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_ Cluster ion distributions of water in a molecular beam are mvesttgated by using femtosec-
ond ionization at 780 nin and reflectron tlrne-of—ﬂtoht mass spectrometry The electnc fteId
strength generated by the uitrashort laser pulses is sufficient to ionize efficiently most of the
'molecules that are present in the molecular beam In this work fon sxcnals of large water clustefs
contammg up to 60 monomers are reported Upon 1on12at10n rap:d proton transfer is observed
-Ieadmcr to the formation of protonated water cluster i ions. Unprotonated clusters, (HZO)n (n>2)
are not observed in the mass spectra. The configurational energy imparted into the protonatéd

clusters induces unimolecular dissociation on the us time scale. These metastable reactions are

characterized by modeling the ion trajectories in the mass spectrometer. The numerical procedure -

in conjunction‘with the integrated parent and daughter intensities results in unimolecular disso- .
ciation rates as a function of cluster size. Additional inforrnation'about proton transfer reactions
is obtained by the investigation of deuterium substitutions. Even though these substitutions corre-
5pond to large relative changes in the mass of the atom as well as'the zero point energy, unproto-
nated (DaO)n+ clusters are not produced with significant abundance in supersonic expansions of
deuterated water. An addtttonal result of this Work is the observatton of doubly charved ions

_ above a critical cluster size (n 3.
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INTRODUCTION

Water cluster series have been observed by electron 1mpact jonization [1,2], free jet expan-

sion of 1omzed water {3] and high energy bombardment of i ice crystals {4]. Typlcally,'the mass

‘spectra of water clusters are dominated by protonated cluster ions, (H,0),H", which are produced

by rapid protOn transfer

 (H,0)e+ AV = ((H,0)," I+e = EOpH +OH+e (1) -

- where [(HzO)n I stands for the vertically ionized water cluster Ab mztzo ‘potential energy calcu-

lations for the water dimer [5] show that the dimer cauon exhlblts quite adifferent geometry from
that of the neutral dimer. The potential minima of the ground and first excited state of the cation -
are far from the wide Franck-Condon region expected from the shallow potential minimum of the
neutral dimer. Proton transfer relaxatron from the vertically ionized point to the potential mini-
mum may easily occur with no activation barrier. Furthermore, the calculations indicate that the
dlssocmtlon energy into the energetlcally lowest fragment channel leading to H30+ + OH lies
shchtly below the energy of the region reached by the vertical ionization process
For the trimer and larger clusters an add1t10nal relaxation channel opens since they have

single weakly bound water molecules on their surface. As mentioned above, the vertical ioniza-

tion enercy of a water dlmer unit in the cluster is much larger than the adiabatic value since the

creometry of the neutral and the 1omzed dimer chffer cons1derably In view of the dimer 51tuat10n,
substanual geometry changes are also expected for larger cluster, (HzO),1 2 3. After jonization,

water molecules within the cluster W1ll rearrange rap1dly and release a large amount of enercy

The htcrh mobthty of the proton might promote this process. As aconsequence, the confwura-

tional energy imparted into the protonated cluster ion leads to the loss of one or several water
mcnomers by r‘netastable dissociation Intensity anomalies observed in the mass spectra fo‘r
(HZO)olH" and (Hvo)st have been attributed to the metastable unimolecular decay on the Us
t1me scale [2] More recently, unprotonated cluster ions (2 < n < 10) have been detected by ap-
plying near-threshold phctommzauon at 11.83 eV on supersonic cluster beams of water-argon
mixtures (P 2 2 atm) [6]. It has been found that the unprotonated cluster ions (HZO)n+l are pro- |

duced via the photoicnization of binary clusters:
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| (Ar)m(HZO)-n + hv > (H:0)e" + m(AD) e | | @

The‘ authors rationalize their fiudincs by randomization of the excess energy within the blnary |
cluster. The excess energy is finally converted to the removal of aroon atoms, giving rise to
stable (I—IaO)n (Reactton 2} and vartous (Ar)k(HgO),, ions.

Heretn we report on the femtosecond tomzauon at 780 nm of (H,0), and (Dzo),, clusters in
a supersonic molecular beam that is coupled to a reflectron ttme of-flight mass spectrometer. In

oeneral the use of femtosecond laser pulses give rise to ionization pathways distinct from nano- -

_second excrtatlon processes. The ultrashort pulse width combmed with the high intensity (= 1015

W cm?) of the hght source permits ex01tat10n to the 1on1zat10n state on a time scale which com- -

petes wrth nuclear motion. The electnc ﬁeld generated by the laser pulse is Eo=(2Ue°c) , where

Eois the electnc ﬁeld strenOth (V m™", Tis the mtenmty of the laser beam (W m’ %), g is the per-

' rruttzvrty of free space, and cis the speed of light. Thus, the laser intensity corresponds to an

electric freld strength of 8IVEA wh1ch is sufﬁment to ionize most of the molecules [7]. In.

fact we demonstrate in this work that femtosecond laser pulses are produc1n<Jr protonated

(I-IZO)HH+ and (DZO),,D clusters series readtly observableupton = 60

As mentioned above, the excess energy 1mparted into the cIuster ions upon the vertical -

1on1zatton and proton transfer process leads to metastable dtssoc1atton This unimolecular. decay

-on the s time scale yields intensity anomalies (“magic numbers”) in the mass spectrum. The dy-

namics of the decay is characterized by taking into account numerical simulations of the jon tra-
jectories in the mass spectrometer. The results are in agreement with the findings reported by us-
ing electron-impact ionization [2]. In addition to singly charged cluster ions, doubly charged ions

are observed and will be discussed in this work.
EXPERIMENT

A Tr Sapphtre laser system makmOr use of the chtrped pulse ampltftcatton techmque (CPA
1000, Clark MXR, Dexter MI) produces bandwidth limited output pulses that have a duration of
95 fs (assuming a Gaussian pulse shape) and a bandwidth of 9 nm. Typical pulse energies are 230

WJ at a wavelength centered around 780 hm. The femtosecond pulses are focused into the source
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chamber to a diameter of < 20 um to give an intensity on the order of 10> W cm™. The pulses
intersect the supersonic molecular beam containing the neutral water clusters seeded in He, Ne or

Ar . The ions formed in the ionization process are-acceie’rated in an electric field and directed .

~ through the first field-free region towards the reflector. Ions are then reflected and travel through

the second _ﬁeld-fne‘e region and are detected by a microchannel plate detector. The resolutiort.of

the mas"s'Spectrometer m/Am, is not optimized for reasons mentioned below and is typically 750

at m/e-200 where m is the mass of the i lon and ¢ the charge Absolute cahbratton of the mass

.scale is performed by using the small impurities present in the beam (Nz, O;) that are 1omzed

efftmently with the fs laser pulses Thus, a resolutlon of one mass. unit which i 1s required in thlS -
experiment is well attained for the swmﬂcant mass range, If-an ion fraoments within the first
field-free region, the daughter ion kinetic energy is defined by U,=(Ms/M,)Up, where U is the

birth potential Md and M, are the daughter and parent ion masses, respectively. By using

appropnate reflector potenttals dauchter and parent ions are reflected at d1fferent posxttons in the -
 reflectron. In this way, parent and- daughter ions of the same mass expenence dtfferent |

\ trajectorzes and y:eld time-of- ﬂzohts that are separated substantially.

. Analysis of the metastable dissociation processes observed in the expenmental spectra of
the water cluster dtstnbuttons is achteved by comparing the results with simulations of the jon -

t[’&jCC[OI‘lCS in the mass spectrometer {SIMION [8]) The geometry and potenttals of the

electrodes are used to determine the electrostatic fields present in the apparatus by soivmcr the

Laplace equation by finite difference methods By computmo the eiectrostattc forces acting ona

- size selected parent cluster i ion, the trajectory along the flight path is obtained and provides the

time-of-flight, tp. In a second step, the unimolecular dissociation of a metastable parent ion in the

first field-free region is modeled and yields the time-of-flight of the daughter ion, to. The

- computation is iterated over all cluster sizes n resulting in tp(n) and tp(n). Itis found that these

time-of-flights reproduce the experimental observations accurately without any adjustment
parameters. The reliability of the simulation is also verified by computing the time—of{ﬂights for
doubly charged olust_ers. Agaih, a good accordance with the experiment is obtained. Considering
the agreerhent of experimental and simulated flight times, the residence time of the parent ions in
the first field-free region can be computed. A metastable reaction rate is then obtained by

integrating the parent and daughter peaks from the time-of-flight spectrum and taking into

/
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account the sn’nulated resxdence times in the first field-free re01on as w1ll be dlscussed in more

detall below.

RESULTS AND DISCUSSION

AF errltosecond ionization of (H20), and‘(lf)zO),1 clusters

Figure 1 'displays a typical tiriie-of-ﬂight mass spectrum of water clusters ionized by usirig
the 780 nm' femtosecond laser pulses. By applying a gated electric field for several tts after the
acceleratlon the water monomer and a fractlon of the dimer jons are deflected to prevent an
overload of the rmcrochannel plate detector The gated region between 10.5 and 58 .0 us is indi-

cated on the Flgure 1 \ .
The- protonated water cluster ions, (HZO),II-I+ that are produced in the source reclon by fast '

proton. transfer dommate the spectrum in the small cluster size regxon up to n=135. They appear at

flight tnnes that are propomonal to the square root of their correspondmg mass as 1nd1cated on

the scale on the top of the Ploure 1. An overall smooth exponenual decrease of protonated parent

.Cluster mtensmes versus size is observed. With i mcreasmg cluster size, daughter ions from uni-

molecular dissociation i in the ﬁrst field-free region of the reflectron mass spectrometer emerge. .
These daughter ions can be separated from. the parent ions by adjustmc the reftectron. potentmls

and are ass1gned by comparison W1th trajectory simulations (see below). For the experiment

'sho_wn in Flgure 1 daughter ions appear at lower txme-of—.flzghts in respect to the parent signals.

This feature is shown more clearly on the i"hsets for n=10 and 16, where the parent and daughter
ions are labeled by P and D, respectiyel'y. It can be seen that unimolecular dissociation is more
abundant for larger clusters sizés. For n=10, the ratio of the daughter o parent ion.is = 0.3 and.
roughly unity for n=16. The daughter peak at n=21 clearly dominates the time-of-flight mass
spectrurn at 191 s (compare also {0 thure 3) A closer 1nspecuon of the dauohter intensities at
n—21 and n=22 reveals a local dxscontmuxty in the mass spectrum., This mtensny anomaly is at-

tributed to an increased stability towards evaporation of (H,0), (H* in respect to (H20)22H™. This

‘observation is in agreement with experiments using electron impact jonization in combination

with reflectron mass spectrometry [2]. The clathrate cage structure [9] of the 21-mer is more sta-

ble against evaporative 10ss than the cluster containing an additional H,O molecule.
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In addition to singly charged protonated water clusters, doubly charged cluster series of the

" form (HZO)HH++ A(n237) are zilso observed at flight times > 180 y;ts An exarnple of a doubly

charged cluster. with n=51 i is md1cated in the Figure 1, Due to its mass to charve ratto (H,0)s H™
appears between the two smoly charged clusters of the size n=25 and 26.

Strmlar cluster series are obtained by applying the frequency tripled (260 nrn) output of the

| femtosecond laser for i 1on1zatxon Experiments performed at 390 nm by doubhno the fundamental

frequency of the laser fatled to. produce acceptable cluster signals. Poth ez al, [10] have recently

‘reported that it has not been possible to jonize pure‘water clusters with 100 fs pulses at 400 nm

' (0.7-1.0 mJ per pulse). The authors did not'report, however whether experiments have been per-

formed at a different wavelencth In thls work a detatled study of the cluster distribution as a

function of ionization wavelength has not been attempted The results reported are obtained by

“using mfrared photons at 780 nm whxch y1e1d a maxn'num signal to noise ratio.

- In general a cluster ion mass spectrum produced by a femtosecond laser pulse shows only

' parentions and i 1on1c fracrments that are produced in the source region and is free of photo-
‘ionized neutral fraaments This is because the 100 fs pulse duration is much shorter than the

cluster fragmentatton time. An exception is the presence of H"in Fzgure 1 that can be explained

by raptd ejection of neutra[ H atoms and subsequent ionization [1 I] However the reaction

‘producing the H signal i is not charactenzed in the framework of this 1nvest1°at10n Experiments -

performed at differerit laser intensities have shown that even by 1ncreasm<r the laser pulse energy

by a factor of five, the relative distribution of the cluster signals did not change significantly. In -

. particular we do not observe 4 shift of the cluster ion, mass distribution toward lower masses for

increasing laser intensities. This finding is rationalized by considering the previously mentioned .
vertical ionization process. A point.on the ion potential surface is reached from which proton
transfer relaxation, cluster rearrangement and subsequent evaporation of water monomer units on

the Us time scale occurs. The rapid ionization prevents significant intramolecular energy transfer

that would lead to excitation and/or fragmentation of intermediate states. This behavior is very

characteristic of the so called ladder climbing mechanism [12] which is expected for femtosecond

ionization of polyatomic molecules. In this case, several photons are absorbed subsequently on a

“very short time scale. The ladder of energy excitation is climbed with a rate that is much higher

than the intramolecular energy transfer rate. Due to this rapid process, vertical ionization from .

the ground state to the potential energy surface of the ion, [(H;0),* I, is achieved (Equation 1).
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Furthermore, since intramolecular energy transfer in intermediate states is not expected during

jonization, cluster heating in femtosecond photoionization is likely to be insignificant. In fact,

‘recent investigations on the photoionization of large molecules using femtosecond excitation

pulses have shown that no fragmentation occurs, even with varying the pulse intensity over

several orders of rnaomtude [13]. This ﬁndmos are in contrast {o the nanosecond time regime

where it is observed-for alkali (14] and ammqnia clusters [15] that after photoionization of

neutrals, there is a shift of the cluster mass distribution towards lower masses for increasing laser

intensities. In this case, the ladder switching mechaniém occurs which gives rise to fragmentation

and subsequent photon absorption from the excited-state neutral or parent ion within the laser
pulse width. | o '

Even thoucrh the femtosecond ionization is expected to yield ions e:thsztmcr little £XCess
energy, we have fo take into account that the Franck-Condon driven vertical ionization of water
clusters probably oceurs to a point on the potential energy surface of the ion that is above the
proton transfer barrier. The fast proton trahsfer followed b} a reérrangement of the protonated
eluster ion prdduces metastable species that decay in the first field-free reégion of the mass spec-
trometer (see beloW) It is interesting to compare these results with the femtosecond jonization -
work on arnmoma clusters by Castleman and his group [16] As for the water clugters, the ioniza-
tion of ammonia clusters result primarily in the formation of the protonated cluster, (NH;),,H+
serles.' However, by applying an ultrafast radiation source for muIt1ple photon ionization an ap-

preciable fraction of the unprotonated cluster ions, (\IH3)H‘¢, can be formed. The presence of un-

protonated ammonia clusters upon femtosecond 10mzat10n is rationalized by considering the in-

herently broad spectral distribution due to the uncertainty relation. Furthermore, multtple photon

absorption durmcr the ladder climbing process, leads to an effective shortenmg of the temporal
profile and produces an experimental pulse wu:lth that is considerably shorter than the instrumen-
taHy measured pulse width of the 780 nm laser ltcht As a consequence, a substantial spectral
broadening is expected and olves nse 1o the population of various vtbrattenal‘zon states, of which
some lie below the proton transfer bamer |

. I-Iowever in the present mvesttoatton of the water clusters, unprotonated species of the
form (H;0)," , have not been observed with the exceptton of the dimer i ion, (H20)2 . This result
suggests that in contrast to the ammonia cluster work by Castleman and coworkers; vertical ioni-

zation of water clusters does not lead to a significant population of the potential energy surface
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below the aforementioned barrier. Previously, Shiromaru et al. [17] have determined the appear-
ance potentials for (H20);", (H0)", (H,0),H*, (H,0)3H* by synchrotron radiation. The results
suggest that water clusters are directly ionized since the photoioniz'atlon efficlency curve of HZO"
shows no distinct autoionization structure. Furthermore it has been found that in contrast to the - |
(Hzo)z ion, (H10)3 is not observed from the water trimer, because the Franck~Condon reglon

covers a smaller part of the potential mmlrnum for the water trimer ion as- compared to that for

-the dimer i 1on. As for the threshold 1on12at10n by synchrotron rad1atron the assumpuon of a

Franck-Condon restrlcted direct vertlcal ionization by the ladder climbing mechanism i isin
agreement with our results and rationalizes the lack of unprotonated water clusters

- Additional expenments have been performed on D;0 instead of H>O molecular beams to

-shed more light on the proton transfer mechamsm In fact, a substantial change in the zero pomt

energy is 1ntroduced by replacing the hydrogen atoms by deuterium due to the different mass. On

-the other hand, the i 1onlzauon potentiails of H,O. and D;0 are essentlally equal (12.7 + 0.1 and

1275 & 0.1eV, respectively [18]) Figure 2 shows typtcaI mass spectra which are obtamed by

the femtosecond ionization of a D,0 supersomc molecular beam. The mass of the protonated

cluster is subtracted from the mass scales shown in. Figure 2. Thus, the sxonal of the fully

' 'deuterated (D20),D* cluster appears at the origin whereas an unprotonated (Dzo)n ion would

appear at Am = -2 amu, Unfortunately, mixed D/H clusters are formed due to a trace amount of

light water in the gas inlet system and have. to be taken into account. Figure 2 deptcts typlcal

mass spectra for n=6, 8, 11 and 17 (dotted line). Additionally, simulations are shown (solrd line)

that assume a hydrogen to deuterium ratio of 0.02 in the cluster of size n. Intensity normalization

1s performed wrth respect to (D;0),D”. The resulting close match of the comparison suggests that -

the peak at Am = -2 amu is mamly due to the exchanoe of, two deuterium atoms by hydrogen in

the (DzO)nD cluster and that unprotonated (DzO)n ions are not: formed in sromﬁcant quantltles
Dlscrepancles in-the mass range above the fuily deuterated (D20),D” clusters are due to '

metastable fragmentation products (see below). Thus, we conclude that the chanae In zero point

- energy does not leadtoa more favorable Franck- Condon overlap of the neutral and ion state. As

for light water, ionization takes place prlmarlly to a point above the proton transfer barrier

according to Equation 1.

More ltht is shed on the lonization mechanism by a study of the lO°’(lOl‘llZ&thn s1gnal) ver-

sus log(laser power) The i mvestroauon for ammonia clusters {16] ylelds a slope of 4 for
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~ (NH3),H", 1 € n £ 5, indicating that ionization is achieved through a four-photon resonant inter-
‘mediate state that corresponds to the C'(v=1) state of the ammonia monomer. A power depend-

ence study in this work on the (H,0),H" cluster ions also results in a slope of ~4. B considering
iy “ chc p y

the spectral broadeniﬁc"of multiphoton transitions as discussed above, the intermediate state for
the. photo1omzauon of water clusters at 780 nm is most probably correspondmc to the A state of
the water moriomer at 185.9 nm. - ‘

After the water clusters are ionized, the protén transfer has occurred and 2 neutral OH is
lost in the acceleration;regidh of the mass spéctrorne_ter, hnim.()'lecular dissociation,of the meta-
stable protonated clusters tékes pIace by loss of orie of more water monomers. Such & relaxation
react:on has been observed upon electron i 1mpact ionization of the (HzO)n clusters [2], and is

surular to the metastable behawor of the protonated (NH3)RH series upon nanosecond 1on1zat10n

, techmques (19]. The characterization of the metastable dissociation of .(H>0),H" upon femto-

second ionization in the following section draws strongly from these works.

B. Unimolecular dissociation of metastable (Hzo),.H+ and (DinnD* clusters

The multiphqton ionization method used in our experiment is a “hard” ionization so that

possible ionization potential differences should not make much difference in ionization cross

_sections of these clusters[20]. This situation is completely different from ele_ctroh impact and

| nanosecond ionization where ionization efficiencies are strongly dependent on cluster size. Thus,
it is assumed that the spek:tra shown in Figure 1 and in more detail in Figi]re 3 represent cluster
ion series which have been ionized with equal efficiencies. The overall éxponential d‘ecay-of the
parent cluster intensities versus size reflects the abundance of the neutral clusters produced by the .
supersonic expansion, However, local‘discontinuities are measured due to metastable rea'ctions of

the clusters in the fxrst field-free region. The daughter ions from the dlssocmtlon are also observ-

able and appear, as satelhte peaks for parent clusters with n>6 (qure 1). As menuoned above,
thls_sequenual evaporatxve loss of monomers and dimers following femtosecond irradiation is

mainly due to the configurational energy imparted into the protonated cluster ions. An extended

- view of the time-of-ﬂight spectrum is depicted in Figure 3 (solid trace). In addition, jon trajectory

simulations are shown (détted trace). The computed time-of-flights are convoluted with a Gauss
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function exhibiting a FWHM of the mass spectrometer resolution. The intensities are computed
by assuming an exponential dlstribution' of the protonated parent cluster sizes in the ionization
region and by taking into account the metastable dissociation rates during the flight time in the
first field-freé region ($ee. below) Small dlscrepanmes might origin from the kinetic energy re-
lease of the metastable d1ssocxauon process that is neglected in the modehnc of the ion trajecto-
ries. However, the 31mu1at10ns conflrm the suggested origin of the satellite peaks observed in the

time- of-ﬂlcht spectra. They occur due to evaporatlon of water molecules, e,
HO)WH = (O H +Hp0. : @

The spectrum; shown in Figuré 3 also reveals the loss of two water molecules for larcer
clusters. It has been shown that the b1nd1no energy of an addmonal H,O to an ion of the form
(H,0),H" decreases from 1 47 eV for n=1 to 0.87 and 0 74 eV for n=2 and 3 respectwely [21],
which may favor additional monomer losses with i 1ncreasmg cluster size. '
It is important to notice that the observed metastable fragmentatton takes place dunnc the
’ ﬂtcht throuch the first field-free reglon of the reﬂectron tlme-of—ﬂlvht mass spectrometer Inter-
actions with the background gas can lead 6 collision-induced dtssomauon and blur the real me-
- tastable decay process. However, at a pressure of =_-2.5 x_IO Torr, as indicated on an ion gauge
mounted at the entrance to one of the turbo pumps of the reflectron, collision induced
dissociation is expected to be minimal and its contribution to the metastable dissociation ,
neghcrlble ' < ‘ |
The range of times over which unimolecular dissociation can be observed and thus the

range of rate constants that may be detected depends on the physical dtmenswns of the apparatus ;
and the kinetic energy of the ion beam. The ion trajectory smulatlons show that the avallable ex-.
pertmental setup allows observatton of metastable l1fet1mes in a time wmdow of 30-60 tts de-
pendmg on the mass of the cluster ion. By assuming a single exponential decay process, the ob-

- served relative integ.ra'ted fragment to parent intensities I4/I, can be converted into a metastable

rate constant k by the relation:

Mo=lexplk ) - explktnd N
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where the first factor describes the decay duting the travel time tg in the first field-free region of
the mass spectrometer and the second exponential corrects for further fragm‘entation of the parent
ions while passing_ the-reﬂector (tr‘gf). Values for tgr-and tree are availablé from the ion traj_ectory
calculations. Figtlre 4 shows the resulting rate constanté kfor8 <n<18. The indiccted error bars
" are standard deviations from’ 4 consecutive measurements. The mass spectroroeter resolutidn is
insufficient to compute accurate rate constants for the larger clusters. For the small size region
the accuracy is limited due to small parent signals. In the observed cluster size range an overall
smooth increasé towards n'= 12 is obtained that levels off for larger clusters at a value of =12000
s’ The rate constants for 13 <n<138 impiy l‘itt‘le varizitions in binding enervies and possibly
also in structures for this size range. It is mterestmer to compare the results with the decay
fractions of protonated water clusters reported by Shl et al. [22]. The authors applied nanosecond
ionization to a mixed cluster beam cont_ammg H20/CH3I and measured the decay fractions
Te/(e+Ip) of protonetted-water duslte‘_rs, Besides of the ptonounced maximum at the 22-mer due to
the enhanced dissociationllto the more stable 21-mer, an overall steep"increaseto n =12 is found

that levels off somewhat for the larger cluster sizes, which is in agreement with our observations.

C. Unimolecu_laf dissociation of doubly charged (H:0),H" an,tl (D;0).D™ clusters

. Dissimilar to electron impact'ahd near-threshold ionization, doubly charged species appear
in the mass spectra at flight times above = 180 us (Figure 1). The ttajectdry simulations shown in
thure 3 indicate that the doubly charged mass peaks emanate most probably from the uni-

molecular dxssocm.tmn reactions -

C(H0)H™ > HOWH" +HO RO
and ’ '

(H:0)H"™ = (Hy0)0zH'™ +2(H,0) ) B ©

~ Unfortunately, the simulations do not reveal whether Reaction 6 proceeds by subsequent or si-
multaneous loss of two monomers. Note, that in contrast to the singly charged clusters only

dauchter ions are detected The rap1d ummolecular dlSSOCIatIOI'l process durtncr the flight time in
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the first field-free region consumes the parent clusters cor'npletely. 'l“hus, mass calibration relies
solely on the doubly charged daughter ions and is insufficient to acertain a élifferehce of one mass
unit in thxs mass rance As a consequnce, parent ions of the form (1-120).,I-I2"+ that evaporate water
molecules might be consxdered as an interesting alternative, '

To our knowledoe nelther doubly charged water nor ammonia cluster series have been ob-
served prev1ously. However, direct-evidence has been reported of Coulomb exploslons of multi-
ply charged ammonia clusters upon the‘interéction' wlth an intense femtosecond laser beam that
yield singly charged cluster series [23]. _Generation of multlply charged polyatomic molecules in
intense infrared laser beams in the femtosecond time regime has been investigated verj/ recently
' {24]. The authors conclude that the molecules reach the 1* ion level by mulnphoton processes
‘durmv the rise time of the pulse. For laser intensities approaching 10 W cm’?, they absorb more
pl;otons sequenually and reach multlply charged levels either by tunnelmg 1onlzat1on or by
s .barrief suppreSsion Below a critical size tn<37), we do not Obsefve doubly charged species in -
the mass spectrum due to. the strong repulswe Coulomb forces resulting in fission. As for the
larger clusters, the excess energy xmparted in generating muluply charged clusters also st1mu1ates

extenswe evaporauon Thus, we rationalize the observed critical size as the ﬁrst cluster in the

l decay sequence for which the lifetime for fission is comparable to the evaporation lifetime.

SUMMARY

Femtosecond multiphoton ionization has been apolied to H,0 and D;0 clusters generatecl

in a supersonic molecular beam. The use of ultrashort laser pulses is advantageous since the
fonization process occurs on a time scale that is substantially shorter than the molecular
dissociation time. Furtherlmore, the high intens’ity of the laser pulses is sufficient to ionize most of
 the neutral species abundant in the molecular beam. As a consequence, large water clusters uo to
n =60 are observed. Due to rapid proton'transfer of the ‘vertically ionized water clusters prior to
the aoceleljatiou in the reflectron time-of-flight mass spectrometer, only protonated water clusters
‘are found in the mass spectra. The absence of (H20)," clusters suggests that vertical jonization
- does not populate ion states'that are below the proton transfer barrier. This result is in contrast to
the femtosecond ionization of ammonia clusters where unprotonated cluster ions are also

observed [16]. Additional experiments performed with deuterated water did not result in’
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unprotonated (D20)," spemes even thouoh a substantial change in the zero point energy is

expected. _ .
~ The vertical ionization and proton transfer process leaves the protonated water clusters

with a broad range of energies whrch permit evaporatron The unimolecular decay in the first

field-free reclon of the reflectron time- of-flight mass spectrometer is analyzed by comparmo the

- mass spectra with ion trajectory calculatrons and yrelds rate constants as a function of cluster

size.

Furthermore, doubly charged water clusters are also present in the mass spectra. A

. comparison with the simulations reveals that the ion signals are due to dauchter ions formed by

metastable d13$0¢1auon of doubly charged parent clusters loosing one or two neutral MoNOMmers.
The clusters appear above a critical size of n>37. The observation of 2 threshold to form doubly
charged clusters su gests that small specres dissociate rapidly due to the strong Coulomb forces

whereas larger doubly charged clusters are stabrhzed by extensrve evaporauon
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FIGURE CAPTIONS

\

Figure 1 Time-of-flight spectra obtained upon femtosecond photoionizatidn at 780 nm of a

- supersonic molecular beam containing water clusters. Series of protonated water cluster ions,

(H,0),H", are observed. Parent ic')ns are produced by fast'proton transfer in the source region of

' the mass spectrometer (P) Daughter ions (D) originate from metastable decay in the flrst field-

free region. CorrespondmtJr cluster sizes n are ‘indicated at the top of the figure. In addmon dou-

bly charced cIuster series, (HZO),,H++ are observed for n (n=37) An electrlc field is apphed tode-

 flect the monomer and a fracuon of the d1mer jon to prevent an overload of the detector.

: Fioui"e 2 Mass spectra of‘deuterated water clquers with n=6 8,11 and 17 upon femtosecond

‘ photommzatlon at 780 nm (dotted), Simulation of the mass spectra by assuming a H/D ratio of

0.02 (sohd) The ordinate and the absc1ssa are normahzed to the fully deuterated (D,0),D" inten--

sity and mass, respecuvely- The good avreement of the simulation suggests that the peaks occur-

ring at Am = -2 amu are mamly due to the exchange of two deutenum atoms by hydrooen in the

(DZ-O),,D+ cluster and that unprotonated (DzO)n 1ons are not formed in 31gn1f1cant quant1t1es

Figure 3 Expanded region of the time- of-ﬂ1ght mass spectrum (sohd) Parent clusters,
(H20).HT, are produced in the source reglon The remammc ion swnals occur due to the metas-
table decay in the first field-free region. The separ_auon of the parent/daughter time-of-flights is |
achieved by adjusting the reﬂecte'r potentials. Ion t‘rajectory simulations are performed for singly

arid doubly eharored'protonated clusters and are shown (dotted) for comparison. Small discrepan-

cies rmcht be due to the kinetic energy release of the metastable dxssocmtton which is omitted in

the snnulatmn See text for deta1ls

. Figure 4 .Fragrnentation rate constants for protonated water cluster ions. The rates are com--

puted from the integrated parent and daughter int_ensities and by taking into account the residence -

time in the first field-free region from the modeling of the ion trajectories. Error bars are standard

deviations from 4 measurements. See '\tex'!: for details.
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