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Rapid Evaporative Cooling Suppresses Fragmentation in Mass Spectrometry: Synthesis of
“Unprotonated” Water Cluster lons

Rienk T. Jongma, Yuhui Huang, Shiming Shi, and Alec M. Wodtke*
Department of Chemistry, Usrsity of California, Santa Barbara, California 93106

Receied: August 13, 1998; In Final Form: September 2, 1998

Hydrogen-bonded water clusters were formed with inert gases adsorbed to them in a strong molecular beam
expansion. Upon single-photon ionization of such mixed clusters using VUV light, fragmentation of the
substrate water cluster ion is markedly suppressed. Experimental evidence is presented, showing that the
rapid evaporation of the inert gas from the newly formed water cluster ion efficiently removes internal energy
on a time scale much faster than the usual fragmentation reactions present in pure water clusters, i.e., rates
of fragmentation that are normalty1(®® s™1. This phenomenon is exploited to produce “unprotonated” water
clusters, formally (HO),". Using post source decay reflectron time-of-flight mass spectrometry, the structure

of the “unprotonated” water cluster ions is experimentally determined for the first time. The structure
determined, HO™(H,O)OH where the hydroxyl radical is found outside the first solvation shell of the charge,

is consistent with recent ab initio calculations. This simple approach to the control of fragmentation in mass
spectrometry appears to have promise in applications to other interesting polymeric samples, for example
biopolymers.

Introduction to now, nearly all attempts to suppress fragmentation have been
] ) ] various forms of soft ionization. For example, in photoioniza-
The existence of “unprotonated” water cluster ions, nominally o, tuning the wavelength close to the adiabatic ionization
(H20)", has been known since the observation of the water pqtential is one way to lower the amount of energy deposited
dimer iont and has been more recently reported for larger jntg the parent ion. However, when the ion structure and the
clusters sized® Experimental determination of the structure neytral structure are substantially different, the ionization cross
and chemical properties of these ions has been hampered byeaction is usually bound by the FraneRondon principle to
our inability to suppress fragmentation resulting from the pe yanishingly small near the adiabatic threshold. As a practical
ionization process. Vertical ionization of water clusters initially matter, then, it may be necessary to ionize well above the
forms a solvated O* ion in a fragile “polymeric molecule”  ggjapatic threshold to obtain sufficient ionization efficiency.
far removed from its lowest energy structure. As a consequence, Tpere is some evidence that ion fragmentation of guest
a rapid intracluster proton-transfer reaction resultsOH + molecules in host van der Waals clusters is reduced. In one

— + i X h
H20 — HyO" + OH, releasing about 1 eV of ener@yThe work, large superfluid He clusters were formed in molecular
orientation of the solvent water molecules also exhibits slower beams with stagnation pressures of-BD bar and nozzle

but still rapid reorganization to accommodate the newly formed temperatures of-430 K. When SEmonomers and dimers were
charge. This so-called sol\(ation energy deposits an additional ;4sorbed on and dissolved in these clusters using the pickup
1-2 eV of internal energy into the clustef. techniqué, electron impact ionization resulted in reduced parent-
The binding energy of the cluster constituents is measured jon fragmentatiort® Although similar experiments on solid Ne
in tenths of electronvolts. Consequently, fragmentation of the clusters did not show this effett, electron bombardment
parent cluster ion is expected and observed. Loss of the newlyjonization of (CHOH), and (CHF), (n = 1—3) deposited on
formed OH, which is the most weakly bound component of the |arge Ar clusters did exhibit suppressed fragmentatioffor a
cluster, occurs on a subnanosecond time scale for clustersnumber of organic molecules complexed witfOHand CHOH,
containing less than70 water molecule$. This means thata  electron impact ionization of van der Waals molecules formed
family of neutral water clusters, @)1 (n = 1), is observed  in a supersonic molecular beam (termed cluster chemical
as a series of mass features no heavier tha@ HH20)n-1 ionization) also exhibited reduced parent ion fragmentafon.
(alternatively written as (bD)H™). In this work such clusters  All of these studies suggest that clusters may be exploited to
will be designated as"pthat is, protonated water clusters with  alter the dynamics of ion fragmentation. However, the mech-
“n” solvent water molecules. The subsequent evaporation of anisms of cluster-induced suppressed fragmentation have not

water monomers from the protonated iofi {p p" ™ + mH,0) been experimentally clarified.
Can.a|SO eaSlly be ObserVEd, for example, in a reflectron time- In this work we demonstrate a remarkab]y Simp|e approach
of flight (TOF) mass spectrometér. to suppress fragmentation in mass spectrometry of large fragile

There are two logical possibilities to suppress fragmentation species by active cooling of the newly formed parent ion. For
resulting from ionization. One may seek means of ionization the first time, a systematic investigation of the fragmentation
that deposit little or no energy into the parent ion (soft of pure and mixed water clusters explicitly reveals the mech-
ionization), or one may attempt to remove the energy that is anism responsible for the active cooling observed for mixed
deposited into the parent ion (active parent ion cooling). Up (rare gas containing) clusters. We have obtained clear evidence
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Reflectron ~MCP U,y with a 25 cm focal length. This results in frequency tripling of
the 277 nm radiation, which is enhanced by tuning the laser to
a well-known two-photon resonance in molecular nitrogfen.
The VUV radiation (92.5 nm/13.4 eV) is captured by a 37.5
cm long quartz capillary with an inner diameter of 2 mm that

apillary guides the VUV radiation (and a large fraction of the remaining

- N Skimmer 277 nm radiation) to the ion source of the mass spectrorieter.

Vipling = A slotted hole is placed about halfway down the capillary so

Pulsed laser Prl-] g that most of the tripling gas can be pumped out of the capillary
Source into a differentially pumped (70 L/s turbomolecular pump)

Figure 1. Schematic representation of the reflectron TOF mass Pridging chamber, thus reducing the gas load of the tripling
spectrometer. A pulsed source expands a mixture of water and carrierchamber to the ion source of the mass spectrometer. The
gas into the source chamber. After the molecular beam is skimmed, it capillary provides efficient transfer of the VUV light to the
enters the ion source of the mass spectrometer. Neutral water cluster§onization region as well asal0® pressure reduction between
are ionized using XUV radiation, produced by frequency tripling the o tripling chamber and the ionization region. Thus, under

second harmonic of a pulsed dye laser in a pulsed jet. The XUV light . . L - "
thus obtained is captured by a quartz capillary and guided to the ion typical operating conditions, the tripling chamber exhibits a

source. The water cluster ions are extracted by the applied electric fieldsPressure of-1072 Torr (pumped by a 400 L/s turbo drag pump)
into the drift tube. A mass gate mounted in this tube can select part of While the ionization chamber exhibits a pressure of less than
the spectrum. Parent and daughter ions are separated in time in thel08 Torr.

reflectron (respective trajectories indicated by the dashed and by the  The water clusters are ionized between the first two extraction
dotted line) and are detected on a MCP detector after passing the secon%ates (10 mm apart) of the double electric field ion sotfroé

field-free region. the mass spectrometer and are deflected into the drift tube. The

for rapid cooling of parent water cluster ions by evaporation of distance from the ion source to the first grid of the reflectron is
p gorp - y P 1.1 m. The distance from this same grid to the detector, defining
preadsorbed carrier gas. In high-pressure molecular beam

expansions, the analyte may be “coated with carrier gas” the second field-free region, is approximately 0.6 m. A mass
. ! ' gate is mounted in the first field-free region. A voltage
{\c/l)rrflr;\gr n&';(es n%uéralcgjs;iﬁ g@ )psl\fr?gvlvgzrheo\tﬂcl)?l ri]:r:/iiaut}soer? difference of 400 V is applied between the plates of the mass
- ’ ’ 23 ’ , . - . . . . ..
of the mixed water clusters, well above the adiabatic ionization gartzyrrrg\i\? Ct::r? S];?Hedgﬂgg?rr&?% tizetgﬁfscmgeog E/Cﬁe?ﬁzez OI':;)(;
potential, is followed by rapid loss of carrier gas resulting in VP P . Lo pp
evaporative cooling, strongly suppressing all fragmentation voltage is pulsed to ground during a certain time interval. Unless

athwavs. We have exploited this technique to svnthesize astated otherwise, this mass gate is not used (i.e., grounded).
pathway y "p nnique y . Different masses are detected according to their arrival time on
series of “unprotonated” water cluster ions with the nominal

chemical formula (HO):*. We have analyzed the metastable a double-staged 40 mm diameter microchannel plate (MCP)

decay of these ions in a reflectron TOF mass spectrometer todetecmr'
show that their structure is best described g8HH,0),OH, The ion signal detected by the MCP detector is fed into a

where intracluster proton transfer is followed by diffusion of digitizing oscilloscope with a 10 bit vertical resolution and a
the OH product out of the first solvation shell. 100 MHz sampling rate (LeCroy 9430). The signal is summed

over a couple of thousands of laser shots in the 16 bit memory
of the oscilloscope and subsequently read out by a PC via a
GPIB interface. Triggering of the laser, tripling valve, pulsed
A schematic overview of the molecular beam photoionization source, and oscilloscope is regulated by a delay generator
reflectrort® TOF mass spectrometer used in these experiments (Stanford Research Systems, DG535).
is shown in Figure 1. A mixture of room-temperature water . .
vapor and carrier gas (total backing pressure between 2 and gResults and Discussion
bar) is expanded through a pulsed (209duration) solenoid Observation and Structure of “Unprotonated” H ;O Clus-
valve (General Valve). The standard orifice of the valve is ters. Analysis of reflectron TOF mass spectra has been
replaced with a slowly diverging conical nozzle (smallest described in detail in the literatuté. As long as the fragmenta-
diameter: 0.8 mm) to enhance water cluster formation. The tion time is comparable to the acceleration time in the ion source
gas mixture is expanded into the source chamber (pumped byor longer, the reflectron may be used as an energy analyzer to
an 1100 L/s turbomolecular pump). Under these conditions the distinguish parent ions from daughters. As a result of the fact
cooling during the expansion allows efficient production of that the recoil energy of daughter ions is usually negligible
clusters containing up t&-80 water monomers. After passing compared to ion velocities in the mass spectrometer, daughter
a 0.5 mm diameter skimmer, the molecular beam enters theions formed in the field-free region between the ion source and
ionization region (pumped by a 400 L/s turbomolecular pump) the reflectron (post source decay, PSD) are formed with the
of a reflectron TOF mass spectrometer (R.M. Jordan Co.).  same velocity as their parents but with reduced mass and
Single-photon ionization of the water clusters is performed therefore reduced kinetic energy. The ratio of the parent to
with vacuum-ultraviolet (VUV) radiation produced as follows: daughter kinetic energy is precisely the ratio of their masses.
the output of a Nd:YAG laser (Continuum, PL7010) pumped As shown by the trajectories in Figure 1 (parent, dashed;
dye laser (Spectra Physics, PDL-1) running on Fluorescein 548daughter, dotted), parents always appear at later arrival times
is frequency doubled in a KDP crystal, providing radiation (longer trajectories) than do their daughters. By recording the
around 277 nm with an energy 6f15 mJ/pulse in a 0.7 cm reflectron voltages at which daughters and parents have the same
bandwidth. The second harmonic is separated from the flight time, unambiguous assignments of daughters to parents
fundamental of the dye laser and guided into a tripling chamber. can be made. Lowering the voltages on the reflectron can also
The laser is focused close to the orifice of a pulsed beam of be used to reflect daughters only, as parents will pass through
pure N (General Valve, backing pressure 10 bar) by a lens the reflector.

Experimental Setup
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as an asymmetric peak shape with a tail to longer flight times
(higher masses when converted to the mass scale). The tail
terminates on the metastable peak to which it correlates in
PSD® Such asymmetric peak shapes are clearly evident for
the p' family of mass features. Although observable, ISD is
‘ ““ only a minor contribution to the total metastable decay.
MHI!IHH \ Umﬂruum“.?. It should be noted that the mass scale that is indicated on the
200 600 1000 1200 1400 horizontal axis is only valid for the parent ions. Their flight
Mass (amu) times are proportional to/m. Because the mass of the daughter
Moderate expansion ions changes in the drift tube, this relation is no longer valid,
and the horizontal scale is not correct for them. The time delay
between parent and daughter ions, however, can be exactly
calculated since both geometry of and voltages applied to the
reflectron are known.
p- When backing pressure and driving voltage of the pulsed
fncar el ] source are increased (thereby increasing the intensity of the gas
c Strong expansion pulse), additional families of features are observed in the mass
spectrum (Figure 2c). Unlike Figure 2b, this mass spectrum is
P composed of a series of strong quartets with additional weak
31 mass features between the quartets. The low-mass members
of the quartets appear 1 amu lower than tRegmily. (For
comparison, a vertical dashed line is indicated in Figure 2b,c.)
This family of mass features nominally has the formula@{*

and is formally designated'{“‘unprotonated” cluster ions with
n H,O molecules).

'Moderate expansion

[=]

Ion Intensity (A.U.)

Il 1 1 1 L
560 580 600 620 640
Mass (amu)

Figure 2. (@) Mass spectrum as recorded using a wealo/Ar

expansion. (b) Small part of the same spectrum as displayed in (a) It is extremely unlikely that the proton-transfer reaction
. , o .
starting at the . A progression of “triplets” separated by 18 amu is between HO™ and HO can be suppressed in these clusters,

clearly seen. The first peak of each group is the paréirpfor n = and the formal designation as unprotonated water cluster ions
31-36. The second and third peaks are daughter ion peaks, produceds to be taken as nothing more than nomenclature. Indeed, one
by loss of one and two water monomers from the protonated parent must conclude (see below) that thefamily of mass features
ion, respectively. (c) Mass spectrum recorded under strong expansionresults from HO* (H.O),-:OH. To prove this, it was

conditions. An extra peak with a mass that is1 amu_less than tha_t of necessary to carry out experiments with beams #9.D
the P parent is observed. For comparison, a vertical dashed line

indicates the position of the*p The low mass member of each quartet 1N principle, analysis of the PSD of thé tamily could give

is assigned as the “unprotonated” water cluster. The structure of thesestructural information about these ions. If, as suggeste; u
ions is best described as a solvategDHion with an OH radical caged due to BO™(H,0)n—2-OH, one might expect to observe loss of
somewhere in the cluster, i.e.3@I"(H20)OH (k= 29-34). See text.  OH in the PSD spectrum. Unfortunately, the PSD channls u
The small peaks between the quartets are the same unprotonated ions.. p"~1 4+ OH and p — p™! + H,O appear within 10 ns of

with varying numbers of Ar atoms attached to them. one another everywhere in the mass spectrum and cannot be

Figure 2a shows a typical mass spectrum as recorded underesolved with our apparatus. However, we have found that using
modest expansion conditions using Ar as a carrier gas (backingbeams of heavy water (behaving very similar to the light water
pressure: 2 bar)_ A |0ng progression of mass features, up toClUSter beam under all COhditiOﬂS), we can accomplish the
~1350 amu, resulting from neutral clusters containing up to unambiguous analysis of the PSD of tHefamily. Figure 3a
about 75 water molecules, is readily observed. A small part of shows a small part of the TOF spectrum around the arrival time
this same spectrum (greatly expanded) is shown in Figure 2b.0f u'® and g° using a strong BO/Ar expansion (solid line).
The spectrum appears as a series of “triplets”. The protonatedThe double peak at 37.42s is clearly due to two processes
parent ion Bt (i.e., H(H20)s1 produced by intracluster proton  (assigned as* — p'® + OD and g* — p'® + D.0). For
transfer and subsequent loss of the OH) is labeled. The low- comparison, one may change the timing between the VUV light
mass members of each triplet are thégms ( = 31—36). The pulse and the molecular beam pulse and obtain conditions where
most intense member of each triplet corresponds to protonatedn© unprotonated cluster ions are formed (dotted line, intensities
ions that have evaporated one water molecule during PSD (p scaled to #f). Under these conditions only thé’p— p'© +
— p"1 + H,0, wheren = 32—36). The high-mass member D20 channel is possible. This confirms that the double peak
of each triplet corresponds to evaporation of two water at 37.42us contains (almost equal) contributions of ion signal
molecules during PSD (p— p"2 + 2H,0, wheren = 33— due to 4 — p'®+ OD and ion signal due to'p— p'®+ D,0.

37). The rate constant for loss of each additional water The observation of OD loss frontlis unambiguous evidence
monomer decreases rapidly as, for larger water clusters, eacthat the structure of*d is indeed QO™ (D20)r-1-OD.

evaporated water molecule removes between 0.27 and 0.44 eV Figure 3b gives even clearer evidence of this conclusion.
from the clustef:’® The low pressure in the field-free drift tube Here a part of the TOF spectrum is shown around the arrival
(under these conditions below>3 1078 Torr) almost certainly ~ time of 1?° and F° (solid trace). The dotted trace shows the
excludes collisions of cluster ions with background gas, and identical time region for beam conditions that do not produce
the observed metastable decay is due to unimolecular decomthe W' family. The PSD channel?b— p?° + D,0 is hardly
position of the energized water cluster ions. detectable for these large clusters and reflects also the anomalous

Figure 2b also shows evidence of water evaporation during stability of the g ion (see below). However, the solid trace
the time where the ion is accelerated in the ion source, referredclearly shows & — p2° 4+ OD. The 20 ns difference between
to as “in source decay” (ISD). In source decay (ISD) appears the two peaks is clearly visible in Figure 3b. The same time
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o) Figure 4. Relative abundance of unprotonated parent ions (solid line)
— % n and daughter ions produced by loss of OD from these parents (long-
i v =P +0D+D20 dashed line) or by loss of OD followed by loss of@from the same
p+p™+2D. 0 parents (short-dashed line). The horizontal axis is refers to the cluster
i\ / 2 size of the parent ion.
PR A N parent ions and daughter ions. For the analysis, all double peaks
51 51.2 51.4 516 518 52 (Eimrillir to thz;t in F|gured3ﬁ) r]rahvedbe%rll fit toktwo Gauss(;lansd
Time-of-flight (us) (both having the same width). The double peaks are reproduce

_ _ _ very well by the two Gaussians, and the intensity ratio of the
Figure 3. (a) Small part of the TOF spectrum obtained using:®D  two peaks is obtained as a function of cluster size. The ratio
N2 expansion. Spectra with (solid line) and without (dashed line) penyeen the integrated areas of these two Gaussians is then used

unprotonated cluster signal present are superimposed and scaled to th : . .
intensity of the p° peak. The double peak at 37.48 (solid line) is fo calculate the integrated intensity of the peaks caused by the

due to loss of OD from the unprotonated clustéf (& p°+ OD) and two different processes, thus allowing quantitative analysis of
due to loss of BO from the protonated cluster ¥p— p*° + D,0). the PSD of the ufamily. Measurement of the respective decay

This assignment is confirmed by the dotted spectrum, where dhly p fractions, as presented in Figure 4, is most accurate when mass
— p*® + D20 is possible. (b) Similar to (a) for larger clusters. The spectra are compared where parent and daughter ions follow
presence of the peak due to loss gfDfrom the protonated cluster is exactly the same trajectories through the refleéfoln this

hardly detectable under conditions where the unprotonated species 'Sexperiment the parent and daughter ions have different trajec-

t. Th Il peak right of thi lid line) is due to the daught . .
iFZ)rr?sspodUCSder)]? |g§: orf'gODo fo”'s\,\(,zgl b;nleo)s': Ol;zeoofroren t?]lég “" tories through the reflector; therefore, a maximum error of 20

unprotonated cluster. The peak position of daughter ions due to loss 0f30% is expected in the measured integrated intensities for the
two D,O monomers from protonated clusters is at a slightly different smallest clusters. This systematic error is however much
position, as is obvious from the dashed spectrum, and is not observedreduced for the larger clusters observed in this work (and not
in spectra where the unprotonated clusters appear (solid line). corrected for because of the large amount of daughter ion peaks
_ _ o for each mass spectrum). In Figure 4 one can see that the
difference is also visible for the small but detectable peakS due fraction of OD loss s|ow|y increases with cluster size. The more

to 1?2 — p'? + OD + D20 (solid line) and § — p* + 2D;0. efficient production of the “magic” # (see refs 2622 and
The observation of OD loss in PSD demonstrates that, underreferences therein) is also observed as an increase of metastable
the strong expansion conditions where théamily is produced, decay (decrease ofdsurvival probability, solid line) for #

loss of OD occurs on the tens of microseconds time scale, i.e.,(— p?! + OD, long-dashed line) and?(— p?! + OD + D0,
the time needed to reach the first reflector grid. The rate of small-dashed line).

OD loss (normally occurring on a subnanosecond time scale)  Considering the strong similarities between heavy and light

has been reduced by at least 4 orders of magnitude. water clusters, we conclude that the structure of théamily
Further analysis of the PSD of the heavy water cluster ions is HzO" (H,0),-2*OH. This strongly suggests that this family
reveals that OD loss from"us much more probable than,© of mass features originates from neutral water clusters that have

loss and that BO loss never occurs in the absence of OD loss. undergone the “normal” intracluster proton-transfer reaction and
This observation is not consistent with a hypothetical cluster solvent reorganization. The structure also implies that the OH
structure RO™-OD (D20O)n-2, Where the OD is always found is most frequently not found in the first solvation shell but has
in the first solvation shell. In that case, OD would be one of begun to diffuse away from the charge center. Empirically,
the strongest bound constituents of the cluster, an® D the rate of ion fragmentation (loss of OD) is at least 10 000
evaporation (for example, from the second solvation shell) would times slower under the strong expansion conditions needed to
compete well with OD loss. The fact that OD loss dominates produce the ufamily, consistent with a cluster ion that has
the metastable decay is consistent with an OD molecule thatundergone substantial cooling of its internal degrees of freedom.
has been formed in the proton-transfer reaction and that has Mechanism for Suppression of Fragmentation. The mech-
diffused away from the charge center of the cluster. This picture anism for suppression of fragmentation is clearly related to the
supports findings of recent calculations which show that the jonization dynamics of mixed clusters. Referring back to Figure
OH fragment is loosely bound in unprotonated water clusters 2¢, whenever the beam conditions are adjusted to produce the
at their equilibrium structuré. u" family of ions, small mass peaks between the main quartets
Figure 4 presents the complete analysis of the PSD of the are also always observed, which are due g¥®OHH>0)n—2°
unprotonated water clusters in terms of relative abundance of OH Ary, i.e., UArp. In other words, the unprotonated ions can
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Figure 5. Mass spectrum recorded for a strongdACO expansion.

In addition to the protonated, unprotonated, and daughter ion peaks,
strong peaks due to binary,8/carrier gas clusters (labeledQgm,
consisting of the unprotonate@gmer with m carrier gas patrticles, in A A 5 )
this case CO), as assigned in the figure, are visible. Clusters containing 300 320 340 360 380 400
up to eight carrier gas particles are readily observed. Mass (amu)

Figure 6. (a) Mass spectrum recorded using a strongOMAr

only be formed when expansion conditions are strong enough expansion. Protonated and unprotonated water clusters as well as
to produce neutral water clusters with adsorbed Ar. To more daughter ions are observed. lonization is performed with 92.45 nm
fully explore this phenomenon, we have measured photoion- radiation. (b) Mass spectrum obtained using similar conditions as used
ization mass spectra for a number of carrier gasess M, in (a). lonization is now performed with 101.44 nm radiation. The

. e spectra are very similar, and the minor differences can be explained
Oz, Ny, CO, and CO. All of these carrier gases exhibited by slight differences in expansion conditions.
qualitatively similar behavior to Ar. In all cases we are able to
observe the tfamily always in coincidence with"r families. Such a mechanism is, however, inconsistent with the heavy
Figure 5 gives a particularly striking example for # CO, water results shown above. We noted no substantial quantitative
where unprotonated water clusters containing up to eight CO jitferences between 4@ and DO clusters regarding their
mqlecules can be o_bserved as parentions. For spectra pro_"luceﬂendency to form unprotonated water cluster ions. If the
using CO as a carrier gas, the sum of unprotonated and binarytormation of unprotonated water clusters was determined by
water clusters (Uu+ u"(CO)y) is responsible for approximately  ihe gverlap integral of the transferred protons (or deuterons)

80% of the observed cluster signal. This value is only weakly aye functions in the neutral and ion state, a large isotope effect
dependent om. Interestingly, when He and Ne were used as \,ou1d be expected. Arguably, there should be fdons for

carrier gases, neither,uHen, nor UNey, could be observed  heayy water. This hypothesis furthermore suggests that there
under any expansion conditions. This is consistent with the ;g something special about the Ar 4B), interaction that
idea that mixed neutral clusters must first form in the molecular gi5pilizes the ion structure to make it look more similar to the
beam expansion before unprotonated water clusters can be,eytral structure. It would be a remarkable coincidence if this

observed. It is reasonable that mixedQMNe and HO/He  pehayior were similar for all of the carrier gases that we have
clusters would be the most difficult to form since the binding ayamined. Furthermore. such a “soft ionization” mechanism
energy of these two noble gases to water is substantially loweris only possible for small clusters (if at all). In large clusters

than all of the other carrier gases used in this work. the largest contribution to the parent ion internal energy does
Conceptually, there are only two ways that suppression of not come from the proton transfer reaction but from the solvent
fragmentation may occursoft ionizationor active parent ion reorganization. The FCF'’s for all of the solvent coordinates
cooling Small unprotonated water clustens £ 2—5) have must also be taken into consideration, and therefore, this model
been reported for the first time by Shinohara et as in this clearly predicts that the probability for forming' decreases
work, unprotonated ions were only found under strong expansionwith n, directly opposite to what is observed in this work.
conditions using Ar as a carrier gas. For these small clustersit Another way to gain insight into the ionization process is to
was suggested that direct photoexcitation to th€®©HOH- examine the dependence on the photoionization wavelength. One
(H20)n-2 structure was made possible when Ar was adsorbed might, for example, expect that if a “soft ionization” mechanism
to the neutral cluster. The authors argued that the Franck were important in the formation of the tamily, the ratio of t
Condon factor (FCF) for direct ionization to an unprotonated to p" might change dramatically with the wavelength of the
water cluster, normally extremely small due to contraction of ionizing radiation. In all of the results reported so far, the energy
the O—0O bond upon ionization, is enlarged due to the presence of the ionizing photons (13.4 eV) is larger than the ionization
of Ar atoms in mixed HO/Ar clusters, which supposedly potential (IP) of the water monomer (12.61 eV). The vertical
prevented the contraction of the—@ bond on ionization. IP of water clusters is lower than that of the water monomer
Assuming that were true, the FCF for ionization might only and is decreasing with cluster size and stabilizes around 11.0
depend on the wave functions of the transferred proton in the eV for clusters containing more than eight water monorhers.
neutral and ion state, which, being a light atom, might give rise Figure 6 shows mass spectra as recorded under conditions where
to a large FCF. If this picture were true, this would suggest both protonated and unprotonated clusters ions are formed.
that the presence of adsorbed carrier gas actually allows a noveFigure 6a shows the spectrum measured using 92.45 nm (13.4
form of soft ionization, suppressing fragmentation. eV) photons, while Figure 6b shows the spectrum obtained using
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101.44 nm (12.2 eV) light for ionization. The 101.44 nm S B B E A
radiation is produced using the second harmonic of the PDL-1 :
running on Rhodamine 640 dye and using Ar as the tripling fult
gas. Using the integrated peak intensities to calculate the (5 :
fraction of unprotonated to protonated ions as well as the total <
fraction of carrier gas containing clusters, no meaningful
difference (outside of the experimental error) can be found. The
small apparent differences in Figure 6 can be explained by a
minor change in expansion conditions. Because the ratio
between protonated and unprotonated cluster signal depends__
critically on timing between gas pulse and laser, a slight change
in the expansion conditions results in a relatively large change
of this ratio. On the basis of all of the considerations presented
above, we must conclude that a soft ionization mechanism based ]

, . . e 40 41 42 43
on enhanced FCF’s resulting from carrier gas adsorption is . .
highly unlikely, at least for the large clusters observed in this Time-of-flight (ps)
work. Figure 7. TOF spectrum as recorded when the mass gate is applied

The most likely explanation for the observation of the to only select the mass region between 14-mer and 15-mer. The

d cl . id . i spectrum is recorded for a strong®N, expansion. Peaks right of
unprotonated clusters is rapid evaporative cooling. UpOn e vertical dashed line are mainly due to parent ions, and the peaks

ionization of mixed HO/M water clusters, proton transfer and et of this line are dominantly due to daughter ions. The relevant parent
solvent reorganization occur. This is expected to initially ion peaks are indicated in the figure. The largest daughter ion peak is
deposit between 2 and 3 eV of internal energy into the parent due to metastable decay of the 14-mer, as well as due to loss of N
ion. In contrast to pure water clusters, this excess energy Canfrom the binary cluster containing only one carrier gas particle. The

b idl d by th fi fth . o) smaller daughter ion peaks are assigned in the figure as well. The dashed
€ rapidly removed Dy the evaporation orthe carrner gas. ONCe, o ica| arrows show the position where peaks due to loss of a single

the energy in the cluster ion is low enough (possibly even water monomer from the unprotonated cluster, and the binary clusters
freezing the water cluster), the mobility of the OH radical in containing 1, 3, and 5 carrier gas particles, respectively, are expected

the cluster is sufficiently reduced that the OH radical is trapped to appear. The data shows that &aporation from the unprotonated

in the cluster, leading to the formation of the “unprotonated” clusters is much more rapid than® evaporation.

clusters. The model is also consistent with the observation of . ) )

UM, ions (carrier gas containing clusters) which have been @dsorbed carrier gas particles can be much more rapid than that
sufficiently cooled after only a fraction of the carrier gas ©Of water from binary cluster ions. .
molecules have been evaporated. The proposed mechanism Con3|derz_at|on of simple klnch pr_|n0|ple§ also predicts that
relies on the assumption that the carrier gas particles evaporatdh€ rate of inert gas evaporation will be higher than that for
much more quickly from the cluster than do water molecules, €vaporation of water, regardiess of the energy of the system.
thus cooling the cluster before the loss of OH can occur. Such Recall that the Arrhenius relatiok(T) = A exp(~EJ/RT), is
behavior can actually be observed under favorable conditions COMPosed of a preexponentia)(factor, which is related to

in a PSD experiment. Figure 7 shows the TOF spectrum usingthe, entropy of the transition state, and an activation endtgy (.
the mass gate to select a small number of parent ions observed?Nich is related to the energy of the transition state. Comparing
under strong expansion conditions with, Marrier gas. The evaporation of Ar Vs water, we expeE_;(Ar) to be less thar_1
region of the mass spectrum nedf and g4 is shown. The E4(H20) on energetic grounds. More importantly, for the first

peaks to the right of the dashed vertical line are mainly due to stages of parent ion fragmentation, the entropy of the transition

parent ions selected by the mass gate. The peaks left of thisstate for evaporation of Ar is expected to be much higher than

line are mainly due to daughter ions, although the very small that for water (Ar) > A(H;0)). This results from the fact
y 9 o 9 very that water evaporation requires a substantial reorganization of
peaks around 41.Ls result from “leaking” of carrier gas

taini ied clust ti th h th 1 the hydrogen-bonded network in the cluster, whereas Ar
containing mixed cluster parent ions through the mass gate. evaporation does not. Both of these considerations lead one to

Assignment of parent ions of interest is also shown in the conclude that evaporation of inert (i.e., non-hydrogen-bonded)
figure. The three largest daughter ion peaks, left of the dashedgas will be much more rapid than evaporation of water, both at
line, are also labeled in the figure. They result from the |ow and at high energy.
following PSD channels: (1)'f— p*3+ H20 in combination Further evidence for the importance of evaporative cooling
with U¥Nz — U™ + Np, (2) U(N2)s — u'%N2)2 + N2, and (3)  py Ar has recently been suggested in connection with cluster
W(N2)s — U’(N2)s + N2. One should also note that, as described formation in a pickup cell. In those experiments,s@&F)n
above, it is highly likely that at least some of the peak labeled clusters formed by pickup of $Fon CQ clusters was only
p'4 — pt + H;0 is also made up of'd — p'® + OH, which observed when mixed Ar/GIlusters were used as a precursor.
cannot be resolved for beams of light water clusters. The |t is likely that the evaporation of Ar atoms from the mixed
fraction of mixed parent ions that lose a nitrogen molecule for clusters serves to dissipate the collision energy associated with
all of these species is around 20%. Note that evaporation of the “pickup” of the Sk molecule?*
water monomers from ., u¥(Nz), u(N)s, and U(Ny)s, Post Source Decay Studies: Rapid Evaporative Cooling
indicated by the dashed arrows labelee-tt, respectively, is  of Protonated Cluster lons. In this section we continue to
not observed. (Loss of water front4iarrow a, is below 5%,  present more evidence for the importance of rapid evaporative
assuming the small peak observed is completely due to thiscooling. So far, we have restricted our arguments to the role
effect and not due to “leaking” of another parention). A similar of rapid evaporative cooling on the' tamily of parent ions.
observation has been reported fopQ¥%Ar, anions?® The data We have shown strong evidence that when neutral water clusters
of Figure 7 give direct evidence that the rate of evaporation of are formed with carrier gas adsorbed on them, the energy
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Figure 8. Relative abundance of parent and daughter ions of the Figure 9. Survival probability of protonated f® clusters at the
protonated water cluster family under mild beam conditions as a moment that they reach the first grid of the reflectron as a function of
function of cluster size. The horizontal axis is associated with the cluster cluster size for conditions without (solid line) and with (dashed line)
size of the product ion, and not with the size of the parent ion. For the unprotonated clusters present. The survival rate for the latter condition
parent ions the relative abundance is equal to the survival probability is observed to be much higher, indicating that the protonated clusters
at the time that the first grid of the reflectron is reached. For the daughter produced under these conditions are much colder and also result from
ions it corresponds to the fraction of the parents ions that decays to mixed clusters that have undergone evaporative cooling.
provide the specific daughter ion. Effects due to “magic” number
protonated clusters ions (cluster size indicated by the vertical dashedore stable “magic” number clusters, particulark}, pput also
line) are discussed in the text. o8 . ' '

p<8, can again be observed.
To obtain similar PSD survival probabilities for thefamily

deposited upon ionization can be efficiently carried away. If - .
b P y y under conditions where mixed clusters are present andthe u

this is true, one would also expect that there must be a o . L
distribution of neutrals, some containing many carrier gas atomsfam!Iy is also present in the mass spectrum, it is necessary to
and some containing only a few. Consequently, it would not again resort to L]_elavy water beams.n_lOnIy then can the decay
be surprising if those neutrals containing only a few carrier gas pro_cessesfu—> P +OD and [§ — p™* + D20 be resolved
atoms were not completely successful in suppressing loss ofiN ime, as mentloned a_b_o_ve. .
OH. Yet even in this case, where the cooling of the parent ion Th_e_ survival probab|l!tles_ for b under ol_lfferen_t beam
is insufficient to suppress the fastest fragmentation channel, theConOIItlonS are presented n Flgure 9. The SOI'q line is for heavy
amount of energy that is removed by the evaporative cooling water beams under con(_iltu_)ns where_ no mixed clusters are
process should appear as reduced rates in PSD. Indeed, it woul resent and only the"rﬁamlly Is present in the mass spectrum.
be difficult to understand how the fragmentation of tA@arents s for l'ght water (s.e_e F'gwe 8), the.r(.a IS a precipitous _drop n
could be strongly affected by rapid evaporative cooling while the survwar:lj)robablllty as Increases, 1on decay is domma}ed
the fragmentation of the"parents were unaffected. We have by p’ — P +_D20' The dashed _Ilne showi._}he survival
therefore carried out a systematic investigation of the PSD of probability of [ ("(_3'_’ due to SUppression of p- p™ "+ D;0)
the protonated water cluster ions under conditions where Weunder beam conditions where mlxeq qlusters are .known to be
can exclude mixed cluster ions and compared that to conditionsPresent. Ong can clearly see that, within our expenmeqtal error,
the evaporation of water from the protonated cluster ions has

where we know mixed clusters are present. The results are quite ; o " . -
revealing P a been essentially eliminated. This is further evidence that rapid

Figure 8 shows the fraction of protonated parer) @nd evaporative cooling is the proper explanation of the observations

daughter ions (p* + H,0, P2 + 2H,0, and p—2 + 3H,0) presented in this paper.
formed in PSD under mild expansion conditions where there is
no evidence of mixed water clusters. For clarity, the error bars
(typically 10% of the calculated value) are not indicated in the ~ We have presented an extensive study of the decay dynamics
figure. The results are derived simply by integrating assigned of pure and mixed water cluster ions produced by single-photon
parent and daughter peaks. For this analysis we neglect theionization of neutral clusters. We observe that the mass
minor contributions due to ISD. The valus™on the horizontal spectrum is strongly dependent on the expansion conditions.
axis refers to the final product ion formed in PSD and not to When water clusters with carrier gas adsorbed to them are
the parent ion. Consequently, the total fraction for each value photoionized, “unprotonated” water clusters are observed, which
of n does not sum to unity. is a manifestation of the dramatically reduced role of parent
The survival probability of the protonated parent ions ion fragmentation under these conditions. Analysis of the post
measured here is in good agreement with earlier data recordedsource decay of the unprotonated water clusters using beams
by Shi et al8 from which the binding energy as a function of of heavy water reveals that the structure is best described as a
cluster size is obtained by applying the model proposed by solvated HO™ molecule with an OH radical caged somewhere
Klots.2> Although the decay rate due to loss of the first water in the cluster: HO™(H,O),—»*OH. The mechanism for the
monomer is almost identical to the value that can be extracted formation of these “unprotonated” water cluster ionsisive
from our experiments, they do not observe loss of more than a parent ion coolingresulting from rapid evaporation of carrier
single water monomer, a difference that may be due to their gas atoms or molecules that have been preadsorbed onto the
use of a different ionization scheme. In this work it is obvious water clusters. The influence of rapid evaporative cooling is
that the survival probability for pdrops precipitously witm also observed in the suppression of fragmentation of the
until reaching a value of about 0.2 near= 50. Evidence for protonated water cluster ions. Direct observation of the rate of

Conclusions



8854 J. Phys. Chem. A, Vol. 102, No. 45, 1998

evaporation of Mvs H,O was possible in a post source decay
experiment, explicitly showing that the evaporation of the carrier

gas can be the dominant cooling mechanism.

In recent years molecular beam and laser desorption tech-
nigues have rapidly advanced our ability to put very large
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has proven to be enormously beneficial, for example, in analysis
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(12) Dagan, S.; Amirav, AJ. Am. Soc. Mass Spectro996 7, 550.

(13) Mamyrin, B. A.; Karataev, V. I.; Shmikk, D. V.; Zauglin, V. A.
Sa. Phys. JETP1973 37, 45.

(14) Page, R. H.; Larkin, R. J.; Kung, A. H.; Shen, Y. R.; Lee, Y. T.

The possibility of applying the lessons we have learned from rg, Sci. Instrum1987 58, 1616.

the study of one of the most fragile polymeric compounds
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cant polymeric compounds is very intriguing. Such studies are

planned for the very near future.
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