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Abstract. We have studied the fluorescence of electronically excited OH∗, H∗ and H2O+∗ dissociation
fragments after VUV excitation (hν ≥ 11.6 eV) of rare-gas clusters (Rg = Ne, Ar) doped with H2O
molecules. In contrast to a free molecule, where Balmer H-series dominate the UV-visible spectra, only the
OH∗(A2Σ+ → X2Π) emission band is observed in neon clusters. No emission of excited water ions has been
observed. We find that while higher excitation energies (Ne vs. Ar) induce higher vibrational excitation of
the OH∗(A) fragment, the rotational temperature is lower. This effect is attributed to the difference in the
geometric position of the H2O molecule on the surface or inside the Rg-cluster. The rotational relaxation in
neon clusters is rapid while the vibrational relaxation is slow because of the coupling with the low energy
matrix phonons.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters – 33.20.Lg Ultraviolet spectra –
33.20.Vq Vibration-rotation analysis

1 Introduction

The water molecule has been recognized as a very good
model system for molecular dynamics studies in poly-
atomic systems. The photoexcitation of H2O molecules
in the vacuum ultraviolet region has been a subject of
numerous publications [1–4]. Depending on the excita-
tion energy, different excited states of OH∗ and H∗ dis-
sociation fragments and of H2O+∗ can be produced. It
has been found, that below the ionization limit situated
at ∼12.6 eV, the H2O molecule rapidly dissociates into
the radical and the hydrogen atom in their ground states.
Moreover, at excitation above 9.136 eV (135.71 nm) the
electronically excited OH∗(A2Σ+) fragment appears in
the decay channel with a quantum yield below 10%. More
decay channels open above the ionization limit.

The spectroscopy of free water molecules and the dis-
sociation dynamics of some selected states in the VUV
spectral energy range are rather well understood. It has
been shown that the nsa1 Rydberg states are repulsive
in the bend configuration and undergo direct dissociation
which results mainly in ground-state neutral fragments or
ions. Other Rydberg states are bound but heavily predis-
sociate (or/and preionize) via a repulsive potential. In par-
ticular, detailed analysis of the lowest bound C̃1B1 state
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shows its coupling with the B̃1A1 repulsive state, which
has a sensitive dependence on the mean square momen-
tum projection on the molecular axis a, 〈J ′2a 〉 [5]. Much
effort has also been paid to the spectroscopy of ejected ex-
cited OH∗(A) fragments [6–8]. The rotational distribution
has been found to be highly inverted with the maximum
near the highest J ′max-level energetically accessible at a
given excitation energy. This J ′max value increases with
the photon energy. The vibrational excitation of OH∗(A)
fragments is generally small. Matrix-isolated spectroscopy
of H2O molecules in rare-gas solids has also been applied
for understanding the reaction dynamics in more detail.
Series of studies have been devoted to the water photodis-
sociation in the first absorption continuum at ∼7.5 eV,
where the matrix cage effect has been observed [9–11].

Several studies on the reaction dynamics in a cluster
environment have been performed (e.g. see issues [12]).
In our work we are interesting in the spectroscopy of
high-lying excited states of simple molecules embedded
in clusters. In particularly, fluorescence spectra and the
yield of excited products in clusters of different sizes re-
flect peculiarities of the reaction channels. Our recent ex-
periments on doped cluster beams have shown the ad-
vantage of a fast sample renewal and the possibility of
a detailed study of cluster size effects on the chemical
reactivity and dynamics [13,14]. We are performing
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spectroscopic studies of rare-gas clusters doped with one
H2O molecule. As our first experiments have shown,
HeN clusters (N ≈ 104) have almost no influence
on the photodissociation dynamics of embedded water
molecules [15]. This is apparently related to the weak He–
He and H2O–He interactions and the high reaction ener-
getics. On the other hand, the helium cluster atoms seem
to effect the photoionization yield: the excited H2O+∗ ion
channel is strongly suppressed inside the clusters. Since
the binding energy of Rg-atoms in rare-gas solids increases
in order of He(0.5 meV) → Ne(27 meV) → Ar(89 meV),
one may expect that the cluster matrix effect increases in
the same order. Therefore, we have carried out additional
experiments with H2O-doped neon and argon clusters. We
discuss peculiarities of the energy relaxation process re-
lated to the cluster composition upon optical excitation in
the VUV spectral region of 9–30 eV. These results com-
plement our study of the cage-induced quenching of the
excited photodissociation product OH(A), which will be
published elsewhere [16].

2 Experiment

The measurements were performed at the experimen-
tal station CLULU at the synchrotron radiation labo-
ratory HASYLAB in Hamburg [17]. Recent experiments
on H2O-doped helium clusters at CLULU were described
in reference [15]. In present studies the rare-gas clusters
were prepared in a continuous free-jet expansion of a pure
gas through an orifice-type nozzle of 40 µm diameter or
through a conical-shaped nozzle (D = 200µm, 2θ = 4◦).
The nozzle is mounted on a liquid He cryostat which can
be cooled to temperatures below 10 K. The orifice-type
nozzle was used to prepare ArN clusters and was oper-
ated at room temperature and a stagnation pressure of
80 bar (N ≈ 400 atoms/cluster). To prepare NeN clusters
a conical nozzle was used. At a temperature of 30 K with
a stagnation pressure of 200 mbar, NeN clusters with an
average size of approximately N ≈ 7 500 atoms/cluster
were produced. The doped H2O@RgN clusters were pre-
pared in a pick-up process of H2O molecules from a cross-
jet. The cross-jet intersects with the cluster beam 5 mm
downstream from the cryogenic nozzle. The doped clus-
ters were excited with synchrotron radiation (SR) and
analyzed next to the intersection cross-point before their
arrival at the Mach disk and disappearance by heating.
Tunable SR (∆λ = 0.05 nm) in the spectral range of
100–140 nm (Al-grating) or 40–100 nm (Pt-grating) was
focused on the doped cluster beam 10 mm downstream
from the nozzle. Fluorescence excitation spectra (VUV–
UV and visible–IR) were recorded by two suitable detec-
tors containing CsI and GaAs(Cs) photocathodes. Energy-
resolved fluorescence spectra in the UV and the visible
were collected with a liquid nitrogen cooled CCD cam-
era (Princeton Instruments) installed after a monochro-
mator (f = 275 mm, 150 or 1 200 l/mm gratings, 250
or 80 µm slits). The background pressure was kept below
10−3 mbar during the experiments by continuous pumping
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Fig. 1. UV-visible-IR fluorescence excitation spectra of
H2O@NeN clusters (N ≈ 7 500 atoms/cluster). The H2O-
crossbeam stagnation pressures are indicated in the figure. Ver-
tical lines indicate the n = 1, 1′ excitons of solid neon.

of the interaction volume with a large (2 200 l/s) turbo-
molecular pump.

The mean cluster size N has been determined using
well-known scaling laws [18–20]. The cluster size distri-
bution in the nozzle expansion experiments has a width
(FWHM) of ∆N ≈ N .

3 Results and discussion

3.1 H2O@NeN-clusters

UV-visible-IR excitation spectra of H2O@Ne7500 clusters
are shown in Figure 1. For comparison, an excitation spec-
trum of pure neon clusters in the same spectral region
as well as a VUV excitation spectrum of the pure Ne
clusters are presented in Figure 2. As it has been pre-
viously discussed in reference [21], the excitation of NeN
clusters results in the broad VUV fluorescence continuum
at ∼16.5 eV assigned to atomic (a-STE) and molecu-
lar (m-STE) centers inside the clusters. This is in gen-
eral agreement with experiments in the solid neon [22].
Visible and IR bands are due to desorbed excited sur-
face atoms [23]. The first excitonic band at ∼70 nm (la-
beled n = 1) contributes to the VUV continuum and the
higher-n excitons – to the visible and IR spectra (see in
Fig. 2). In agreement with these results, almost no flu-
orescence in the UV-visible-IR spectral range has been
observed in NeN clusters upon excitation of the first exci-
tonic absorption bands using a detector sensitive in that
range. On the other hand, the 70-nm band in the UV-
visible-IR excitation spectra linearly increases in inten-
sity when the H2O-cross-jet pressure grows (see Fig. 1).
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Fig. 2. VUV and visible-IR fluorescence excitation spectra of
pure NeN clusters (N ≈ 7 500 atoms/cluster). Vertical lines in-
dicate the excitons of solid neon and additionally some atomic
excited Ne states are marked.

This is related to the energy transfer process from the
cluster atoms to the water molecule, which dissociates,
producing the excited OH∗(A) fragment and which fluo-
rescence at λfluo ≈ 315 nm (τ ∼ 800 ns) is seen by the
detector. Because of the high kinetic energy, the excited
fragments are expected to leave neon clusters rapidly and
emit in the free state. The energy relaxation within the
H2O molecule occurs through high-lying excited electronic
states down to repulsive B̃(OH∗(A)+H) electronic states.
If the relaxation involves the lowest bound C̃ state, which
rapidly (∼2.5 ps) predissociate into the B̃ state, is not
clear. This question could be answered by observing the
transient visible C̃ → Ã emission of water molecules [24].
Unfortunately, its intensity is too weak to be observed
with SR excitation. Generally, a two-photon powerful laser
excitation (∼1 GW/cm2) is used to detect this emis-
sion [24–26].

The probability of the cluster doping was relatively
low in our current experiments to avoid multiple doping.
The doping efficiency has been estimated by following the
intensity of the 70-nm excitation band with increasing the
water cross-jet pressure (Fig. 1). The intensity was found
to be proportional to the pressure at least below 2.0 mbar,
which indicates that the multiple doping is the unlikely
process. On the other hand, since the cluster doping is of
low probability in these conditions, free water molecules,
which are present in the excitation region, may be re-
sponsible for a considerable fraction of the fluorescence
signal. Therefore, in order to select the fluorescence sig-
nal due to dopant only water molecules, we have excited
the molecule by the energy transfer process from the ex-
cited cluster atoms. The fluorescence of excited fragments
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Fig. 3. Low-resolution fluorescence spectra of free water
molecule (a) and that of H2O@NeN clusters (b) with exci-
tation at 70.05 nm (identification of peaks is given in the high
resolution spectrum presented in Fig. 4).

was analyzed upon Ne cluster excitation into the lowest
excitonic band at 17.7 eV (70.06 nm).

The fluorescence of water vapor in the VUV spectral
region has been analyzed in reference [3]. Above the ion-
ization energy of ∼12.6 eV the yield of OH∗(A) is strongly
decreased and another higher lying excites states such as
OH∗(B) (≥13.6 eV) and OH∗(C) (≥16.0 eV) appear in
the reaction exit channel. It was shown that free water
molecules excited at 17.70 eV (∼70 nm) result mainly in
the following excited dissociation fragments:

H2O + hν
70 nm−−−−→ H2O+∗; H∗(ns); OH∗(C).

Among them, OH∗(C) emits in the vacuum ultraviolet.
The Balmer H∗(ns)-series and the H2O+∗ continuum span
over the UV-visible spectral region. Low-resolution fluo-
rescence spectra (∆λ ≈ 6 nm) of free water molecules
and H2O@NeN clusters in the UV-visible are presented in
Figure 3. As we have previously observed in H2O-doped
He-clusters [15], the photodissociation channels are not af-
fected by the cluster environment. In Ne clusters the sit-
uation is somewhat different. Both, the H-Balmer α-line
(Hα) and the H2O+∗ continuum observed in case of free
H2O molecules (Fig. 3a) disappear in H2O@NeN clusters
and simultaneously the OH∗(A−X) emission appears (the
emission band at 630 nm is the second order of the prin-
cipal band at 315 nm). This is shown in Figure 3b. Ap-
parently, the neon cluster strongly affects the reaction dy-
namics. This cannot be explained by the energy relaxation
process within the neon clusters forming m-STE centers
followed by the energy transfer to the water molecule.
Indeed, the energy transfer to the impurity is generally
much more efficient than the matrix relaxation. More-
over, because of the binding energy of ∼0.5 eV and the
repulsive ground-state potential between rare-gas atoms,
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Fig. 4. High resolution OH∗(A→ X) UV-visible fluorescence
spectrum with excitation of H2O@NeN clusters at 70.05 nm.
The calculated spectrum with rotational temperature of 10 K
is shown by the solid curve.

the m-STE center disposes sufficient electronic energy
(∼17–16 eV) to excite H2O+∗ (the threshold energy is
13.8 eV). We believe that a new energy relaxation mech-
anism involved is based on the reaction trajectory pertur-
bation by the cluster environment, which results in the
fact that the minor OH∗(A)-dissociation channel in free
molecules becomes dominant in Ne clusters.

More information on the water photodissociation dy-
namics in clusters is obtained from high-resolution fluores-
cence spectra of the OH∗(A → X) emission. An example
is shown in Figure 4. The relation between the individ-
ual rovibronic level population and the fluorescence inten-
sity of the corresponding spectral line is not trivial. As it
has been shown in experimental [27] and theoretical [28]
studies, the level lifetime can be strongly affected by the
predissociation process. For example, the lifetime of the
v′ = 0, 1 vibrational levels (J ′ = 0) is equal to the ra-
diative lifetime of τ ∼ τrad ∼ 800 ns, but it decreases for
higher levels as τ ∼ 130 ns (v′ = 2), ∼200 ps (v′ = 3)
and 20 ps (v′ = 4). As a consequence of this, the lumines-
cence yield q for equal level populations decreases from
q = τ/τrad ≈ 1 (v′ = 0, 1) to 0.16 (v′ = 2) and <0.1% for
higher levels. The effect of the lifetime shortening also ap-
pears in the manifold of the rotational levels and explains,
in particular, a strong decrease of the line intensities with
J ′ > 25 (v′ = 0) and with (J ′ > 15) (v′ = 1). In the
following we used the program LIFBASE [29] (which ac-
count for this effect) to fit the measured high-resolution
fluorescence spectra.

It is known from gas phase experiments that OH∗(A)
fragments leave with a high amount of rotational and low
vibrational excitation [30–32]. This is not the case of the
embedded H2O molecule, where considerable vibrational
excitation is found (transitions from v′ = 0, 1, 2 are clearly
observable in the figure): the distribution function appears
to be highly inverted with relative populations of the cor-
responding levels p0:p1:p2 = 0.2:0.2:0.6 (these values have
been obtained from the line intensities taking into account
the predissociation efficiency factor of τ(v′)/τrad discussed
above). This result is different from what is expected from

theory for free molecules. Ab initio calculations performed
by Heumann et al. [33] predicted that the vibrational exci-
tation of OH∗(A2Σ) fragments is generally weak. Simulta-
neously, as it follows from our experiments, the rotational
excitation of OH∗(A2Σ) is very small. Indeed, the best
fitting using the LIFBASE program corresponds to a ro-
tational temperature of Trot ≤ 10 K, which is shown in
Figure 4 by a solid line (the calculated spectra, taking
into account the experimental spectral resolution, were
not sensitive to the rotational temperature below 10 K).
At this temperature only lowest rotational levels of the ex-
cited vibronic state are populated: R11 and R22 branches
vanish and only heads of series of the Q11, Q22, and P11,
P22 branches appear as a doublet-like structure (Rii/Qii)
in the spectra [34]. The obtained value of Trot is in excel-
lent agreement with the characteristic temperature of Ne
clusters TC = 10±4 K earlier reported by Farges et al. [35].

Our results show a strong influence of the cluster envi-
ronment on the reactivity of the embedded molecule. Ap-
parently, water molecules dope bulk sites of the neon clus-
ters. Following the cluster photoexcitation, energy transfer
to H2O and its dissociation, the OH∗(A) fragment is rota-
tionally thermalyzed inside large NeN clusters of a mean
size N ≈ 7 500. Because the neon matrix induces only
a very small line shift [36], we could not conclude from
our spectral measurements whether the exited fragments
emit from inside of neon clusters or being free. On the
other hand, the initial kinetic energy of OH∗(A) after pre-
dissociation is high and it likely desorbs from the cluster
on a timescale much shorter than its radiative lifetime of
∼800 ns. The difference in relaxation rates between rota-
tional and vibrational levels originates from the coupling
efficiency of the doped molecule to the cluster matrix. The
molecular constants of OH∗(A2Σ) are ω′e ≈ 0.36 eV and
B′e ≈ 2.5 meV and the matrix phonon energy (Debye en-
ergy) is ω′ph ≈ 6.4 meV. As a result of B′e ∼ ωph � ω′e, the
vibrational relaxation proceeds on a longer timescale com-
pared to the rotational relaxation and we suppose that it
is not completed during the short residence time of the
OH∗ fragment inside the Ne cluster. Earlier, Brus and
Bondybey [36] have studied the energy relaxation mecha-
nisms of OH∗(A) in the neon matrix via time and energy
resolved fluorescence. They have found that this molecule
behaves almost as a free rotator and the vibrational re-
laxation is slow indeed (∼105 s−1). Fluorescence lifetime
measurements of the selected 2–1 and 1–10 vibronic tran-
sitions (on the 10-µs timescale) would be interesting to
carry out in H2O@Ne7500 cluster beams to clear up the
energy relaxation kinetics related to the spatial position
of the emitted OH∗(A) fragments.

The excited-state desorption in clusters can be under-
stood in the framework of the cavity ejection mechanism
recently discussed by Laarmann et al. [37] in application
to the desorption process of Ar∗(4p) atoms in ArmNeN
clusters (m � N). The balance between desorption and
solvation depends on the sign and the value of the clus-
ter electron affinity, as it has been earlier proposed for
pure and doped rare-gas solids [38,39]. A repulsive inter-
action between the excited molecule and the cluster atoms
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leading to desorption is expected for the negative electron
affinity. The experimental results by Laarmann et al. [37]
show that neon forms a rather soft clusters, which are
unable to suppress desorption and to cage excited ar-
gon atoms. This seems to be also the case of the excited
hydroxide radical.

Moreover, we have observed no caging of neutral hy-
drogen atoms in neon clusters (which is expected to mani-
fest as the cage-induced quenching of the OH∗(A) fluores-
cence following the pathway OH∗ + H ←−Ar−atoms−−−−−−→ H2O∗
coupling−−−−−→ H2O (X̃) [16]). This result seems to be in some

disagreement with reference [11], where the cage effect
for photodissociation of the H2O molecules into neutral
ground-state products H2O(Ã) → OH(X) + H(1s) has
been found in solid neon. This difference may be due to
the higher-energy excitation of the water molecule in our
case as well as the non-crystalline character of the clus-
ter structure. This peculiarity is discussed in the separate
paper [16].

3.2 H2O@ArN-clusters

Fluorescence of OH∗(A → X) dissociation fragments has
been observed upon excitation of doped H2O@ArN clus-
ters (N ≈ 400) in the first excitonic absorption bands of
argon clusters at 12 ± 0.4 eV. The energy transfer from
the cluster atoms to the water molecule leads to neutral
OH∗ dissociation fragments. This result is a priori ex-
pected, since the excitation energy is below the ioniza-
tion potential of water (12.6 eV). The band intensity in-
creases with the water cross-jet pressure in agreement with
what we have observed in H2O@NeN clusters. No UV-
visible-IR fluorescence is observed if the water cross-jet is
switched off. UV-visible-IR excitation spectra for different
ArN cluster sizes and a constant water stagnation pressure
are presented in Figure 5. In small clusters N ≤ 20 the
excitation spectra are dominated by the 1s and 1s′ (spin-
orbit split) surface excitons located at 11.7 eV (106 nm)
and 11.9 eV (104 nm), respectively. In larger clusters in-
tense peaks of bulk excitons appear. Simultaneously, the
surface excitons do not disappear. The comparison of the
UV-visible-IR excitation spectra with the VUV excitation
spectra as a function of the cluster size (up to N ≈ 103)
has shown that although those intensities are different,
the shapes are almost identical. Recent experiments per-
formed by Laarmann et al. [37] have shown that the neon
surface excitons are absent in visible-IR excitation spectra
of ArmNeN clusters (m� N). This has been interpreted
as a perfect solvation of Arm clusters in the interior of
NeN clusters, since no energy transfer to the embedded Ar
cluster is observed upon surface excitation. Such surface
exciton bands are intense in the fluorescence excitation
spectra of our H2O@ArN clusters in Figure 5. Apparently,
these observations indicate that the geometric position of
the H2O molecule being on the cluster surface of large Ar
clusters is of high probability. In the following we examine
fluorescence spectra, which give more arguments for the

98 100 102 104 106 108

Wavelength, nm

< N > = 740

< N > = 370

< N > = 160

< N > = 90

In
te

ns
ity

, 
ar

b.
u.

< N > = 45

< N > = 20

1l' 1t' 1t 1s' 1s

 

< N > = 5

12.4 12 11.6
Energy, eV

Fig. 5. UV-visible-IR excitation spectra of H2O@ArN clusters
for different mean cluster sizes 〈N〉 with constant water cross-
jet pressure p[H2O]= const . Vertical lines indicate the excitons
of solid argon.

H
2
O@Ar

N

  

300 305 310 315 320 325 330 5 10 15 20 25

H
2
O

J'Wavelength, nm

In
te

ns
ity

, 
a.

u.

 

Fig. 6. OH∗(A → X) fluorescence spectra (left column) and
the rotational distribution function (right column) of free H2O
molecules (lower row) and of doped H2O@ArN clusters (upper
row). The best fit spectra are shown by bold solid curves.

preferential surface position of the doped water molecule
on argon clusters in the crossbeam experiments.

More information on the energy transfer process can
be obtained from energy resolved fluorescence spectra of
OH∗(A → X) fragments in the UV spectral region. Two
of such spectra, with a direct optical excitation of free
water molecules at 102.8 nm from [40] and with the en-
ergy transfer from the Ar clusters excited at 102.8 nm, are
shown in Figure 6 (left column). The experiments on free
water molecules [40] have been carried out in a static cell
at water vapor pressures ∼102 times higher than used in
the present work. It is important to note that because of
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the very low concentration of water molecules in the in-
teraction zone with the synchrotron radiation, the direct
absorption of photons by water molecules in the cluster
beam experiment was negligible: if the cluster beam was
switched off, no fluorescence was recorded.

The emission band of OH∗(A → X) in solid argon is
located at ∼340 nm [11]. In our current experiments no
spectral shift due to the interaction with the cluster ma-
trix was observed in the fluorescence spectra. This assures
that we observe free OH∗(A) fragments. The shape of the
two spectra presented in Figure 6 are somewhat different:
a narrow structure which corresponds to transitions from
low lying rotational levels (in the band v′ = 0 → v′′ = 0)
is more intense in doped H2O@NeN clusters compared
with free molecules. Simultaneously, the total widths of
both spectra are similar. We conclude that the appear-
ance of this specific population of relatively cold OH∗(A)
molecules is due to the interaction with the clusters.

To understand the influence of the cluster environ-
ment, we have simulated the OH∗(A−X) spectra using
the LIFBASE program [29]. The experimental spectra are
dominated by the v′−v′′ = 0−0 vibronic transition (80%).
The rotational level distributions obtained from the com-
parison of experimental with calculated spectra are shown
in Figure 6 (right column). This is in agreement with pre-
vious publications [30–32]. The excited electronic state
A2Σ+ of OH fragment (Λ = 0, S = 1/2) belongs to the
Hund case b, which characterizes a weak electronic spin
coupling with the molecular axis. The total moment is the
sum of the nuclei rotation moment (N) and the spin (S):
J=N+S, and its projection on the axis J = N ± 1/2
is not integer. As it is already known, the predissocia-
tion of free water molecules (excited below the ionization
limit) releases excited OH∗(A) fragments with a low vi-
brational excitation and a highly inverted rotational pop-
ulation, which has a maximum near the highest J ′-level
energetically accessible: J ′1 = 22.5±2. Simultaneously, low
rotational levels J ′ ≤ 10.5 are poorly occupied. Unfortu-
nately, no analysis of the OH∗(A) spectra with excitation
in the spectral range of our interest (∼11.7–12.6 eV) exists
in the literature. Following the general tendency, we have
used a simple step-like distribution p1(J ′) presented in
Figure 6 (lower row, right column), which satisfactory re-
produces the measured spectrum shown in Figure 6 (lower
row, left column). The cluster environment modifies this
behavior. We have found that a new population p2(J ′)
of the OH∗(A) molecule, which desorbs from the cluster,
can be presented as a small perturbation of the that earlier
obtained p1(J ′): p2(J ′) = p1(J ′) + p′(J ′). The population
p2(J ′) has therefore a bimodal character: the second max-
imum of p′(J ′) appears at low J ′2 ≈ 8.5± 2. This is shown
in Figure 6 (upper row, right column). A good agreement
with the measured spectrum has been obtained in this
case. This fraction p′ of relatively cold molecules (marked
by a filled area in Fig. 6) is still much warmer than the Arn
clusters, which have a temperature of roughly ∼37 K ac-
cording to reference [35]. This result in doped argon clus-
ters is completely different from what we have observed in
neon clusters, where the complete rotational thermaliza-

tion of the OH∗(A) fragment in the cluster interior takes
place. We believe that the solvated water molecule pref-
erentially takes a surface site of the argon cluster: this
results in a slower cooling of the predissociated fragment
OH∗(A).

To verify this hypothesis, we have performed calcu-
lations using a simple model of the OH∗(A) detachment
from the Ar cluster surface. We suppose that this detach-
ment is accelerated by the energy transfer from the ro-
tation into the translational center-of-mass motion. The
fragment cooling terminates when it moves from the clus-
ter by the length of the O–H equilibrium distance: in this
geometry no more interaction between the fragment and
the cluster is possible. OH is considered as a rigid rotator
with a reduced mass of µ−1 = m−1

H + m−1
O and a length

l = rO−H(µ/mH). We assume that because of a small mass
of the H atom (mH) the collisional time is short and only
one atom (mAr) of the Arn cluster is involved in the col-
lision. Moreover, the kinetic energy of the cluster atom
is negligible in the total energy balance of the rigid rotor
and we consider it immobile before each collision. This
approximation can be justified by the experimental fact
that even after the detachment the rotational tempera-
ture of OH∗(A) in much higher than the characteristic
temperature of the Arn clusters (∼37 K). Under these as-
sumptions, the angular velocity (ω) and the velocity of
the center-of-mass motion (V ) of the fragment before (i)
and after (f) collision with the surface Ar atom are ex-
pressed as

ωf = ωi
1− γ
1 + γ

− Vxi
2 sin(ϕ)
l(1 + γ)

Vxf = Vxi +
mAr

mOH
ν sin (ϕ)

where γ = µ(m−1
Ar +m−1

OH), v = l(ω1 +ω2)µ/mAr is the ve-
locity of the Ar atom after collision, ϕ is the angle between
the normal to the cluster surface (x-axis) and the OH
molecular axis, and Vx is the x-component of the veloc-
ity V . Our numerical calculations show that the OH∗(A)
fragment with its initial position in the cluster surface
layer may loose γ ≈ 80–90% of its rotational energy leav-
ing the argon cluster. The population of the cooled frac-
tion of the OH∗(A) fragments in the cluster-beam ex-
periment can therefore be obtained from the population
measured in a water vapor by simply scaling along the J ′-
axis: the scaling factor is (1−γ)1/2 ≈ 0.4. This is in agree-
ment with the experiment, where the ratio J ′2/J

′
1 ≈ 0.4 has

been found. The fraction of cold molecules in p2 presents
only a relatively small contribution (p′ ∼ 14%) of the total
population (filled area in Fig. 6). This means that the re-
action channel mainly results in OH∗ fragments, which do
not have enough time exchanging rotational energy with
the cluster surface. This short time may be related to both
the initial orientation of OH∗ to the cluster surface
after the predissociation and to the substantial initial ki-
netic energy of the center-of-mass motion of the fragment.
Our experimental results and the modeling indicate that
the preferential position of the trapped water molecule is
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on the surface of the ArN cluster under standard pick-up
conditions.

Theoretical calculations by Lui et al. [41] performed on
ArnH2O cluster equilibrium structures (n = 1–14) have
shown a preference of the solvated geometry: a global
minimum of energy for isomers corresponds to a water
molecule in the center surrounded by a shell of argon
atoms. This seems to be in disagreement with present ob-
servations. However, the ArN cluster is stable and simply
putting a water molecule on the cluster surface may not be
sufficient to reorganize its structure: a sufficiently strong
annealing is needed for that. In fact, the interaction en-
ergy E(Ar–H2O)≈ 142.9 cm−1 is only slightly higher than
that of E(Ar–Ar)≈ 99.2 cm−1. In solid argon the binding
energy of the argon atoms increases up to 716.2 cm−1 be-
cause of the high coordination number. This may create a
potential barrier prohibiting the guest molecule solvation.
The solvation dynamics would be interesting to consider.

Finally, no cage effect has been observed in our
ArN/H2O pick-up experiments. The surface position of
the water molecule in argon clusters may be a reason, why
the cluster does not capture the predissociation products.
In a separate paper [16] we present a sequential pick-up
technique that allows us to prepare Ar clusters doped with
H2O molecules in interior sites.

4 Conclusion

We have studied the fluorescence of electronically excited
dissociation fragments after VUV excitation of rare-gas
clusters (Rg = Ne, Ar) doped with H2O molecules. While
H2O is embedded in the interior of Ne clusters, only
surface sites are populated in Ar clusters. The predis-
sociation of a free water molecule above the ionization
limit (∼12.6 eV) results in the excited neutral fragments
OH∗(B,C) and H∗(n ≥ 2) and ions H2O+∗, which emit
in the UV-visible spectral region. In contrast to the free
water molecule, the OH∗(A) fragment appears to be the
main dissociation product in the Ne cluster beam exper-
iments (17.70 eV excitation). The ionic H2O+∗ channel
is completely suppressed in neon clusters (the effect of
the ionic channel suppression has also been earlier re-
ported in He clusters doped with H2O molecules [15]). The
OH∗(A → X) emission band has been analyzed in both
Ne and Ar cluster (12.06 eV excitation) experiments. The
numerical treatment of the experimental spectra shows a
bimodal rotational distribution of the reaction exit frag-
ment OH∗(A), which has been explained by the surface
position of the impurity molecule in the Ar cluster. The
surface doping explains also the fact that we have not
observed the cage effect (cage-induced quenching of the
excited fragment OH∗(A) + H → H2O@ArN) in clusters
prepared in standard pick-up experiments.

We thank Dr. C. Mc Ginley (HASYLAB) for very helpful dis-
cussions. We are grateful to Dr. J.H. Fillion and Professor
J.L. Lemaire for permission to reproduce UV fluorescence spec-
tra of vapor H2O prior to publication. This work was supported
by the IHP-Contract HPRI-CT-1999-00040 of the European
Commission.
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