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Dissociation and suppressed ionization of H  ,O molecules embedded
in He clusters: The role of the cluster as a cage
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Electronic structure and energy transfer ipCHdoped Hg clusters N~10% is studied with
photoexcitation in the spectral range of 140-40 @30 e\j. The reaction dynamics is
investigated by fluorescence of neutral Oldnd H and ionic I-130+* fragments. The rotational
temperature of embedded water molecules has been estimated from the 124 nm line shape
(3pa; C'B;—1b; X 'A, transition. Two different temperatureéT;<5 K and T,~30K) have
been found. We propose that the lower temperatlrg (s due to completely thermalized water
molecules trapped inside helium clusters, while the warmer molectilgsafe formed if they are
first captured by helium clusters but then leave the clusters again. Predissociatio® ofith
excitation below the ionization limit No,.>100nm) is found to be unaffected by the cluster
environment. On the other hand, the ionization, (<100 nm) seems to be suppressed inside
helium clusters in favor of the fragmentation into neutral products.2@®1 American Institute of
Physics. [DOI: 10.1063/1.1415434

INTRODUCTION visible spectral range appear to be helpful in studying the
reaction dynamics. For example, exhaustive studies have

Photochemistry of free molecules differs considerablybeen devoted in the past to @alBl state, which predisso-

from that of molecules embedded in solids, where the matrix . . L~ . .
ciates via the repulsive B*A; potential into

cage plays an important role. For example, an increase of th H* (A)/OH(X) + H(Ls) fragments(see in Ref. 3 and refer-

threshold energy, a decrease of the photodissosiation yiel . .
and even new reaction channélsrmation of precursor iso- e’nges therein Additionally, weak fluorescence of the predis-

mers could be observellA better understanding of the re- SOCiatingC 'B; state has been observed too, which allowed

action dynamics may be achieved by following its evolutionrefinement of the analysis of the heterogenedtisB,

in clusters of different sizes. Another interesting aspect could-B *A; predissociatiof:® A sketch of the relevant potential

be to study the competition between matrix relaxation ancturves of the water molecule is presented in Fig. 1.

energy transfer processes. We are interested in photodissociation dynamics g¢dH
The experimental approach is greatly facilitated if thetrapped insideRgy clusters(Rg—light rare gas atoms: He,

reaction fragments fluoresce. This is the case for the wataqe, Ar). The corresponding cluster studies have been, up to

molecule, which yields different excited fragments such asow, limited to mixed Ar—HO and net (HO), clusters®” In

OH*, H*, and HO"".2 These emission bands in the UV- the first cited work a multiple resonance RV

(pump +UV (probe method has been used to investigate the

dAuthor to whom correspondence should be addressed; Electronic maif?wtate'seIeCtecj dyn_am_lcs of van der Waals AjOttlusters.
kanaev@limhp.univ-paris13.fr Fluorescence excitation measurements opQ)y clusters
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FIG. 1. A sketch of the relevant potential curves of the water molecule.

have been performed in the second cited work in the Spectrglle 2. VUV-UV fluorescence excitation spectra of: helium atomic beam
region of 60-250 NM. Ab\e.=140—100nm the fluores- @24 H& (0 and HR@H,O () cluster beamsN ~107).

cence yield has been found to belong to the*QA) group
ejected from surface states of water clusters. No other appre-
ciable fluorescence has been observed in clusters with exc&:
tation out of this range. This is quite different from the case
of free water molecules, where neutral OiA,C) and

sTe and GaAK£s) photocathodes, covering the wavelength
range from 110—300 nm and 160—-930 nm, respectively. UV-
visible fluorescence spectra were collected over 600 s with

* . . +* .
H. (ns), and ionized KC _ SPecies fluorgsce under the ex- liquid nitrogen cooled CCD camel@rinceton Instruments
citation below 100 nni.This important difference makes it installed behind a monochromat@i— 275 mm, 150 or 1500

possible to distinguish between clusters doped with single o /mm gratings, 25Qum slits, AN=6 and 0.6 nm, respec-

several water molecules. - ) tively). The background pressuréHe) was kept below
In the present communication we report first results oM 0-3 mbar during experiments.

fluorescence photoexcitation of @ H,O clusters in the
VUV spectral range of\¢=140-40nm(9-30 eVj. We
have succeeded in exciting a single water molecule inside
helium clusters or to excite helium clusters and to observe an
energy transfer to the embedded water molecule.

EXPERIMENT

The measurements have been performed at the CLULU
experimental station at HASYLAB/DESY.Experiments
with pure helium clusters have been previously descriféd.

In the present experiments, helium clusters were prepared in
a continuous free-jet expansion of pure helium gas at a stag-
nation pressure of 3000 mbar through an orifice-type nozzle
of 40 um diameter. The nozzle was mounted on a liquid He
cryostat and then cooled down to temperatures of 10-12 K,
which allows the preparation of large Klelusters withN ] a
~10*.19 Hey@H,O clusters were then prepared by a stan- 1
dard pick-up techniqu& An effusive crossbeam of J@
molecules intersected the cluster beam 5 mm downstream
from the cryogenic nozzle. The doped clusters have been ]
excited with synchrotron radiatiof8R) and analyzed down- ; J
stream of the intersection of the two beams. Tunable SR T URER U
H 45 50 55 60 65 70 75
(AN=0.05nm) in the spectral range of 100—140 rAd-
grating or 40—100 nm(Pt-grating was focused on the clus- Wavelength, nm

ter beam. Fluorescence excitation spe¢i#dV-UV and UV- FIG. 3. UV-visible-IR fluorescence excitation spectra below 100 nm of; He
visible-IR) were recorded by two photomultiplier tubes with clusters(a) and Hg @HeO clusters(b) (N~10).

Intensity, a.u.
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RESULTS AND DISCUSSION . . s ) . :

Excitation spectra of the He atomic and cluster beams
are shown in Figs. @), 2(b) (VUV-UV fluorescence and
Fig. 3@ (visible-IR fluorescenge The excitation spectrum
of atoms(room temperature expansiois dominated by the
1snp'P,«—1s? transitions converging to the helium ioniza-
tion limit at 24.59 eV. The width of these peaks is limited by H,0
the experimental spectral resolution. The sharp peak ob- b
served close to the ionization limit-24.59 eV is due to the
congestion of many spectrally unresolved lines. In cluster w05 110 s 120 125 130 13
beams the intensity of the atomic lines decreases and bands Wavelength, nm
appeall.o Relative intensities of the a.tomic lines and the F|G. 4. UV fluorescence excitation spectra above 100 nm qf@id,0
bands change when clusters grow, which makes them useff siors n~10?) and of free water moleculeg®, =33 mbar in both
for the mean size estimation. caseg

Determination of a mean Hecluster sizeN is a delicate
procedure. In the experimental conditions where the stagna-
tion pressure and temperatu@T) correspond to Fig. (®), Two spectra shown in Fig. 4 are generally similar, which
the expansion isentrope passes close to the critical poinindicate that the presence of the cluster environment does not
Clusters either may grow by condensation from the gas ochange the water predissociation dynamics. They are domi-
may be formed directly by fragmentation of the liquid. The nated by the 8a,<3a;, np+—1b; andnd«1b; Rydberg
last process results in much larger sizes than predicted hyansitionst* We have not observed in doped clusters neither
Hagena’s scaling la#? For an evaluation of the mean cluster a resonant VUV emission nor an intensified broad visible
size we have compared our fluorescence excitation spectgontinuum related to the bound-fré2'B; —B A, fluores-
with those earlier measured in kieluster beams produced cence of HO. This indicates that the surrounding jHelus-
in adiabatic expansion from the gas ph&bi the last case  ter atoms do not considerably prevent water dissociation and
the scaling law is valid and can be used for a mean sizéhat the cage effect plays a minor role in helium clusters.
determination according to a formulaiN)=2.834 To be sure that water molecules are embedded inside
-10°(p2d™7/ 9%, Bwherepis in mbar,Tin K, anddin um  helium clusters and that the observed fluorescence signal
are used. We obtain N~10atoms/cluster (or R  comes from doped clusters and not from free water mol-
=3/BN/4mpe~5.6 nm, with pe;=0.7pjquia from Ref. 1. ecules we have carefully examined the absorption line shape
Our estimations show that clusters begin to condense frorg; 124 nm. It belongs to thepga, C 'B,— 1b, X 'A, tran-
the gas phase at the nozzle temperaturd G£25K. The  gjtion and shows a partially resolved rotational structure,
decrease of the nozzle temperature may change the build-ypich is sensitive to the rotational level populations. The
mechanism and large helium clusters are produced at fi orescence product OHA) is not expected to be
<11K. quenched under our experimental conditionsp (

_In the next section we discuss spectral measurements 15-3 mpar). This allows us to obtain the rotational tem-
with initial excitation of both the water molecule and the perature of the water molecule from the excitation spectrum,

/\ | HO@He,

Intensity, a.u.

helium cluster. if the Boltzman distribution in the ground state is assumed.
The water molecule is an asymmetric rotor with rotational
EXCITATION BELOW THE WATER IONIZATION LIMIT constants I(;>1,>1.) in the ground and excited states of

First we consider the spectral range of %00, ;3((5257'87Z§’14'5092’96286§%Z?d$nd I(I)f .Ct(.25|>(.67,12£5£
<140 nm, where helium clusters do not absorb. Water mol-" )cm » correspondingly. tionatly, 11 known tha
. . . . ... . _rotational constants of light molecules are unaffected by the
ecules absorb in this spectral region, predissociating into £ liquid heli : Mt Taking int g
OH(X)+ H(1s) (~90% and OH (A)+H(1s) fragments presence of liquid helium _enwronn_]. .Taking into ac
(~10%). Fluorescence of OHA 25 * X 2IT) at ~315 nm count the C:X electronic t.ransmon energy ofTO_
has been recorded. The excitation spectra of free water mofz 80 624.7 cm” we have numerically calculated the excita-
ecules and of Hg@ H,0 clusters are shown in Fig. 4. One tion spectra of the OH(A—>X). fluorescence at different
has to note that free water molecules from the crossbeafgmperatures. The same formalism has been used to calculate
partially penetrate into the excitation zone because of bearfile Spectra of free and trapped molecules. The simulation
expansion, and this fluorescence could also be seen in oilicludes the branching fror® to B states[+(0.35J;?)/1
experiments. The helium beam was not switched off duringt 0.35J;%)), where(J;%) is the mean square momentum
the measurements, but its temperature has been kept abaojection on the molecular axisa] and that from
the condensation poifit., which prevents cluster formation. H,O* (B *A;) to OH*(A)[<exp(—0.4J.?)] from Ref. 3,
The presence of the He atomic beam did not change thand an experimental spectral resolution &of =22 cm .
fluorescence intensity of free water molecules, which demThe experimental and calculated spectra are shown in Fig. 5.
onstrates that collisions with He atoms were negligible = Two examples are presented. When the nozzle tempera-
and/or they do not deviate considerably from the water crossture is 300 K no helium clusters are produced. The numerical
beam. simulation with the rotational temperature DE 250K is in
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T P P at the time of the interaction with IR photons. Surprisingly,
these energiek o andE,; correspond to the fractional tem-
b peratureT,~ 30 K observed in the present experiments. We
believe thafl, characterizes free water molecules, which are
cooled in collisions with clusters. This is due to the fact that
the sticking coefficients) of the pick-up process is less than
1. A helium cluster is not rigid and an impinging molecule
easily penetrates it on impact. As it has been discussed in
s Ref. 11, a fractiorf =1 —s of molecules, which can amount
T up to ~0.5 (Sk), leaves the helium cluster after passing
through it. This fraction acquires a temperature higher than
the cluster temperature because of the small residence time
inside.

The fact that two fractional temperatures can character-
ize H,O molecules requires an explanation. The reason may
be that collisions with clusters of the most abundant size
(N=10% do not result in the trappingcooling until T,
b . s =30K), and only a second collision or collisions with large
1235 124,0 124,5 clusters in the tail of the size distribution traps water mol-

Wavelength, nm ecules ,=0.4K). Another possibility may be an unusual
FIG. 5. Fluorescence excitation spectra near 124 ng@ hholecules from bimodal cluster size distribution, dlﬁe.rem from. the genera!ly
the crossbearfa), and He@H,O clusters(b). Calculated excitation spectra _Observed log-normal one. Sth a ,bImOdaI size distribution
of OH* (A) are given in(a) and(b) by the dotted line. indeed has been measured in helium clusters under super-
critical source condition& large clusters ¢, ) are formed
directly from a fragmented liquid phase and small clusters
(cg) are condensed from gas atoms evaporated from large

T,=04K
T,=30K

mA,lm‘M.,\l..lle A

Intensity, a.u.

A

a good agreement with the experimental spectilig. lot
5(a)]. Under our experimental conditions the water cross—jefjrog/\? S lude that heli lust hould b ficientl
can be regarded as a laminar flow of molecules without con- € conclude that helium clusters should be summiciently

siderable cooling due to the expansion, which explains thiéarge to capture a hot water molecule and that a critical clus-

. . . "
relatively high rotational temperature. When the nozzle ister sizeN* exists for a given crossbeam condition. Large

H *
deeply cooled dowri<12 K), large helium clusters are pro- Hey with N;=N*>10" can trap water molecule and ther-

duced and can efficiently capture water molecules. Two frac[nallze it at the cluster temperatuie 04~0.4K. On thg
tional temperatures of ;=<5 K and T,~30K with almost contrary, smallgr glusters witN,<<N* are transparent with
equal relative populations were needed to describe the sper >Spect FO impinging water molecules and only slow down
trum of doped clusterfFig. 5b)] at the nozzle temperature the rotational temperature ,~30K. o
of 11-12 K(the calculated spectra were not sensitive to the These measurements of thQ.CH excitation spectrum
rotational temperature below 5)KNo contribution from the confirm that a conS|d_e rable fract|_on of doped vi@H,0
room temperature fraction of water molecules has been onIUSterS are prepared in our experiments.
served. Because the helium cluster temperature is 0% K,
we assign this value to the lowest temperaﬁﬁﬁe: 0.4K. EXCITATION ABOVE THE WATER IONIZATION LIMIT
Furthermore, cooling down the helium nozzle from room
temperature and with an open water crossbeam, we saw no In the spectral range below 100 nm both the helium clus-
changes in the UV-fluorescence signal intensity until ater and HBO molecules can absorb photons. Excitation of
nozzle temperature of* ~30—40K was reached, where it Hey results in discrete fluorescence of helium atoms and
began to grow. AT ,,,,= 12 K the fluorescence was almost Molecules in VUV and UV-IR spectral regiofsin large
four times higher in intensity than at room temperature. Takclusters, relaxation processes involving molecular states
ing into account that condensation of helium clusters begingominate. Following excitation of free  molecules fluo-
at the temperatur&, (estimated abovewhich is close to the rescence of hydrogen atoms' ths), OH* (A,B,C) radicals,
measuredT* of the signal build-up, we conclude that the and I-bO”(K) ions is observed.
fluorescence comes predominately from water molecules un- VUV-UV fluorescence excitation spectra of doped clus-
dergoing collisions with He clusters. While a temperature ofters are given in Fig. ). Comparison with the spectrum of
T,<5K is reasonable, the temperatufe~30K is some- a helium clustefFig. 2(b)] shows that helium bands, espe-
what unexpected. cially those in the 50—54 nif23—-25 eV region, are strongly

An unusual contribution from high rotational levels of attenuated by the presence of water molecules inside helium
the ground state water moleculedy,.=110 (Ejo  clusters. On the other hand, water has little effect on helium
=42.4cmY) andJya k=111 (E11=37.2cmt), was earlier bands in the visible-IR fluorescence excitation spectrum
observed in IR absorption spectra in helium cluster{shown in Fig. 8a), 3(b)]. Up to now, no identification of
experiments! The authors have proposed that the signalthese bands in large helium clusters has been given. Two
may come from the partially relaxed ki@ H,O complexes continua related to the presence of water impurities are seen
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in both VUV-UV and visible-IR spectréFig. 2(c) and Fig. T e

3(b)] at ~70 nm anch <50 nm. The band at 70 nm related to ] Ao =57.50m
the 4sa;,5sa,< 1b, electronic transitions in }O is already ] H:O@He, y "
known? while the second one below 50 nm with an asym- & d
metric shape has not been reported before. It seems to fit to o —srsem T
the helium photoionization continuum: with its maximum at ] He, L}w
the ionization threshold of(He")=24.59 eV and gradually ]
decreasing in intensity to shorter wavelengths. S e B
lonization of a helium cluster beam results in almost no : ] 4,.=57.5nm
fluorescence, although charge recombinatiory, e~ ac- s ] HO :
companied by a population of highly excited states is pos- § ,MX7 [
sible in the beam. In doped clusters an energy transfer can = oeerimm o
accompany electron exchange between the water molecule ] ,j“o@He
and the helium ion to water. Moreover, excitation of the he- 10 ,\_NJL .
lium cluster atoms is not possible because of the lack of e B .
energy:  (He")—I(H,0")=11.79%eV)<E(He{). The 1 4, =67.10m
visible-IR fluorescencgFig. 3(b)] can be assigned to the ] RO 5
H,0*"(A) and OH " (A) excited ions produced in the fol- L™ T x4 |
lowing reactions: 400 500 600 700
Hey+ hveHe,(,’ +e”, Wavelength, nm
* o~ FIG. 6. Fluor n ra of,® molecular m nd of
HelJ\] +H0—Hey+H0" (A), H;@&O(blg aniieHi: (S;Ji(l:tjsetlerc; 2vchilth :xiii:ttii)n 2?6257(.?’ n?\a,al:»danod
57.5(c—e. The spectra are normalized to the SR intensity. H-Balmey,
He,J\] +H,0—Hey+ OH+*(A) +H. 6, € lines are indicated in the upper spectrum. In all these experiments the

helium stagnation pressure F§,,=3000 mbar, the nozzle temperature var-

The ionization continuum of helium is also seen in ies from 300 K(atoms to 12 K (clusters.
VUV-UV fluorescence excitation spectra of doped clusters
[Fig. 2(c)]. There are at least two possible explanations of

this VUV-UV fluorescence: The fluorescence assigned tQCH* is clearly presented

_ _ in all recorded spectra with the initial energy deposition onto
(}) From energy considerationsthresholds of the he 0O molecule[Fig. 6a)], which is in agreement with
H,0" +e~ and OH +H+e" formation are correspondingly  gapijer observations.H* (n>1) emission lines appear at
12.615 eV and 18.05 @\this emission may come from hy- ) ~ —g7.1 nm and disappear at more short-wave excitation.
pothetical highly excited states of ions,®" and OH". o 'the other hand, H-Balmer lines are strongly intensified
However, almost no fluorescence is expected under photo?}((-m the background of the broad continuum of excited water
citation of free water molecules between 20 eV and 35 e lons) in He,@H,O clusters[see Fig. ). Moreover, the

éiieiiwer?trg, which is in agreement with earlier residual HO* "~ fluorescence seems to come from the small
L . fraction of free water molecules, which are always present as
2% + ’
(2) This may also be due to the GKC %) radical, discussed above. This finding seems to indicate the suppres-

whose emission 'in the VUV-UV spectral range at sion of the ionization channel in helium clusters in favor of
170-190 nmC— X) and 225-260nn§—A) falls into the : L : :
éhe predissociation into electronically excited neutrals.

sensitivity range of our detector. On the other hand, the yiel . . .
. . . Another peculiarity can be observed if we deposit energy
of excited neutrals would require an increase of electron re-

combination in the dooed clusters respectively to the urémo the helium clusters. In this case the energy transfer to the
. bed ¢ pectively € PU'S mbedded molecule is expected if the molecular states are
helium clusters. More experiments are required to assign thi

band Rcated close to the cluster absorption bataited orbital
' overlap. In present experimentse,.=57.5nm fits into the
Finally, we compare fluorescence spectra @DHNoI-  broad absorption band inherent to largeyHgusters. Exci-
ecules and of Hg@ H,O clusters. They are presented in Fig. tation of pure Hg clusters result in a rich visible-IR fluores-
6 for excitation at 67.1 and 57.5 nm. These wavelengthgence spectrurfFig. 6(d)] with the strongest bands recently
correspond to particularities in the reaction exit channel. Thigissigned to theE 1Hg—>A 13 F(~510nm), F13,11,A,
spectral range is characterized by a competition between,p 11‘19 (~610—630 nm and D 123_43 11‘[g (~660 nm
autoionization and the dissociation into neutrals. The yield ofransitions of molecular helium dimet$Direct excitation of
the HZO+*(K) ion is almost independent on the excitation the H,O molecule at 57.5 nm is followed by the broadband
wavelength; at the same time, formation df(i>1) is ob- A 2A,—X 2B, water ion emissiorfFig. 6(c)]. But surpris-
served in the narrow spectral winddwz5 nm) in the vicin-  ingly excitation of Hg@H,O doped clusters at the same
ity of 65 nm? Both characteristic emissions have been ob-wavelength shows intense H-Balmer lif€sg. 6€)], which
served in our experiments: a broad band QDFl* spans is inherent to the neutral decay channel. This confirms the
from 400 to 700 nnt? and the narrow H-Balmeg, v, , ¢ above proposed hypothesis that the ionization channel is sup-
lines appear ak ~1(nm)=91.15 (1/22—1/n?)~ 1. pressed.
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The last remark concerns the reason for preionizatiorfrom the 124 nm line shape. Two different temperatures of
suppression. Is it an effect of the cluster environment or ofvater molecules<5 K (which we assign to 0.4 Kand 30 K,
the temperature? The case of temperature is easier to undéave been found in the J& doped clusters. The low tem-
stand. Actually, the temperature influences the rotationaperaturelT;<5 K is due to HO embedded in Hg, while we
level population of a water molecule. If the excited Rydbergpropose that warmer moleculés~ 30K are formed if HO
state is bound, it may b&coupled to another state undergo- are first captured by the clusters and then leave the clusters.
ing a direct dissociatiofas it has been disused before for the Excitation of clusters above the helium ionization limit re-
C 1B, state or else to ionization. To understand this point we Sults in intense VUV-UV and visible-IR fluorescence, tenta-
consider the fluorescence excitation spectra in the range dively assigned to ionic and neutral water fragments. Simul-
~70 nm(18 eV) and the corresponding fluorescence spectrataneous charge and energy transfer processes may be
The excitation spectra in the 16—19 eV range consist of &sponsible for it. In contrast to the free water molecule, the
broad continuum superimposed with a weak structure. Thigield of HZO** excited ions is suppressed in jtelusters,
broad excitation continuum has been earlier assigned to thend the main excited products aré (ris) atoms.
nsa;<1b, (n=4,5) transitions to the repulsive Rydberg
stfit_esz, which undergo a direct dissociation into*HOH  AcKNOWLEDGMENT
(visible fluorescengeor H+OH* (VUV-UV fluorescence
The structure, on the other hand, belongs to the excitation of ~Financial support of Project No. 11-98-026EC by the EU
bound Rydberg states. It dominates the absorption spectiRiogram is kindly acknowledged.
and yields water ions in the ground state. Our results show
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