eV,E,4.7
eV, where the bound states become again populated wit
intensity comparable to that of the quasibound states.
medium panels of Fig. 3 show two typical distributions
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this energy region. As shown by the distributionsPAr–Cl
b (E),

and PAr–Cl
q (E) of Fig. 2~a!, for these excitation energies th

total population in bound states is higher than that in qu
bound states. It is interesting to note that the intensity
population spreads over the whole spectrum of energy le
rather uniformly. ForE.1.9 eV the energy available for th
Ar–Cl radical exceeds the dissociation energy of the high
quasibound state. This means that in the photodissocia
events populating the bound states~particularly the lower
ones!, most of the available energy becomes translatio
energy of the Ar–Cl fragment. This behavior contrasts w
that found at energiesE,1.9– 2.0 eV, where the availabl
energy is mostly channeled into internal excitation of t
radical complex. The different partitioning of the availab
energy in the rangesE,1.9 eV and 1.9 eV,E,4.7 eV can
be due, again, to population of different initial geometries
the parent cluster from which the H fragment recoils.

At very high energies,E.4.7 eV, the population in
bound states turns to decrease again, and the radical
produced dominantly in the highest excited metastable sta
In this energy range the energy available for the Ar–Cl fra
ment is rather high, which implies that most of it becom
center-of-mass energy of the radical complex. Actually,
ro-vibrational distributions forE.4.7 eV ~lower panels of
Fig. 3! are qualitatively similar to those found at energies 1
eV,E,1.9–2.0 eV. The basic difference is that in the hig
energy distributions the population is more concentrated
the highest quasibound states. The similarity of both the
tributions and the ratioPAr–Cl(E)/Ptotal(E) in the energy
ranges 1.5 eV,E,1.9–2.0 eV andE.4.7 eV could indicate
that similar initial geometries of Ar–HCl are populated
these two regions ofE.

The common feature of all the ro-vibrational distrib
tions is the high rotational excitation of the Ar–Cl radica
produced after photodissociation. However, despite
common trend, the shape of the distributions changes
stantially for excitation energies in different regions of t
Ar–HCl absorption spectrum. This change is more p
nounced when going from very low to very high excitatio
energies, which in turn are the regions where the ra
PAr–Cl /Ptotal reaches the maximum values. This excitatio
energy effect can be used to probe different regions of
spectrum of energy levels of Ar–Cl.

The distributions of Fig. 3, with some (v, j ) states iden-
tified, provide an approximate idea of the vibrational a
rotational excitation of Ar–Cl at different total energies. It
interesting to analyze in more detail the distribution of t
internal excitation among the vibrational and rotation
modes of the radical. In Figs. 4 and 5v-state andj-state
distributions are displayed, respectively, for different exci
tion energies of Ar–HCl. Thev-state (j -state! distribution is
calculated by summing the probabilitiesPv, j (E) over thej
states (v states!.

Thev-state distributions of Fig. 4 are qualitatively sim
lar in all the range ofE, and characterized by a low vibra
tional excitation. For all the energies thev50 state is the
most populated one, and only small differences in the re
tive population of the higherv states are found for differen
excitation energies. Essentially two factors contribute to t
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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result. One factor is that the number ofv states supported by
the centrifugal barrierj ( j 11)\2/2m r 8(r 8)2 decreases asj
increases. For the first lowest values ofj the maximum num-
ber of v states is 9, while for the highestj values onlyv
50, or at mostv51, survives. Since the general trend in t
Ar–Cl formation is the high rotational excitation~as seen
from Fig. 3!, it is expected that most of the population w
concentrate in the lowest vibrational states, as found
Fig. 4.

The other factor is related to the direct dissociati
mechanism by means of which the radicals are formed.
discussed previously, the radicals are produced by direc
coiling of the H fragment from initial Ar–HCl geometrie
where the hydrogen is not blocked by the Ar atom. Su
geometries imply large initial angles of the H–Cl bond wi
respect to the Ar–Cl internuclear axis, far from the equil
rium collinear configuration Ar•••H–Cl. By recoiling from
these geometries, the hydrogen produces a large torqu
the Ar–Cl fragment, which excites the rotational mode, b
not the vibrational one. In order to produce extensive vib
tional excitation, the hydrogen should recoil from geometr
with smaller angles. In these geometries, however, the
drogen feels the blockage of the Ar atom, and photodisso
tion follows the TF pathway. The hottestv-state distributions
are found forE,1.0 eV, where the Ar–Cl radicals are pro
duced mainly in bound states. This vibrational heating ma
fests in a somewhat higher population of the statesv>1 than
whenE.1.0 eV. Even in these cases, however, the popu
tion is already negligible forv.5.

The j distributions of Fig. 5 show a much less monoton
behavior with the excitation energy than thev distributions.
As discussed above, the general trend is the high rotatio
excitation due to the torque produced on the Ar–Cl fragm

FIG. 4. Vibrational distributions of Ar–Cl for four different excitation en
ergies of the parent cluster.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

6 May 2014 09:51:12



.
-
g
ls
f

th

gh

f
1
pe

tia

c
o

s

ct

ils
he
ial
e

e

t
x-

h
er,
ge-
nt
e
ted
l

ich

es
ell
X

s.
le
H
e
the

ec-

ide,
nd
c-
c-
gen
and
of
to

or
lly
sts

g-
ro-
e
c-
ld

n

4991J. Chem. Phys., Vol. 112, No. 11, 15 March 2000 Fragmentation dynamics of Ar–HCl

 This a
by the recoiling hydrogen. The shape of thej distributions
resembles closely that of the distributions presented in Fig
The discussion of the (v, j ) distributions in terms of the en
ergy available for the Ar–Cl fragment, and its partitionin
into translational and internal energy of the radical, is a
valid for the j distributions. The rotational excitation o
Ar–Cl increases gradually with the available energy in
energy regionE,1.9 eV. For energies 1.9 eV,E,4.7 eV
the population spreads over the wholej range, although with
larger intensity at highj values. At very high energies,E
.4.7 eV, the population gradually concentrates in the hi
est rotational states.

Interestingly, thej distributions display a structure o
sharp peaks, which is more pronounced in the region
eV,E,4.7 eV. Such a structure is a reflection of the sha
in the j space~and therefore in the angular coordinateu8), of
the Ar–HCl state which is populated in the upper poten
surface for a given excitation energyE. Actually, the struc-
ture of thej distributions corresponds with the angular stru
ture of the excited Ar–HCl states in the asymptotic region
the products H1Ar–Cl ~i.e., largeR8 distances!, where the
wave packet has been projected out. The excited state
Ar–HCl might have a different angular shape at shorterR8
distances. However, due to the direct dissociation chara

FIG. 5. Rotational distributions of the Ar–Cl fragment for six excitatio
energiesE. See the text for details.
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of the mechanism of Ar–Cl formation, the hydrogen reco
retaining the same orientation as initially. Therefore, t
structure of the distributions of Fig. 5 reflects also the init
structure inj space~and the corresponding angular structur!,
of the Ar–HCl state prepared upstairs at shortR8 distances.
The same is true for thev distributions of Fig. 4, which
would reflect the initial shape of the excited Ar–HCl wav
function in ther 8 mode.

The similarity of thev distributions would indicate tha
roughly the same initial configurations of Ar–HCl are e
cited in ther 8 coordinate for different energiesE. The dif-
ferent shape of thej distributions would be associated wit
different initial angular geometries of the parent clust
populated at different excitation energies. These angular
ometries would be the main responsibility of the differe
shapes of the (v, j ) distributions in which the radicals ar
produced by changing the excitation energy. The calcula
coefficientscv, j (E) allow one to build the state of Ar–HC
excited at a given energyE in the region of the products
H1Ar–Cl,

CE~R8,r 8,u8!5(
v, j

cv, j~E!jek ,v, j
(E) ~R8,r 8,u8!,

and then to identify the parent cluster configurations wh
are excited at different energies in ther 8 and u8 modes.
Work on this line is currently in progress.

Before concluding, it is interesting to compare two typ
of experiments leading to formation of Rg–X open-sh
complexes: The electron photodetachment of Rg–2

anions,18 and the UV photodissociation of Rg–HX
clusters.19,33Both experiments present two basic similaritie
First, the radical is formed after removal of the light partic
of the parent complex~the electron in one case and the
atom in the other case!. Second, this light particle can b
used as a probe of the internal energy distribution of
radical prepared, by measuring its velocity distribution~by
ZEKE spectroscopy in one experiment, and by HRTOF sp
troscopy in the other experiment!. Two major aspects differ-
entiate the two types of experiments as well. On the one s
the competition of two fragmentation pathways, the TF a
the PF one, implies a globally lower yield of radical produ
tion in the UV photodissociation experiment than in the ele
tron photodetachment one. On the other side, the hydro
mass, although small, is larger than the electron mass,
enough to affect the photodissociation dynamics in terms
energy transferred to the Rg–X radical fragment. Related
this mass effect is the critical influence found in this work f
Ar–HCl, of the parent cluster geometries populated initia
at different excitation energies. Such an influence manife
itself both in the relative intensity of the two competing fra
mentation pathways, and in the shape of the final
vibrational distributions of the radical. This effect could b
exploited in order to control the efficiency of radical produ
tion and the internal excitation of the radical, which wou
allow to probe different regions of the Rg–X interaction.
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IV. SUMMARY AND CONCLUSIONS

The ultraviolet photodissociation of the Ar–HCl clust
is simulated by exact 3D wave packet calculations. The p
todissociation process takes place via two competing fr
mentation pathways: Total fragmentation into H1Ar1Cl,
and partial fragmentation into H and Ar–Cl radicals. T
two fragmentation pathways follow different dissociatio
mechanisms. Total fragmentation follows either an indir
dissociation mechanism where the hydrogen may col
more than once with Ar and Cl, or a nearly direct dissoc
tion mechanism in which the recoiling hydrogen intera
rather weakly with Ar. This latter mechanism is the mo
likely one. The partial fragmentation pathway occurs via
rect recoiling of the H fragment, without interaction with th
Ar atom. The asymptotic wave packet has been projected
onto the states of the H1Ar–Cl products, for several excita
tion energies in the range of the Ar–HCl absorption sp
trum. The global probability of the partial fragmentatio
pathway is found to be about 1% of the photolysis proce
the remaining 99% corresponding to total fragmentation
the cluster.

The probability of Ar–Cl formation relative to the tota
probability of photodissociation does not distribute u
formly along the range of excitation energies, and three m
energy regions can be distinguished. At very low energ
the Ar–Cl formation dominates the photodissociation p
cess, although its intensity rapidly decreases with the exc
tion energy. This behavior is in agreement with recent
perimental findings on UV photodissociation of Arn– H2S
(n<2) clusters. In a large region of medium energies
relative intensity of partial fragmentation becomes stable
very small~about 1% of the process!. At very high energies
the generation of Ar–Cl radicals reaches again high effici
cies, although total fragmentation is still dominant. The re
tive intensity of the two fragmentation pathways can be
derstood in terms of the Ar–HCl geometries popula
initially at the different excitation energies. Initial geometri
of Ar–HCl where the hydrogen is blocked by Ar and C
would lead to total fragmentation, while partial fragmen
tion would be determined by those configurations fro
which the hydrogen is free to recoil.

The internal energy distributions in which the Ar–C
complex is produced show a high rotational and a low vib
tional excitation at most of the total energies of Ar–HCl. T
high rotational excitation is a result of the torque produc
by the recoiling hydrogen on the Ar–Cl fragment. The sha
of these ro-vibrational distributions is found to change s
stantially for excitation in different regions of the Ar–HC
absorption spectrum. Again the initial geometries of Ar–H
excited upstairs~and particularly the hydrogen orientation!,
along with the energy available for the Ar–Cl fragment, pl
a major role in determining the specific shape of the
vibrational distributions. The combined effect of these tw
factors could be used to control the efficiency of radical p
duction and its internal excitation, by changing the UV e
citation wavelength.

It should be very interesting to investigate whether ph
todissociation mechanisms similar to those of Ar–HCl a
operate in other clusters of the Rg–HX famil
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Experiments33 and calculations33,34 on UV photodissociation
of Ar–HBr point in that direction. The results of the prese
work indicate that the yield of Rg–X radical formatio
strongly depends on the floppiness of the hydrogen bon
the ground-electronic state. Increasing this floppiness wo
imply increasing the efficiency of radical generation. In th
sense, UV photodissociation of RgHX clusters with a coll
ear equilibrium configuration of the type Rg•••X–H in the
ground state is expected to produce Rg–X complexes m
efficiently. The system Ar•••I–H seems to be one of suc
clusters.19,35,36In Rg–HX clusters where the hydrogen is
between the heavier atoms in the equilibrium configurati
infrared excitation of vibrational overtones of the HX chr
mophore prior to the UV excitation could increase the flo
piness of the hydrogen bond.21,37 The amount of energy
available for the Rg–X fragment is an additional factor
control and increase the yield of radical formation. This e
ergy can be reduced by increasing the mass of the Rg
fragment.

Finally, the preparation of open-shell complexes is n
restricted to UV photodissociation of Rg–HX clusters,
shown by the experiments on~HI!2 ,20 ~HCl!2 ,21 and
Arn– H2s (n<2).23 We believe that for these and othe
hydrogen-bonded clusters~e.g., Rgn– HX, CO2–HX,
C2H2–HX! the photodissociation mechanisms could be sim
lar to those described here. We therefore envision a w
applicability of the UV photolysis of hydrogen-bonded clu
ters as a technique to generate and probe radical comple
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