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Abstract- The exciton energy deposited in an argon cluster, (Arn ,< n=20>) using VUV radiation 

is transferred to softly ionize doped water clusters, ((H2O)n, n=1-9) leading to the formation of 

non-fragmented clusters. Following the initial excitation, electronic energy is channeled to ionize 

the doped water cluster while evaporating the Ar shell, allowing identification of fragmented and 

complete water cluster ions. Examination of the photoionization efficiency curve shows that 

cluster evaporation from excitons located above 12.6 eV are not enough to cool the energized 

water cluster ion, and leads to their dissociation to (H2O)n-2H+ (protonated) clusters. 
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The ionization of water clusters is of paramount interest in a number of fields spanning biology, 

chemistry and physics.1-7 Understanding the changes in electronic structure that occur in these 

ionic clusters is critical to unveil their structure and function, and is important in fields as diverse 

as cloud nucleation in earth’s atmosphere, radiation biology, and interstellar chemistry. From the 

brief summary of experimental studies on the ionization of water clusters discussed here, it is 

readily apparent that, while there is a great deal of information available on the dimer and 

isolated water molecules, very little is known about the larger clusters. Only rarely have non-

protonated water clusters (here non-protonated is denotes (H2O)n
+, while  protonated is denoted 

by ((H2O)nH+), beyond the dimer been observed experimentally. Typically, even when one-

photon soft-ionization methods are used, water clusters fragment on ultrafast timescales to give 

rise to protonated species.8 Only very recently have infrared spectroscopy been performed on 

size-selected non-protonated water clusters.9  

Here we describe a facile method to generate non protonated water clusters using exciton energy 

transfer from argon clusters. The idea behind this approach is based on the fact that excited 

electronic states can decay in two ways, namely, radiatively by emission of a fluorescence 

photon or non-radiatively by the ejection of an electron and ionization. Moreover, a part of the 

electronic energy can be used to initiate nuclear dynamics, such as conformation changes or 

dissociation. This is very similar to an interatomic Coulombic decay (ICD) process.10 This has 

been shown to occur in weakly bound aggregates (hydrogen bonded network or a van der Waals 

cluster). Upon core level photoionization, the created hole state undergoes ultrafast relaxation 

due to energy transfer to a neighbouring atom, and emits an electron from that neighbouring 

site.11-13  

The first successful attempt to measure non-protonated (H2O)n
+ (2≤n≤10)  clusters was by 

Shinohara et al.14 who used the argon emission lines at 11.62 and 11.83 eV to ionize a mixed 

argon/water molecular beam. Since protonated water clusters and mixed (H2O)nArm
+ clusters 

were also observed,  it was suggested that electron emission and Ar evaporation from these 

clusters led to the formation of the non-protonated species. Shiromaru et al. measured 

appearance energies for the water dimer, trimer and also for the protonated dimer and trimer 
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using synchrotron radiation.15 The reported appearance energies for the non-protonated and 

protonated dimer and trimer were all consistently below literature values (by about 0.3-0.5 eV) 

and this discrepancy was recently discussed.2,16 Jongma et al. carried out an extensive reflectron 

time-of-flight (TOF) analysis of the fragmentation of water clusters in an argon expansion which 

was photoionized with VUV light (12.2 and 13.4 eV).17 They saw evidence for the formation of 

“unprotonated” water clusters and suggested that upon ionization, water clusters take the form 

H3O+(H2O)k•OH, and the hydroxyl radical formed upon ionization is outside the first solvation 

shell but is captured within the cluster. A process termed active parent ion cooling was coined, 

where argon atoms effectively carried away the excess energy upon evaporation. Electron impact 

ionization of water clusters embedded in helium nano-droplets have also shown evidence of 

water cluster ions (typically at the 10% level when compared to protonated ones),18,19 as does ion 

bombardment of ice in a recent secondary ion emission experiment.20 These studies suggest non-

dissociative ionization of small water clusters may be feasible only with an ultra-soft ionization 

method and here we show how an argon cluster can take the role of both electronic energy 

transport and a heat bath to achieve ultra-soft ionization. In the studies mentioned above, “Pure” 

(non-protonated) water cluster ions were formed by gas phase ionization of mixed water and rare 

gas clusters. However, the role of the rare gas atoms in the ionization process was not fully 

understood and here we suggest a pathway of how this process occurs using tunable VUV 

radiation and time of flight mass spectrometry (TOF-MS). 

This study uses the technique of single photon ionization mass spectrometry to probe the 

electronic exciton levels of argon doped water clusters formed in a supersonic molecular beam 

expansion. Following the excitation, a multi-step reaction is initiated. First, electronic energy 

transfers from the excited argon cluster to the doping water network forming an ionized water 

cluster. Next, evaporation of the surrounding argon atoms adds additional cooling to the water 

cluster cation. This series of events leads to ionization resulting in an array of cold water cluster 

cations of different sizes. A cut-off value to the internal energy removed by the evaporating 

argon atoms (~1.2 eV) can be evaluated by monitoring the water cluster ion yield over a series of 

argon excitons. 
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Figure 1. Mass spectrum recorded at 11.95 eV photon energy showing ions of small water 

clusters (n=2-9). 

Figure 1 shows a typical mass spectrum recorded at 11.95 eV. A series of doublet lines separated 

by 18 amu on the mass to charge (m/z) axis represent the ion counts for water and protonated 

clusters [(H2O)n
+ and (H2O)nH+  (n=2-9) respectively]. From n=3 to n=9, the water cluster 

intensity is higher than the protonated peak of the same n.  For both series, n=4 shows the 

highest intensity. The distribution of the water and the protonated clusters reported here 

resembles closely that observed by Shinohara et al.14 apart from the fact that the presence of 

mixed Argon-water clusters is very small in our work (peaks at m/z 76 and 94 are attributed to 

(H2O)2Ar+ and (H2O)3Ar+ respectively). The most prominent peak at m/z 40 is assigned to the Ar 

monomer resulting from the higher harmonics that are present with the fundamental of the 

undulator radiation. A gas filter filled with Neon is used to remove these harmonics, but the 
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presence of the charged Ar peak suggests that there is some penetration of the harmonics and 

higher orders will be reflected from the grating.  

Buck and Krohne have measured the cluster size distribution of argon clusters under exactly the 

same expansion conditions used in this work by using diffractive He atom scattering.21 For a 50 

µm nozzle, with an expansion of 7 bar of Ar, an average cluster size distribution of 20 was 

reported.  At room temperature, the vapour pressure of water is around 20 torr, the beam is 

composed of 99.6% Ar under our conditions, and thus we believe that the average Ar cluster 

distribution is also around 20 for the work reported here. Using scaling laws for cluster 

distributions, it would appear that Shinohara et al.14 were producing average cluster sizes of 30 

Ar atoms with 5 bar backing pressure and a 100 µm nozzle. 
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Figure 2. Photoionization efficiency (PIE) curves of water tetramer, (H2O)4
+ (red filled (30 

meV step size) and unfilled squares (100 meV step size))  and protonated tetramer, 

(H2O)4H+ (black filled (30 meV step size) and unfilled (100 meV step size) circles). The 

fluorescence spectra of Arn clusters <n=20> taken from Ref. 22 is shown as a blue solid line. 

Also shown is a 1.3 bar Ar backing pressure protonated tetramer, (H2O)4H+, PIE curve as a 

green dashed line. 

Mass spectra were recorded between 10.8 and 15.5 eV. Next, summing the area under a desired 

mass peak at each photon energy, yielded a photoionization efficiency curve (PIE). The PIE 

curve for (H2O)4
+ and (H2O)4H+ are shown in Figure 2. The most prominent feature is a peak 

starting at 11.4 eV, peaking at 11.92 eV and tailing at 12.4 eV, with a slight shoulder to the red at 

11.71 eV. Following the main peak, the (H2O)4
+ shows a low signal with structure extending out 

to 15.5 eV. In contrast, the protonated tetramer (H2O)4H+ (normalized in intensity at 11.92 eV) 

shows substantial signal beyond 12.4 eV, with a series of peaks extending from 12.8 eV to 15.5 

eV. Also shown is a PIE for the protonated tetramer (H2O)4H+ recorded with 1.3 bar backing 

pressure of Ar, which dramatically shows the absence of the peak between 11.4-12.4 eV. The 

PIE curves of the other protonated and non-protonated clusters measured at the higher backing 

pressure of 7 bar are not shown here (see supplementary material (SM)) as they match exactly 

those shown for (H2O)4
+ and  (H2O)4H+ in Figure 2. Shiromaru et al.15 measured the PIE curves 

for the protonated and non-protonated dimer and trimer using synchrotron radiation between 

11.13 and 11.62 eV and these agree well with ours in the general shape and appearance energies. 

However, the observed onset did not explain the underlying photoionization dynamics. Only 

upon comparison of the PIE curves of the water clusters to the fluorescence of small Ar<20> 

clusters is the dynamics revealed. The similarity of the PIE to pure Ar cluster fluorescence 

suggests that it is the Ar cluster that is absorbing the photon creating an exciton. However, since 

water clusters ions are formed only when the Ar cluster is absorbing, we conclude that the 

exciton energy is transferred to a) ionization of the water cluster and b) the evaporation of the Ar 

cluster. 

A set of experiments that provides insight into the formation of non-protonated water clusters is 

from the group of Thomas Moller,22-24 who studied the optical and electronic properties of argon 
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clusters with VUV irradiation. The fluorescence upon VUV excitation of Argon clusters was 

recorded as a function of size, providing two series of spectral features. Excitation of small 

clusters (<n> 5-50) between 11.27-12.91 eV were dominated by the 4s and 4s’ states with strong 

bands located at 11.98 and 11.70 eV.22 By comparison to solid state Ar absorptions recorded in a 

matrix, these bands were associated with n=1 surface excitons.  In addition there is a broad 

continuum between 13.77 and 15.5 eV with additional peaks centered at 13.52, 13.19 and 12.46 

eV being observed. The broad continuum was attributed to Rydberg states, while the bands at 

13.19 and 13.52 eV were from n=2,2’ surface excitons.  A representative spectrum for an 

average cluster size of 20 is shown in Figure 2 and aids in interpretation of our data. 

The VUV fluorescence excitation spectra for Ar clusters between 11.4 and 12.4 eV matches the 

PIE curve for the non-protonated tetramer very well, suggesting that it is excitation of the Ar part 

of the mixed cluster that gives rise to this species. This is contrary to what has been previously 

thought to give rise to ionization of these water clusters, where it was believed that the VUV 

radiation was directly ionizing the water component of the cluster, and Ar merely acted as a 

matrix to soak up the excess energy of ionization and evaporate.14,15  

An insight into the nature of this indirect ionization process can be found from previous reports 

in the literature, in the VUV photoionization of benzene/argon clusters,25-27 electron impact 

ionization of methanol/argon clusters,28 and VUV photoionization of doped rare gases in Helium 

droplets.29-31  Kamke et al.25 observed resonance structures in the PIE curves for C6H6 and 

C6H6Arn(n=1-4), which showed the typical broad structures observed here and in the C6H6Ar+ 

PIE curve recorded by them. The authors suggested an intra-cluster Penning ionization process 

where excitation of Ar (the Ar 4s 3P2,0 excited states located at 11.55 and 11.72 eV respectively)  

within the mixed cluster leads to energy transfer to the benzene moiety followed by dissociative 

ionization, and evaporation of the argon cluster. Similar arguments were made for the 

observation of CHxO+ (x=0-4) ionic species clustered with Ar and methanol in the energy range 

of 11.3-11.8 eV in an expansion of methanol/argon clusters.28 More recently, the same 

phenomenon has been invoked by using photoelectron imaging29 and photoionization mass 

spectroscopy 30,31to explain the ionization of doped rare gases in large helium droplets.  Features 



9 

 

associated with absorption into the 2p 1P1 excited state at 21.6 eV were observed, suggesting that 

an indirect ionization mechanism via excitation transfer was operational in this process. 

In our case it would appear that the excitons located between 11.4-12.4 eV are also coupling very 

efficiently into the water cluster and the subsequent electronic energy transfer leads to ionization 

and evaporation of the Ar cluster.  This is not the case for the protonated water clusters where 

beyond 12.4 eV, the signal starts to rise again and follows the general shape of that observed in 

the VUV fluorescence excitation measurements. It should be noted that a direct photoionization 

channel leading to protonated water clusters is operational and will be superimposed on the 

indirect Penning ionization type signal. This result suggests that the coupling of electronic 

energy leading to the formation of protonated water clusters is different in this energy range 

compared to the non-protonated case, or that the ions leading to non-protonated clusters are not 

stable above 12.4 eV and leads to fragmentation and conversion to protonated water clusters.  

Huisken and co-workers used IR spectroscopy of size selected water clusters where 7.6 bar Ar 

were expanded through a 50 µm nozzle and suggested that the average cluster size was around 

50.32 Spectra were recorded for water clusters, n=2-5, and it was suggested that the water clusters 

were solvated by argon, but the interactions were weaker than that observed in an argon matrix. 

Very recently an FTIR experiment on water clusters generated under conditions very similar to 

ours (less than 1% of water seeded in argon with high backing pressure) suggest that small water 

clusters (n=2-5) were completely solvated by argon clusters composed of between 17-22 

atoms.33 This was based on comparison of the vibrational spectrum with ab-initio calculations. 

Suhm and coworkers have also discussed argon coating of hydrogen-bonded clusters and suggest 

that these should be situated inside the argon system.34,35  

Finally we discuss the nature of the excitation process that is occurring in these mixed 

Arm(H2O)n clusters and postulate a mechanism that leads to the formation of ionized water 

clusters. The appearance energies for protonated water clusters reported by our group2 previously 

for (H2O)nH+ are 11.76 eV for (H2O)1H+, 11.15 eV for (H2O)2H+, 10.94 eV for (H2O)3H+ and 

(H2O)4H+, 10.93 eV for (H2O)5H+, 10.91 eV for (H2O)6H+, 10.92 eV for (H2O)7H+, and 10.88 eV 

for (H2O)8H+. For the non-protonated dimer, an experimental adiabatic ionization energy of 11.2 
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eV was also reported in agreement with previous values in the literature and recently to 

calculations.16 The protonated cluster appearance energies agree well with those measured 

earlier2 but the photoionization efficiency curve follows the shape of the argon cluster absorption 

spectrum quite dramatically.  This is reflected in the enhancement of signal around 11.5 eV, 

peaking at 11.92 eV, dropping down and then rising again. For the non-protonated clusters, the 

signal rises around 11.5 eV, peaks at 11.92 eV and then drops down to the baseline around 12.5 

eV. This would suggest that the adiabatic ionization energies for non-protonated water clusters 

should be below 11.5 eV in agreement with our previous indirect measurements2 and with other 

experiments.4 

Theory has shown that the structure of the water cluster ions are very different from their neutral 

ground state geometries, and gives rise to poor Franck-Condon (FC) factors, leading to a 

vibrationally excited cluster ion upon vertical excitation.4,16,36-38 This vibrationally excited cluster 

ion will rearrange via proton transfer to form a complex of the form (H3O)+OH in the case of the 

dimer, and it is stable to dissociation at threshold. Indeed, the non-fragmented dimer has been 

observed in photoionization experiments,16,39 where at the appearance of (H3O)+ at 11.71 eV is 

reflected directly in a lowering of signal of (H2O)2
+. Since the AIE of the water dimer is 11.21 

eV, this would suggest that the dissociation energy of the dimer is 0.5 eV.   Direct ab-initio 

dynamics performed on ionizing water clusters have shown that larger clusters (n=4-6) can either 

form a complex of the form ((H3O)+OH) (H2O)n or lead to dissociation of OH.40 This 

dissociation was shown to occur in two steps, a proton transfer process from the initially ionized 

H2O+ to the nearest hydrogen bonded H2O, followed by a second proton transfer process to the 

nearest neighbour water molecule to form  a structure of the form (H3O)+(H2O)OH. Upon this 

transfer, the OH dissociates and the lifetimes of the intermediate complexes ((H3O)+(H2O)OH) 

are in the range of 50-200 fs. Recent direct dynamics studies on water clusters have suggested 

similar time scales for ionization and proton transfer.41,42  This would explain the predominance 

of protonated species in most ionization experiments on water clusters.  

In our case, it appears that solvation of the ionized water cluster by argon atoms stabilizes the 

(H3O)+OH core, and the excess energy formed upon ionization leads to the evaporation of the 

argon atoms and/or water molecules.15,17 Very recently, infrared experiments have shown ionized 
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water clusters maintain a structure of H+(H2O)n-1(OH) very similar to that observed for 

protonated water clusters.9 Our experimental data shows that following the water cluster 

ionization onset, the non-protonated water cluster signal appear over the first Ar cluster exciton 

region, and then decreases dramatically. Protonated water clusters, on the other hand, follow the 

Ar fluorescence signal for the full measured region. This difference in behaviour leads us to 

postulate that the evaporative cooling of the Ar cluster is absorbing the excess electronic energy 

up to a limit of ~1.2 eV after ionization. A rough estimate of the binding energy per atom, using 

a liquid drop model for a neutral Ar cluster can be made using an empirical expression from 

literature: 43  

  

 

where A is the bulk binding energy per atom or molecule and B is related to the surface tension.  

A and B are 80.5 meV and 44.4 meV, respectively, for Ar. For a cluster composed of 20 atoms, 

we derive a value of 1.27 eV which is comparable to the observed value. Presumably, larger Ar 

clusters will be able to provide more evaporative cooling and sustain non-fragmented water 

clusters at higher photon energies. An example of this has been demonstrated by Jongma et al. 

when large non-protonated water clusters were observed with N up to 80 and for photoionization 

with 12.2 eV and 13.41 eV VUV photons.17  

 To conclude, these results demonstrate that although the ionization energy of water  is 

considerably lower than that of argon – it is the argon shell that absorbs the photon and not 

water, contrary to what was previously thought in the literature. In this regard, water doped Ar 

clusters behave in a similar way to an ICD process where electronic energy excited at one site is 

channelled to a neighbouring location where an electron is ejected. Here, following the electronic 

excitation of the argon cluster, a multi-step reaction begins. First, electronic energy transfers 

from the excited argon cluster to the doping water network forming an ionized water cluster. 

Next, evaporation of the surrounding argon atoms adds additional cooling to the water cluster 

cation. This series of events yields an ultra-soft ionization resulting in cold water cluster cations 

of different sizes. Furthermore a cut-off value to the internal energy (~1.2 eV) removed by the 

3
2
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evaporating argon atoms can be evaluated by monitoring the water cluster ion yield over a series 

of argon excitons, located between 13-13.5 eV. 

It is easy to foresee that ultrafast experiments will be able to follow the electronic energy transfer 

directly and shed light on this stepwise transition from a neutral doped cluster to an isolated 

charged water cluster. Structural information may be available via incorporation of infrared 

spectroscopy.  

Experimental Section: 

The experimental apparatus used to generate water clusters has been described previously.2 

Briefly, 7 bar of argon (100 psi) is passed through a water reservoir maintained at room 

temperature, and expanded into vacuum through a 50 µm nozzle. The resulting cluster beam is 

skimmed through a 2 mm orifice and ionized with tunable VUV radiation and extracted into a 

reflectron time-of-flight mass spectrometer.  Mass spectra are recorded at photon energies 

between 10.5-15.5 eV, and photoionization efficiency curves are extracted from these data sets. 

Acknowledgements: 

This work is supported by the Office of Science, Office of Basic Energy Sciences, of the US 

Department of Energy under Contract No. DE-AC02-05CH11231, through the Chemical 

Sciences Division. 

 Supporting Information Available: Mass spectra recorded between 14.0-15.5 eV and the 

photoionization efficiency curves for (H2O)n
+ and (H2O)nH+ (n=3-9). This material is available 

free of charge via the Internet at http://pubs.acs.org.  

References: 

 (1) Lammich, L.; Domesle, C.; Jordon-Thaden, B.; Forstel, M.; Arion, T.; Lischke, 

T.; Heber, O.; Klumpp, S.; Martins, M.; Guerassimova, N. et al. Fragmentation Pathways of 

H+(H2O)2 after Extreme Ultraviolet Photoionization. Phys. Rev. Lett. 2010, 105, 253003-253004. 

 (2) Belau, L.; Wilson, K. R.; Leone, S. R.; Ahmed, M. Vacuum Ultraviolet (VUV) 

Photoionization of Small Water Clusters. J. Phys. Chem. A 2007, 111, 10075-10083. 



13 

 

 (3) Belau, L.; Wilson, K. R.; Leone, S. R.; Ahmed, M. Vacuum-Ultraviolet 

Photoionization Studies of the Microhydration of DNA Bases (Guanine, Cytosine, Adenine, and 

Thymine). J. Phys. Chem. A 2007, 111, 7562-7568. 

 (4) Barth, S.; Oncak, M.; Ulrich, V.; Mucke, M.; Lischke, T.; Slavicek, P.; 

Hergenhahn, U. Valence Ionization of Water Clusters: From Isolated Molecules to Bulk. J. Phys. 

Chem. A 2009, 113, 13519-13527. 

 (5) Slavicek, P.; Winter, B.; Faubel, M.; Bradforth, S. E.; Jungwirth, P. Ionization 

Energies of Aqueous Nucleic Acids: Photoelectron Spectroscopy of Pyrimidine Nucleosides and 

Ab Initio Calculations. J. Am. Chem. Soc. 2009, 131, 6460-6467. 

 (6) Jahnke, T.; Sann, H.; Havermeier, T.; Kreidi, K.; Stuck, C.; Meckel, M.; 

Schoffler, M.; Neumann, N.; Wallauer, R.; Voss, S. et al. Ultrafast Energy Transfer between 

Water Molecules. Nat. Phys. 2010, 6, 74-77. 

 (7) Mucke, M.; Braune, M.; Barth, S.; Forstel, M.; Lischke, T.; Ulrich, V.; Arion, T.; 

Becker, U.; Bradshaw, A.; Hergenhahn, U. A Hitherto Unrecognized Source of Low-Energy 

Electrons in Water. Nat. Phys. 2010, 6, 78-81. 

 (8) Liu, H. T.; Muller, J. P.; Beutler, M.; Ghotbi, M.; Noack, F.; Radloff, W.; 

Zhavoronkov, N.; Schulz, C. P.; Hertel, I. V. Ultrafast Photo-Excitation Dynamics in Isolated, 

Neutral Water Clusters. J. Chem. Phys. 2011, 134, 094305-094310. 

 (9) Mizuse, K.; Kuo, J.-L.; Fujii, A. Structural Trends of Ionized Water Networks: 

Infrared Spectroscopy of Water Cluster Radical Cations (H2O)N
+ (N = 3-11). Chem. Sci. 2011, 2, 

868-876. 

 (10) Cederbaum, L. S.; Zobeley, J.; Tarantelli, F. Giant Intermolecular Decay and 

Fragmentation of Clusters. Phys. Rev. Lett. 1997, 79, 4778-4781. 

 (11) Aoto, T.; Ito, K.; Hikosaka, Y.; Shigemasa, E.; Penent, F.; Lablanquie, P. 

Properties of Resonant Interatomic Coulombic Decay in Ne Dimers. Phys. Rev. Lett. 2006, 97, 

243401-243404. 

 (12) Marburger, S.; Kugeler, O.; Hergenhahn, U.; Möller, T. Experimental Evidence 

for Interatomic Coulombic Decay in Ne Clusters. Phys. Rev. Lett. 2003, 90, 203401-203404. 



14 

 

 (13) Jahnke, T.; Czasch, A.; Schöffler, M. S.; Schössler, S.; Knapp, A.; Käsz, M.; 

Titze, J.; Wimmer, C.; Kreidi, K.; Grisenti, R. E. et al. Experimental Observation of Interatomic 

Coulombic Decay in Neon Dimers. Phys. Rev. Lett. 2004, 93, 163401-163404. 

 (14) Shinohara, H.; Nishi, N.; Washida, N. Photoionization of Water Clusters at 11.83 

Ev - Observation of Unprotonated Cluster Ions (H2O)N
+ (2 ≤N ≤10). J. Chem. Phys. 1986, 84, 

5561-5567. 

 (15) Shiromaru, H.; Shinohara, H.; Washida, N.; Yoo, H. S.; Kimura, K. Synchrotron 

Radiation Measurements of Appearance Potentials for (H2O)2
+, (H2O)3

+, (H2O)2H+ and (H2O)3H+ 

in Supersonic Jets. Chem. Phys. Lett. 1987, 141, 7-11. 

 (16) Kamarchik, E.; Kostko, O.; Bowman, J. M.; Ahmed, M.; Krylov, A. I. 

Spectroscopic Signatures of Proton Transfer Dynamics in the Water Dimer Cation. J. Chem. 

Phys. 2010, 132, 194311-194311. 

 (17) Jongma, R. T.; Huang, Y. H.; Shi, S. M.; Wodtke, A. M. Rapid Evaporative 

Cooling Suppresses Fragmentation in Mass Spectrometry: Synthesis of "Unprotonated" Water 

Cluster Ions. J. Phys. Chem. A 1998, 102, 8847-8854. 

 (18) Denifl, S.; Zappa, F.; Mahr, I.; da Silva, F. F.; Aleem, A.; Mauracher, A.; Probst, 

M.; Urban, J.; Mach, P.; Bacher, A. et al. Ion-Molecule Reactions in Helium Nanodroplets 

Doped with C60 and Water Clusters. Angew. Chem. Int. Ed. 2009, 48, 8940-8943. 

 (19) Denifl, S.; Zappa, F.; Mahr, I.; Mauracher, A.; Probst, M.; Urban, J.; Mach, P.; 

Bacher, A.; Bohme, D. K.; Echt, O. et al. Ionization of Doped Helium Nanodroplets: Complexes 

of C60 with Water Clusters. J. Chem. Phys. 2010, 132, 234307-234311. 

 (20) Conlan, X. A.; Fletcher, J. S.; Lockyer, N. P.; Vickerman, J. C. A Comparative 

Study of Secondary Ion Emission from Water Ice under Ion Bombardment by Au+, Au3
+, and 

C60
+. J. Phys. Chem. C 2010, 114, 5468-5479. 

 (21) Buck, U.; Krohne, R. Cluster Size Determination from Diffractive He Atom 

Scattering. J. Chem. Phys. 1996, 105, 5408-5415. 

 (22) Wormer, J.; Guzielski, V.; Stapelfeldt, J.; Zimmerer, G.; Moller, T. Optical-

Properties of Argon Clusters in the VUV. Phys. Scripta 1990, 41, 490-494. 

 (23) Wormer, J.; Joppien, M.; Zimmerer, G.; Moller, T. Formation and Confinement 

of Wannier Excitons in Free Argon Clusters. Phys. Rev. Lett. 1991, 67, 2053-2056. 



15 

 

 (24) Wormer, J.; Moller, T. On the Nature of Bulk and Surface Excitations in Argon 

Clusters. Zeit. Phys. D 1991, 20, 39-42. 

 (25) Kamke, B.; Kamke, W.; Wang, Z.; Ruhl, E.; Brutschy, B. Origin of the Line-

Shapes from Intramolecular Penning Ionization in Benzene Argon Clusters. J. Chem. Phys. 

1987, 86, 2525-2529. 

 (26) Kamke, W.; Kamke, B.; Kiefl, H. U.; Wang, Z.; Hertel, I. V. Intramolecular 

Penning Ionization in Organic-Molecule Rare-Gas Clusters. Chem. Phys. Lett. 1986, 128, 399-

403. 

 (27) Kamke, W.; Kamke, B.; Wang, Z.; Kiefl, H. U.; Hertel, I. V. Line-Shapes in 

Intramolecular Penning Ionization. Zeit. Phys. D 1986, 2, 159-160. 

 (28) Vaidyanathan, G.; Coolbaugh, M. T.; Peifer, W. R.; Garvey, J. F. Argon Mediated 

Electron-Impact Ionization of Arn(CH3OH)M Heteroclusters. J. Chem. Phys. 1991, 94, 1850-

1858. 

 (29) Wang, C. C.; Kornilov, O.; Gessner, O.; Kim, J. H.; Peterka, D. S.; Neumark, D. 

M. Photoelectron Imaging of Helium Droplets Doped with Xe and Kr Atoms. J. Phys. Chem. A 

2008, 112, 9356-9365. 

 (30) Kim, J. H.; Peterka, D. S.; Wang, C. C.; Neumark, D. M. Photoionization of 

Helium Nanodroplets Doped with Rare Gas Atoms. J. Chem. Phys. 2006, 124, 214301-214309. 

 (31) Frochtenicht, R.; Henne, U.; Toennies, J. P.; Ding, A.; Fieber-Erdmann, M.; 

Drewello, T. The Photoionization of Large Pure and Doped Helium Droplets. J. Chem. Phys. 

1996, 104, 2548-2556. 

 (32) Huisken, F.; Kaloudis, M.; Kulcke, A. Infrared Spectroscopy of Small Size-

Selected Water Clusters. J. Chem. Phys. 1996, 104, 17-25. 

 (33) Moudens, A.; Georges, R.; Goubet, M.; Makarewicz, J.; Lokshtanov, S. E.; 

Vigasin, A. A. Direct Absorption Spectroscopy of Water Clusters Formed in a Continuous Slit 

Nozzle Expansion. J. Chem. Phys. 2009, 131, 204312-204323. 

 (34) Lee, J. J.; Hofener, S.; Klopper, W.; Wassermann, T. N.; Suhm, M. A. Origin of 

the Argon Nanocoating Shift in the Oh Stretching Fundamental of N-Propanol: A Combined 

Experimental and Quantum Chemical Study. J. Phys. Chem. C 2009, 113, 10929-10938. 



16 

 

 (35) Suhm, M. A. In Advances in Chemical Physics; John Wiley & Sons Inc: New 

York, 2009; Vol. 142, p 1-57. 

 (36) Pieniazek, P. A.; Sundstrom, E. J.; Bradforth, S. E.; Krylov, A. I. Degree of Initial 

Hole Localization/Delocalization in Ionized Water Clusters. J. Phys. Chem. A 2009, 113, 4423-

4429. 

 (37) Livshits, E.; Granot, R. S.; Baer, R. A Density Functional Theory for Studying 

Ionization Processes in Water Clusters. J. Phys. Chem. A 2011, 115, 5735-5744. 

 (38) Khistyaev, K.; Bravaya, K. B.; Kamarchik, E.; Kostko, O.; Ahmed, M.; Krylov, 

A. I. The Effect of Microhydration on Ionization Energies of Thymine. Faraday Disc. 2011, 150, 

313-330. 

 (39) Ng, C. Y.; Trevor, D. J.; Tiedemann, P. W.; Ceyer, S. T.; Kronebusch, P. L.; 

Mahan, B. H.; Lee, Y. T. Photoionization of Dimeric Polyatomic-Molecules - Proton Affinities 

of H2O and HF. J. Chem. Phys. 1977, 67, 4235-4237. 

 (40) Tachikawa, H. Ionization Dynamics of the Small-Sized Water Clusters: A Direct 

Ab Initio Trajectory Study. J. Phys. Chem. A 2004, 108, 7853-7862. 

 (41) Kumar, A.; Kolaski, M.; Lee, H. M.; Kim, K. S. Photoexcitation and 

Photoionization Dynamics of Water Photolysis. J. Phys. Chem. A 2008, 112, 5502-5508. 

 (42) Furuhama, A.; Dupuis, M.; Hirao, K. Application of a Kinetic Energy Partitioning 

Scheme for Ab Initio Molecular Dynamics to Reactions Associated with Ionization in Water 

Tetramers. Phys. Chem. Chem. Phys. 2008, 10, 2033-2042. 

 (43) Hansen, K.; Campbell, E. E. B. Do We Know the Value of the Gspann 

Parameter? Int. J. Mass. Spectrom. 2004, 233, 215-221. 

 

 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 




