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Vacuum Ultraviolet (VUV) Photoionization of Small Water Clusters
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Tunable vacuum ultraviolet (VUV) photoionization studies of water clusters are performed usitig ¥/
synchrotron radiation and analyzed by reflectron time-of-flight (TOF) mass spectrometry. Photoionization
efficiency (PIE) curves for protonated water clusters@yiH" are measured with 50 meV energy resolution.

The appearance energies of a series of protonated water clusters are determined from the photoionization
threshold for clusters composed of up to 79 molecules. These appearance energies represent an upper limit
of the adiabatic ionization energy of the corresponding parent neutral water cluster in the supersonic molecular
beam. The experimental results show a sharp drop in the appearance energy for the small neutral water clusters
(from 12.62+ 0.05 to 10.94+ 0.06 eV, for HO and (HO),4, respectively), followed by a gradual decrease

for clusters up to (KHO),3 converging to a value of 10.6 e\A0.2 eV). The dissociation energy to remove a

water molecule from the corresponding neutral water cluster is derived through thermodynamic cycles utilizing
the dissociation energies of protonated water clusters reported previously in the literature. The experimental
results show a gradual decrease of the dissociation energy for removal of one water molecule for small neutral
water clusters (& n < 9). This dissociation energy is discussed within the context of hydrogen bond breaking

in a neutral water cluster.

Introduction structures, “Eigen” (HO™)7 and “Zundel” (HO,™)!8 play an
) ) ) ) important role in large water cluster structures. In this work we
There is enormous interest in the properties of water both 4o not experimentally resolve these two prominent water cluster
from a fundamental point of view and from the importance of gty cture types, and thereforemer protonated water clusters
water in biological and atmospheric processes on Earth. Wateri| pe denoted as (bO)H™.
in its various physical stategyas, liquid and ice-have been Supersonic expansion technigte® provide a convenient
studied with a variety qf experimental and theor.eti(':al techniques, way to generate a pulsed or continuous molecular beam of water
and recently the studies of the structure of liquid water have ¢jysters of different sizes. Using this technique, water clusters
sparked a vigorous debate regarding the coordination of waterapproach internal temperatures of 30 K, such tempera-
in its liquid statet ™ The use of clusters as a vehicle for studying ,res being relevant in the Earth’s mesospli&f8 The ioniza-
molecular properties allows for systematic investigations of how tjqp, properties of water clusters, readily created in these
bulk properties of a substance arise from the isolated molecule yyojecular beams, are intensively studied by mass spectrometric
as the cluster size is increased. methods utilizing different ionization techniques: single-photon
Optical spectroscopy is typically applied to probe neutral jonization23-26 electron impact ionizatiof, chemical ioniza-
water clusters following the seminal work of Saykally and co- tion,282° and femtosecond multiphoton ionizati#hRecently
workers?~® whereas Lee and co-workers pioneered the study there is a resurgence of negatively charged water cluster studies
of the structure of ionic water clusters with IR spectroscdlyy.  using mass spectroscopic techniques with an eye to understand-
The size dependent spectroscopic properties of neutral watering where a solvated electron is locaféd3 In these studies,
clusters were studied with VUV and IR'2 spectroscopic  electron attachment to water clusters in the supersonic molecular
methods. In addition, a substantial effort was invested in probing beam creates clusters of the type(hh~ but also gives rise to
the structure of protonated water clusters utilizing IR vibrational (H,0),0~.34
spectroscopy?14One aspect of this work stems from trying to Photoionization of neutral water clusters creates unstable
understand the properties of {Bl)2;H*, whose magic-number-  cations, [(HO),]*, which undergo very fast intracluster charge
like behavior was reported first by Lin in 19?3Searcy and  redistribution on the subpicosecond time s@al&he most
Fenn in 1974 suggested that this arises from the formation of thermodynamically and kinetically favorable reaction pathway
a very stable dodecahedral cluster structure, and this wasis proton transfer and subsequent Qbks as summarized in
confirmed recently by Shin et &. and Miyazaki et at* eq 1.
Moreover, the chemical structures of small protonated water
clusters have been the subject of many experimental and(H,0),+ hv —[(H,0)]" +¢& —
theoretical investigations. It is established that two main (Hzo)n71H+ L OH +e (1)
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spectrometric studies of water clusters employing various measured experimentally. These results provide new insight on
ionization technique&3-26.28.29 the hydrogen bonding of neutral water clusters.
After the initial fast protonated cluster formation, a relatively _
slow water molecule evaporation process can take place within Experimental Setup
the mass spectrometer. This is because these protonated water 1o experiments are performed in a chamber incorporating

clusters are usually created with small amounts of internal 5 -gntinuous supersonic expansion of water vapor to produce
energy, and they tend to evaporate water molecules t0 reduc€arer clusters. The apparatus is coupledit3 meter vacuum
this energy. This process is shown in eq 2. monochromator on the Chemical Dynamics Beamline (9.0.2)
located at the Advanced Light Source. This apparatus is recently
discussed for different experimefftsand relatively minor
changes are introduced, such as to produce a continuous
There are some cases where water clusters of typ®) supersonic molecular beam of the water clusters. This modifica-
can be formed by employing a supersonic expansion of Ar at tion allows an improvement in the experimental duty cycle from
high pressures, leading to formation of heterogeneous Ar:water1 kHz up to 10 kHz, substantially improving the signal-to-noise
clusters?>3|n this case, rapid evaporative cooling of Ar atoms  "atlo. . . _
following photoionization leads to the effective cooling of the ~Neutral clusters are formed in a supersonic expansion of 101
internal energy of the ionized water cluster. Thus, the evapora- kPa of Ar with seeded water vapor (liquid water maintained at
tive cooling of Ar atoms from the cluster quenches‘Qess, 298 K giving rise to 3.2 kPa vapor pressure) through 2400
leading to formation of unprotonated water clusters; @)+, nozzle orifice and pass throlag 1 mmconical skimmer (Beam
possessing minimal internal energy. Dynamics, Inc.) located 20 mm downstream. The pressures in
Wei and Castleman published a comprehensive study of thethessource and main chambers are below>2 0 and 2.7x
metastable fragmentation of protonated water clusters employing0 ° Pa, under normal operating conditions. In the main
a chemical ionization method. A careful and systematic study chamber, the neutral water cluster beam is interrogated in the
of the time-of-flight trajectories of the parent and daughter ionization region of a commercial reflectron mass spectrometer
metastable clusters helped these authors decipher the kineticéR- M- Jordan) by tunable undulator VUV radiation. Since the
and dynamics of this proce3$They showed that the binding ~ Synchrotron light is quasicontinuous (500 MHz), a start pulse
energy of weakly bound clusters as well as other thermodynamicfor the TOF ion packet is provided by pulsing the ion optics
properties of protonated water clusters can be evaluated byeleptrlc pote_ntlal. The accelerator ano! repeller plates of_the ion
analyzing the decay fraction of parent versus metastable OPtics are biased at the same potential (1600 V), and ions are
daughter fragments and employing the Klotz evaporative cooling €Xtracted by employing a fast switching (100 ns rise time) of
model3” the repeller plate to 1800 V with a dwell time ofé. lons are
Photoionization efficiency (PIE) studies of relatively small accelerated perpendicularly to their initial velocity direction
water clusters were performed earlier with He angl&mps through the field free region toward the reflectron. lons, reflected
and tunable synchrotron VUV radiatiéh2638 Using single- in the 21 stage electrostatic field of the ion mirror, are detected
photon ionization, Ng et & reported appearance energies (AE) bﬁ’ a 25 rr}mhdlameter r?_lclro?hannel _plate E]MC.P) installed at
for small water clusters formed from §8), photoionization: the e_nd of the second field Tee region. The tme-depeno_lent
11.73+ 0.03 and 11.2% 0.09 eV for HO* and (HO)," electrical signal from the MCP is amplified by a fast preampilifier
respectively. Shiromaru and co-work&neported AEs of 10.87 (Ortec, VT120A) and coIIecte(_j by a multic_hannel-scalar card
+ 0.06 and 10.92+ 0.04 eV for (HO)* and (HO)s*, from (FAS_T-Comtec, pP7886) and mtegrgted with a PC computer
(H.0), and (HO)s, respectively. Moreover, they also reported running LABVIEW 6.0 software (Natlo_na[ Instruments). Time-
the AEs for (HO),H* and (HO)sH" formed from (HO)s and- of flight spectra are recorded for the ionization photon energy
(H.0), photoionization to be 11.1& 0.02 and 11.1Gt 0.02 range between 10 and 14 eV. The typical photon energy step
eV, respectively’® Apart from the work mentioned above, to size used for these experiments is 50 meV, and the accumulation

the best of our knowledge, there are no experimental determina—tige, at each photon enferﬁy is 300 IS. The photgiopizztign
tions of the appearance energies for protonated water clusters' C1€NCY (PIE) curves o the water clusters are obtained by
larger than the 3-mer ((D)sH"). Following these pioneering integrating over the peaks in the mass spectrum at each photon

studies performed over a decade ago, there are no systemati@nergy and norr_nallzed by the phqton qux_. The synchrotron
studies of the VUV photoionization properties of water clusters vuv photor! flux is measured by a Sl.photodlp'de (IRD, SXUV'
apart from a recent study of water clusters with fixed wavelength 109)'_ I_n this research, we use triply purified water, with
radiation2? In that work, Dong et a#® photoionized water ~ 'eSistivity =18 M.
clusters with 26.5 eV laser generated radiation and studied the
resulting fragmentation dynamics utilizing reflectron mass
spectrometry. They suggested that a small fraction of the photon A typical reflectron TOF mass spectrum of gas-phase water
energy is deposited in the cluster for metastable dissociation of clusters seeded in Ar is shown in Figure 1. Three series of peaks
the resulting ions, and the departing electron removes most of comprising unprotonated and protonated water clusters and their
the excess energy. metastable fragments can be distinguished in this spectrum;
In the present work, small water clusters, generated in a however, only two unprotonated water species corresponding
supersonic expansion, are photoionized utilizing tunable VUV to H,O" and (HO),* are observed. Protonated water clusters
radiation produced by a synchrotron. The resulting protonated are created as a result of rapid intramolecular charge redistribu-
cluster ions are studied with a reflectron TOF mass spectrometer.tion with subsequent OHelimination from the photoionized
The total ion intensity of protonated clusters and their metastable cations.

(H,0),_H" — (H,0), ,H" + H,0 ()

Results

fragment water clusters allows for the determination of the
relative abundance of the neutral water clusters far 8 <
48. AEs for the protonated water clusters up to@joH™ are

A detailed analysis of metastable fragmentation of protonated
clusters has been published by Wei and Castléfamd aids
in deciphering the complicated mass spectra that arise from
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Figure 1. Time-of-flight mass spectrum of water clusters, formed by 22 JTan] * ggggaa.ggg o0
continuous co-expansion of water with Ar at 1 bar backing pressure. .-s.;.;ogoco“%oc b '99208222922925
lonization is performed with 12.5 eV light. (Insert) Small protonated 0 Eakd . !
water clusters consisting of = 6—9 shows the relative abundance of 10 20 30 40
protonated and metastable water clusters. The filled cir@gsglicate Cluster size (Hzo )nH+ ,'(n)

peaks associated with non-fragmented protonated water clusters

((H20)H™), open circles ©), squares M), and stars %) denote Figure 2. Intensity of protonated water clusters §®).H") (filled
metastable fragments of the protonated water clusters due to single,circles,®) and their metastable daughter fragments (open cir€is,
double, and triple water molecule loss, respectively (as marked in the from one water molecules loss, described by eq 2 at different photon
insert figure). energies denoted in each panel.

VUV photoionization of water clusters. In our case, three main small protonated clusters2 n < 8, a magic number afi = 4
metastable series can be distinguished, as indicated in the inselis easily discerned compared to other peaks. The discontinuity
of Figure 1. The enlarged section of clustarss 6—9 is used of the protonated water cluster= 4, was observed earlier by
to explain the metastable peak assignments. The filled circlesLancaster et &% and by Dong et & In the region of larger
represent nonfragmented protonated water cluster ions, whereaslusters > 8), there is a pronounced discontinuity at 21 water
the open circles, squares, and stars represent metastable fragmentolecules ((HO),;H™), revealing a clear irregularity in the
clusters undergoing one, two, and three water monomer otherwise smooth cluster distribution. The drop in relative
evaporation, respectively, from the protonated cluster ion in the intensity atn = 22 may arise from enhanced metastable
drift tube. The metastable fragment cluster ions, created in the fragmentation of this particular cluster leading to the formation
field-free region, can be easily discriminated in the reflectron of the more stable protonated water clustee@3;H*. The
section of the TOF mass spectrometer since they appear aselative intensity of clusters greater tham = 22 drops
satellites to the main unfragmented protonated cluster ion peaks significantly when compared to the smaller clusters.

The mass spectra of water clusters are recorded utilizing VUV The distribution of metastable fragments looks significantly
synchrotron radiation in the region of Q3 eV photon energies  different from their parent protonated water clusters for cluster
in steps of 0.05 eV. The relative signal intensity of the sizen < 20. However, at all photon energies, the metastable
protonated water clusters and their metastable daughter frag-fragment cluster distribution looks very similar, broadly peaked
ments upon one water molecule loss at five different ionization around 20 water clusters, with= 21 showing up as a magic
energies are shown in Figure 2. The filled points in Figure 2 number. Because the metastable fragmentation rate of small
represent the relative intensity of parent protonated water protonated water clusters is very low, the relative intensity of
clusters, and the open points are the metastable daughtesmall metastable daughter fragments even at high photon
fragments (from one water molecule loss), which are obtained energies is lower than that for large clustens> 10). It is
by integrating over the peak in the mass spectrum at each photorinteresting to note that the cluster distributions displayed in
energy. Figures 1 and 2 are similar to those reported by other

Figure 2 shows that the water cluster distribution signal experimentalists, utilizing single-photon ionization at 26.5€V
intensities depend on the photoionization energy. In general,and chemical ionizatiof? This suggests that in all these
the detection efficiency of the MCP is dependent on the ion experiments the formation of protonated water clusters and
velocity and the properties of the MCP itself. In this experiment, subsequent metastable fragmentation is the dominant process
ions are accelerated up to 1.8 kV and we assume that thethat dictates the overall mass spectral distributions, irrespective
detection efficiency of our apparatus is relatively flat for ions of the initial ionization process.
up tonvz < 2000. Hence, the relative intensities of water cluster ~ The ratio of metastable fragmentation of the protonated water
signals, shown in Figure 2, should reflect the photoionization cluster in the field-free region of the mass spectrometer is

efficiency of the water clusters. denoted as the decay fractiol = Iy/(Im + Ip), wherely is

At low photon energies{11 eV), the cluster distribution of  the total of all metastable fragment intensities (from loss of one,
the protonated water cluster peaksnat 17 (m/z 307), with two, or three water molecules) in the mass spectrumlaiisl
relatively lower intensities of small and large protonated clusters, the protonated parent cluster intensity. The decay fraction
n < 10 and up ton = 50, respectively. At photon energied 1 analysis provides a convenient way to quantify relative evapora-

eV, the cluster distribution gradually changes, and the smaller tion energies for protonated water clust&3’ In this work,
protonated clusters become more prominent. In the region of the tunability of VUV light provides an excellent tool for the
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Figure 4. Normalized PIE curves of two parent protonated water
clusters performed under the same experimental conditiong){H",

filled circles @); and (HO)H™, open circles®). The insert shows

x 20 expanded vertical scale. The arrows indicate the photoionization
onset: 11.15+ 0.05 and 10.6+ 0.1 eV for (HO)H* from (H.O)s

and (HO)H* from (H,0).s, respectively.

Cluster size (H,0) H" /()

Figure 3. Decay fractiorD = Iy/(Iu + |p) of metastable fragmentation
of protonated water clusters ({8),H") in the molecular beam as
function of cluster size at 1) and 13 eV Q). The error bars represent
the standard deviations of three data sets.

systematic study of the decay fraction with photon energy in
the range 1614 eV and allows us to describe the differences for H,O" and HO™, respectively). Moreover, the PIE curve
in the metastable fragmentation as a function of the cluster sizecorresponding to (bD),” does show the same vibrational
and ionization energy. Two representative curves are shown instructure as reported previously by Ng eaDur onset value
Figure 3. of 11.25+ 0.05 eV is also in excellent agreement with the 11.21
There are very minor differences between the decay fractions+ 0.03 eV value measured by Ng et?4lHowever, the PIE
D (Figure 3) at these two photon energies with the curve at 13 spectra of (HO);" and other small protonated water clusters,
eV being slightly lower than at 12 eV, but this difference is (H,O);H* from (H,O)s and (HO)sH"™ from (H20)s, exhibit
less than the error bars. The decay fraction curve at 11 eV hasdifferent spectral curvatures and photoionization onsets than
a poorer signal-to-noise ratio (not shown); however, it follows those reported earlier by Shiromaru ef@&lhey reported AE
the same trend with photon energy as the curves for 12 and 13values of 10.87A 0.06, 11.18+ 0.02, and 11.1Gt 0.02 eV,
eV. Moreover, the decay fraction at photon energies above 11for (H,O),", (H,O);H", and (HO)sH*, respectively’® These
eV exhibit the same slope as shown in Figure 3 for 12 and 13 values are significantly lower than those reported earlier by Ng
eV. These results agree very well with those reported by Shi et et al2* and observed in the current work. The reason for this
al28 and Dong et a#3in their ranges of clusters of 4 n < 24; discrepancy could be from possible contributions to the parent
the results follow the same slope and display a prominent magicion peak intensity from other species, possessing lower ioniza-
number atn = 22. However, the absolute ratio is somewhat tion onsets. As was reported by Shiromaru et al. the high
smaller in our work. Shi et & (chemical ionization) and Dong  stagnation pressure of Ar in that work increases the concentra-
et al? (single-photon ionization at 26.5 eV) reported the decay tion of heterogeneous clusters of type:f,0),.2¢ It is plausible
fraction of metastable fragmentation of protonated water cluster that the ionization energies of these clusters is somewhat lower,
(H20)22H™ to beD,, ~ 0.8, in contrast to our result, whebe, taking into account the known bathochromic shift of Ar in van
= 0.48+ 0.02 is obtained at 12 and 13 eV. The smaller decay der Waals clusters. The rapid evaporation of Ar atoms from
fraction suggests less metastable fragmentation occurs in thethe photoionized cluster AH,O),H™, inside the ionization
drift region. This could arise from threshold photoionization, region of the Shiromaru et al. quadrupole mass spectrometer
which deposits less excess energy into the clusters in currentcould alter the ion thresholds.
work. In contrast to the cluster distribution mass spectrum in  The PIE curves of the small and large protonated water
Figures 1 and 2, where the magic number in the range of large clusters exhibit a fairly smooth and structureless curvature above
protonated water clusters ismat= 21, the magic number inthe  the photoionization threshold. The PIE curves of larger proto-
decay fraction curve represents the cluster with the highestnated water clusters are significantly shifted to lower energies
metastable fragmentation ratin € 22). compared to the smaller analogs. This is seen clearly in Figure
The photoionization efficiency (PIE) curves of protonated 4 by comparing the two PIE spectra for parent protonated water
water clusters are obtained by integrating the corresponding ionclusters (HO)H™ and (HO)4H™.
peaks in the mass spectrum as a function of photon energy. The AE values of the protonated water clusters are determined
The mass resolution of our apparatus is optimized to distinguish by the photoionization signal onset of the corresponding peaks
protonated clusters from their metastable daughter fragmentin the mass spectrum as a function of the photon energy. In
clusters up ton = 47 ((H0)47H™) and to resolve metastable other words, the first point of a PIE curve above the background

water clusters up ta = 79.

The PIE curves for O™ from H,O, and (HO),™ and HO™

level is taken to be the AE value. The AE values fop@hbH™
and (HO)4H' are displayed in Figure 4 by the arrows.
from (HO),, agree very well with those reported earlier by Ng Examining the onsets for @@),H* and (HO)H, it is clearly
et al?* The PIE curves of bD™ and HO* (from H,O and

evident that there is a shift upon moving from the 2-mer to the

(H20). photoionization) gradually rise after the photoionization 24-mer cluster. The AE of (0);H" from (H,O)s is 11.15+
onsets of 12.62 0.05 and 11.74 0.05 eV, respectively, and
show no distinct vibrational structure with photon energy, as from (H,O),s (10.6 + 0.1 eV).

The PIE curves for metastable fragment clusters are obtained

noted by Ng et at* These onsets can be compared to those

measured by Ng et &f.(12.601+ 0.009 and 11.73- 0.03 eV

0.05 eV, which is 0.55 eV higher than the onset fosQjhsH™

in the same way as their nonfragmented parent cations, by
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w"fs ‘Kﬂ the ionization onset of the water monomer (12.6 eV) are
— . . - - dominated by protonated water clusters AThkH™). Neutral
(H,0)H™ > (H0)H + H,0 ¢ I(H,0),H > (H,0)H +H29.°9" water clusters are photoionized on a very fast time scale

Normalized cluster intensity (a.u
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708 producing cations with a strained geometrical configuration in
4%' ";5* the corresponding ion state. This cation subsequently undergoes
/ /ﬁ substantial reorganization accompanied by*@hnination in
7 0/3 order to obtain a preferred positive charge stabilizatfoii.
. ‘ wﬁ’ Although the OHM elimination and structural rearrangement step
10.0 10.5 11.0 11.5 120 100 10.5 11.0 11.5 12.0 125 has not been observed experimentally, it is inferred through
Photon energy (eV) available structural information. Theoretical calculations suggest

Figure 5. PIE spectra comparison of four different protonated water that the average distance between two neighboring oxygen atoms
clusters to theirif — 1) metastable fragments (loss of one water (the radial distribution function for ©0 distances) is substan-
molecule): (HO)H*, (HO)eH™, (H20)s:H™, and (HO)seH". Filled tially shorter in protonated water clusters than in their neutral
circles @) denote nonfragmented protonated water clusters, and openfyms43.44 oy example, the ©0 distances in the neutral dimer
circles ©) correspond to the first metastable daughter cluster ions I ' 45 5
created due to single water molecule loss. cyclic tr_lmer, an_d tetra_m_er are 2.97@,845] _and 2.782 M
respectively, while shrinking to almost 2.5 A in the correspond-

integrating over the mass spectral peak intensities, as a functiorind Protonated form&? Based on theoretical calculations and
of the photon energy. There are only minor differences in the experimental evidence, the mean—O distance between
PIE curve profiles for protonated clusters and their correspond- N€ighbor molecules in larger water clusters shrinks from 2.75
ing metastable daughter fragments in the cluster region=of 4 A in the neutral state to almost 2.5 A 1_‘or the protonated water
n < 47, and results are shown in Figure 5 for four representative cluster (2= n < 100)*"#% In comparison, the mean -G
cluster sizes. distance between neighbor molecules in liquid water is 2.85 A
The close correspondence of the PIE curves of the parentat 298 K and 2.785 A at 183 K for hexagonal igeand 2.76
protonated water clusters and their metastable fragments sug# at 10 K for amorphous icé&>2
gests that a water monomer loss, as shown in eq 2, is not The O-O distance change between two neighboring water
involved directly in the photoionization process and is taking molecules in a water cluster can characterize a Fra@dadon
place later in time. This close correspondence is a confirmation overlap during the process of single photon ionization. Accord-
of the data shown in Figure 3 (for 12 and 13 eV), where the ing to theoretical calculations by Barnett and Landman th€0O
relative intensities of the parent protonated water cluster and distance in the water trimer (¢@)s) shrinks from 2.89 A in
its metastable fragment are the same, irrespective of photonthe neutral form to 2.47 A in its cationic form (§8)s").5° The
energy. tetramer and pentamer show similar trends ef@ distance
Typically, in photoionization mass spectrometry, a least- shortening, which is also anticipated in larger water clusters.
squares fit to the change of slope versus photon energy at thelhis would suggest that the Frane€ondon overlap for direct
origin and extrapolation of this fit to zero ionization yield allows ~photoionization from neutral (30), to (H.0)"n» may be small.
for the determination of the ionization energy. We assume the lonized water clusters undergo rapid intracluster proton-
neutral water cluster is coldl(= 160 + 40 K)?0:234L42and transfer reaction followed by concomitant Oldss and forma-
therefore the internal energy is low. This assumption is basedtion of a protonated water cluster. Theoretical calculations
on the similarity of our cluster generation conditions and the performed by Tachikawa report that the photoionized trimer and
mass spectral patterns obtained in this work and compared totetramer neutral water clusters show clear separation of OH
those reported previously in the literature. An unequivocal after 25 and 180 fs, respectively.Recent calculations of
determination will require spectroscopic mapping of the internal (H20)17 photoionization dynamics show that even large water
energy distributions, which is presently not possible. In the case clusters lose OHon similar time-scale3! Due to the relatively
of cluster photoionization, the small gap between many close- small extraction potentials (160 and 1280 V/cm electrostatic
lying vibrational states in the cation can significantly congest field strength in two acceleration regions) employed in this work,
the photoionization onset making an accurate determinationthe water clusters reside for-¥ us (depending on the cluster
difficult. In addition, the Franck Condon factors and possible  size) inside the acceleration region of the mass spectrometer.
lack of a clean vertical photoionization onset can further This would suggest that the protonated water clusters are formed,
complicate the analysis. Therefore, the appearance energiedollowing single photon ionization, inside the acceleration region
measured here are considered to be an upper limit for the trueof our apparatus.
adiabatic ionization energy of corresponding neutral water The distribution of protonated water clusters and their
clusters. metastable daughter fragments do not change as a function of
The intensities of protonated water clusters greater than 47the photon energy>(12 eV, Figure 2). At these photon energies
molecules are below the detection limit of our apparatus since (>12 eV), almost all water clusters are ionized (except the
they fragment in the drift tube. However daughter metastable monomer). There are no experimental data or theoretical
fragment protonated water clusters are discerned ump=to/9. predictions for the photoionization cross-section of neutral water
Therefore, the PIE curves of protonated water clusters: 4v clusters. We assume a constant detection efficiency and ioniza-
< 79, are obtained from the daughter, metastable fragmentedtion probability for small and large water clusters. Thus, the
clusters, as described in eq 2. As is shown in Figure 5, thesesum of the intensity of the parent protonated water cluster and
curves are very similar, allowing us to establish appearance the corresponding daughter metastable fragment should represent
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5 ; * * extraction in the acceleration region of the TOF is very small.
22 The flight time of ions in this region is much smaller in
comparison to the flight time in the field-free region. Since the
decay fraction of small protonated water clusters<( 20) is
less than 0.3 (see Figure 3), we anticipate even less decay to
occur during the ion acceleration time. It is not possible to
measure the decay fraction during the acceleration, because in
this case the flight trajectory of the parent and the daughter
clusters will be very similar and no temporal separation is
anticipated between parent and daughter metastable fragment.
0.0 . . : . However, from available data we can estimate this value. Taking
0 10 20 30 40 50 into account the strength of the acceleration electric field (160
Cluster size (H,0)  /(n) and 1280 V/cm), the typical time-of-flight of a 21-mer proto-

g . .

Figure 6. Size dependent normal abundance of water cluste®)XH nated water cluster ((i)>;H") in the acceleration region of

in the supersonic molecular beam. This is a sum of the experimentally OUr @pparatus is calculated to be 257 According to the work

measured values of the stable and metastable ions of a given clusteiof Dong et al., the metastable fragmentation rate constant is

size and assumes equal ionization efficiencies for all cluster sizes. Theabout 15 000 s! for a 21-mer protonated water clustéiwe

error bar; represent the standard de_viat_ions over 7 data sets and iomssume that the rate is lower in our case, because of lower

intensity integration for photon energies in the range of12 eV. photon energies that result in lower absolute values of the decay

) i fraction. Therefore 15 0007$is the upper limit for metastable

the neutral water cluster abundances in the supersonic m°|eCU|afragmentation for a 21-mer protonated water cluster in our

beam, which is shown in Figure 6 at 13 eV photon energy.  experiment. From this, we estimate that less than 4% of 21-
The curve in Figure 6 is an average of normalized neutral mer protonated clusters are fragmented in the acceleration region

V‘;ai;r cllgst%r ?bu7ndances ovder all phot(%rr]] energies in the rang&f oyr apparatus. This ratio is even lower for the smaller clusters.

0 eV for 7 separate data sets. There Is one prominent Moreover, an asymmetric peak broadening, tailing to longer

magic numb<_ar in Figure 6 =5, dgmonstratlng_that UD)s TOF, is not observed for peaks in the mass spectrum in the
is formed with extraordinary stability due to its favorable ) .
eometry. The water pentamer is the largest stable cyclic ' c9/o" of protonated water clusters<n < 30, suggesting that
gtructureyWith G-0-0 ch))nd anales of 108/vitr? almost Iineary metastable fragmentation during cluster acceleration is not the
hydrogen bond angles (€H—O§] and O-O distance close to dominant fragmentation process. Additionally, metastable frag-
2.76 A. Although the structure of the tetramer is cyclic, the mentation in the field-free region of the TOF apparatus is well
' ) ! resolved in the reflectron ion mirror by separating parent and

0~0-0 and C-H~O angles are not as favorable as in the daughter protonated water clusters. This is exactly what is shown
case of the water pentamer which possess the H-bondlngm Figure 1. Protonated water clusters larger tharr 40

rahedral metrical properti f the monomer very similar . . .
tetrahedral geometrical properties of the monomer very simila fragment faster and travel longer in the acceleration region.

fo liquid and ice. Thus, the larger protonated water cluster relative intensities have
The observed decrease of the hexamer abundance relative tg ' gerp

the pentamer, in supersonic jet expansions of water, has bee Tea:(:dclglc;r:gl[igﬁTgﬂginthg?rgxzritiztzlirlﬁofsr?%n;nftg[:gr,:r:zsi%?
noted previously>°% Hermann et al. observed a discontinuity gion. P 0

0, -
of the protonated water cluster distribution in the supersonic gj;t:gdfrrgor;ee;kt]aolrbrizr? /ihféogct;ir;gor:e;ﬂoé?gﬁedaﬁt:;
molecular beam froom = 4 to 5; however, the result was 9 9 ' P 9

dependent on the stagnation presSarenother observation of one water molecu_le. ] )
enhanced abundance of the pentamer when compared to the _The depay fraction of metastab_le fragmentation, rep_orted in
hexamer is from the work of Nauta and Millé&They compared ~ Figure 3, is lower than those previously reported by Shi ét al.
the IR spectra of small neutral water clusters formed in a and Dong et af? suggesting that lower energy light and better
supersonic jet expansion to those confined within ultracold cooling condltlc_ms in the molecular beam in our work result in
helium droplets. The most striking observation, which is derived |€ss fragmentation. The results suggest that the 4% fragmentation
by comparing the intensity of ©H stretching modes, was that for the 21-mer protonateq water clusters observed in this work
the cyclic neutral water hexamer was not abundant at all in the IS probably an upper limit. Furthermore, due to the very
supersonic beaff. The relative distributions of the water insignificant AE fluctuations for clusters > 20 (see Figure
clusters are not unique and will vary with the temperature of 7). One can conclude that metastable fragmentation inside the
the neutral beam; future experiments with careful control of acceleration region should not considerably affect the photo-
the internal energy of the cluster beam can allow us to study ionization onset of the protonated water cluster.
systematic trends. The rapid loss of OHfrom photoionized water clusters,
The neutral water cluster= 22 is more abundant than= together with the small ratio of the metastable fragmentation in
21 or 23; however, the error limits do not allow us to state this the acceleration region (far < 30) and similar decay fractions
with absolute certainty. The rapid decrease in abundance for (D) of protonated water clusters at all photon energies allow us
neutral clusters larger tham= 22 would suggest that the second to make the following assertion. The ionization energies of the
solvation shell influences the distribution in the molecular beam. parent neutral water clusters ¢®),) are being mapped onto
This probably arises from the weaker hydrogen bonding as hasthe appearance energies of the positively charged protonated,
been discussed recently by Shin et%and Miyazaki et al* daughter clusters (#D),—1H™), which are obtained experimen-
for protonated water cluster distributions. tally from the PIE curves in our experiment. Figure 7 represents
The relative intensities of protonated water clusters and the AE values for protonated water clusters as a function of
corresponding PIE curves are not affected by the metastabletheir size obtained from the photoionization onsets of the PIE
cluster fragmentation of one or more water monomers (as curves. In light of the arguments made above, Figure 7 displays
described in eq 2). First, the decay fraction during the cluster the size dependent appearance energy distribution of the neutral

1.0

Cluster abundance
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Figure 7. Size dependent appearance energy of neutral water clusters;, i ation energies with increasing cluster size, quantitatively
(H20),, derived from the appearance energy observation of daughter .

protonated water clusters. The error bars indicate the photoionization there is not much agreement. Th'$ disagreement propably arises
onset uncertainty of 7 different experimental data sets. The actual Pecause the theoretical work typically reports energies for the
numerical values are available in the Supporting Information (Table lowest lying and most energetically stable conformers. In
A). The single-exponential fitting line is reported for clusters & < contrast, the experimental values represent an average ionization
80 and shows asymptotical behavior converging to 19.6.2 eV. energy for the same cluster size, which includes a contribution

from a large number of different conformers, especially when
water clusters. The energies reported here are most likely uppera relatively high internal temperature is anticipated for large
limits to the true adiabatic ionization energy. water clusters in our molecular beam.

It is immediately apparent that the appearance energy The experimental appearance energy measurements allow for
distribution of the neutral water clusters, shown in Figure 7, the determination of the dissociation energy of a single water
can be separated into two parts; a rapid drop from 1262 molecule loss from the parent neutral water cluster. A simple
0.05 (HO) down to 10.944 0.06 eV ((HO)s). Then the thermodynamic cycle shown in Figure 8, which utilizes the
appearance energy values of the larger clusters, up 40)¢kl appearance energies, derived in this work, along with the energy
(5 = n < 23), show a very gradual decrease that converges to for the single water molecule loss from protonated water clusters
a value of 10.6+ 0.1 eV forn > 23. The appearance energy measured by Wang et #.are used to evaluate the energy for
values of neutral water clusters, larger thap@ds, do not show one water molecule loss from neutral water clusters.
significant changes, exhibiting small fluctuations around 10.6  According to this diagram, the energy required to photoionize
+ 0.2 eV. To the best of our knowledge, this is the first the (1 + 1)-mer andn-mer neutral water clusters are denoted
experiment to determine the appearance energies of neutral watelEn+1 and IE, respectively, and represent the appearance
clusters for 5= n < 80. Winter et aP” discuss the photoion-  energies oin-mer and § — 1)-mer protonated water clusters,
ization threshold of liquid water in the context of electron respectively, which are measured in this work. Using the
emission from VUV irradiated liquid water beams. They diagram in Figure 8, the dissociation energyE+1) of one
measure an energy of 9.9 eV for the ionization onset, which is water molecule from then(+ 1)-mer neutral water cluster can
much lower than the convergence values measured in our work.be calculated using energy conservation, as shown in eq 3
Our determinations are derived from photoionization mass
spectrometry measurements where ionization onsets are used AE.,,=IE,,+AE _, —IE, 3
to derive an appearance energy, whereas in the liquid studies,
it is the photoelectron measurement that is used to derive thewhere g1 and IE, are the appearance energies op@bh+1
ionization energy. and (HO)n, respectively, and\E;._, is the dissociation energy

It is significant that the appearance energies converge aroundof one water molecule from the (= 1)-mer protonated water
10.6 eV for clusters above ()0 The 21-mer protonated water cluster, as described in eq 2. The dissociation energy of smaller
cluster ((HO)2H™) is a well-known magic number that was protonated water clusters £8); and (HO), are calculated based
observed under a variety of different ionization conditions on eq 3, employing an averaged valueﬁ(Ef:, 138+ 8 kJ/mol
(electron impact, multiphoton ionization, chemical ionization, and 85t 6kJ/mol, for (HO),H and (HO)sH™, respectively?s-67
femtosecond photoionization, etc.) and was attributed to the The dissociation energies for larger neutral clusters, 8 <
formation of a very stable geometrical dodecahedron #8#f¢8:30 9, are calculated using the latest reported valueshigf, by
Previous experimental and theoretical studies show that proto-Wang et al? The dissociation energies for larger protonated
nated water clusters far > 21 have different IR absorption  water clusters are reported by Shi ef®ind Magnera et &
properties when compared to smaller water clustetsem- However, due to the large fluctuations XE, for protonated
phasizing a probable change in the hydrogen bond network water clusters & n < 28, reported by Shi et &%.and Magnera
around this region, in which almost all water molecules are et al.%8 the final analysis would lead to large uncertainties in
three-coordinate#! So, the change in the hydrogen bond calculating AE, and therefore, values for water molecule
network could be the one possible reason for the convergencedissociation frorm > 9 neutral water clusters are not reported
of the appearance energy values for neutral water clusters greatehere. Moreover, the difference of the appearance energy values

measured energies, insofar as there is a monotonic decline in

than 20 molecules in our experiment. (IEy) for water clusters > 9 are not significant£0.2 eV, see
There have been numerous theoretical determinations of waterFigure 7), suggesting that any calculations basedAcE'I
cluster ionization energy dependence on 8#A8:%2 Unfortu- would be just a reflection of the protonated water cluster

nately, although there is a qualitative agreement with our thermochemistry. It must be emphasized here that employing
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95— ' ‘ ' calculations, the intracluster-@D distance between two neigh-
S 857 boring oxygen atoms is noticeably shorter in the trimer,
% 751 \ suggesting stronger bondir.
> 651 }—{\ The dissociation energy of a single water molecule from a
g 551 %\ ) larger neutral water cluster (beyond trimer) shows a gradual
S 45 %\. decrease as the cluster size increases. The most thermodynami-
j‘é 351 \} cally stable structure of small neutral water clusters<(8 <
S 25 - 5) has a ring geometry. The dissociation of one water molecule
5 15 ° from the trimer requires breaking of two H-bonds and only one
T 3 z 3 T !—I-bond remaips in the gluster to mal§e a stable dimer, revealed
Cluster size (H,0), (n) in the large difference in the d|$50C|gt|on energy, fromiSO
) ) o ) 10 to 19+ 6 kJ/mol, for trimer and dimer, respectively. For
(Fﬁﬁg)e 9 (NH‘:gt)rall"iatﬁZgUSter dissociation energies, for the process yhe cage of tetramer and pentamer, the dissociation of one water
" " ' molecule requires the breaking of two H-bonds followed by
TABLE 1: Experimental Values of Neutral Water Cluster cluster reorganization and formation of a new, weaker H-bond
Dissociation Energies for Single Water Molecule Loss: in the trimer or tetramer, respectively: 30.6, 29.0, and 21.6 kJ/
(H20)n =~ (H20)n—1 + H20 mol for pentamer, tetramer and trimer, respectivéJherefore,
dissociation energy water molecule dissociation from the cyclic trimer is more
(kJ/mol) endothermic than from the other larger cyclic structures. Larger
cluster this work literature clusters have more complicated 3D structures and water
(H:0)2 1946 153+ 2.0 molecule loss requires more thqn two H-bonds to break and
(H.0) 80+ 10 form. For example, the predominant geometry of the water
(H20)4 66+ 8 hexamer in the gas phase is a cage like structuir.order to
(H20)s 67+9 convert the cage structure, following the dissociation of one
(H20)6 56+ 8 water molecule, and creating a cyclic pentamer, the rearrange-
(H20) 48+8 ment of more than two H-bonds has to be considered.
(H20)e 44+8 . . . 5
(H-0)s 374+ 10 According to the theoretical calculations of Su et’althe

H-bonding strength increases as a function of the water cluster
eq 3 for calculating the dissociation energy of neutral water size, from the dimer to the pentamer and then decreases to the
clusters is based on the assumption that the protonated watebulk ice value of 23.8 kJ/mol for clusters larger than the
clusters ((HO),-1H™) are formed in their ground vibrational hexamer. However, there is not a strict correspondence between
states. In addition we make the assumption in this analysis thatthe H-bonding strength and the dissociation energy for one water
intracluster proton transfer as well as OH loss retain their molecule from a neutral cluster since these neutral water clusters
characteristic energies no matter whether the species®){H (n > 5) have more than one H-bond per water monomer.
or (H2O)n+1™ clusters. )

The dissociation energy of the neutral water dimer cannot Conclusions
be calculated by employing eq 3. However, it can be evaluated In this paper we demonstrate, for the first time, an experi-
based on the proton affinity (PA) of water and the appearance mental evaluation of neutral water cluster appearance energies,
energy of HO' from water dimer photoionization using eq 4 for 2 < n < 80 water molecules and the dissociation energies
for loss of a single water monomer from the neutral water cluster
AE, = AE(H,0") + PA(H,0) — AE(H'/H,0)  (4) (2 = n < 9) in a supersonic molecular beam. The decrease of

the protonated water cluster ion appearance energy values as a
where AE(HO") = 11.74+ 0.05 eV is the appearance energy function of cluster size fon < 20 is probably a manifestation
for HO*, PA(H,0) = 690 kJ/mol is the proton affinity of  of the stabilization of the overall cluster geometry and intrac-
water?® and AE(H/H,0) = 18.7 eV is the appearance energy |uster hydrogen-bonding network. The appearance energies of
of H* from water photoionizatiof? Employing these numbers,  clusters larger than 20 water molecules converge to 10.6 eV.
the dissociation energy of the water dimer equalstl8 kJ/ Photoionization studies of gas-phase water clusters provide a
mol. The resulting dissociation energy values for neutral water window to quantify the hydrogen bond network in water.
clusters, as a function of size, are plotted in Figure 9, and the
numerical values are shown in Table 1. Acknowledgment. We thank M. A. Duncan and E. R.
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It is important to discuss the physical meaning of the derived from the appearance energy observations of protonated
dissociation energy dependence on neutral cluster size. The pp gy P

dissociation energy shows a remarkable increase in going fromV\{ater clusters (Table A?. This material is available free of charge
. . . o via the Internet at http://pubs.acs.org.
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