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Abstract

The stability and distributions of small water clusters generated in a supersonic

beam expansion are interrogated by tunable vacuum ultraviolet radiation generated at

a synchrotron. Time-of-flight mass spectrometry reveal enhanced population of various

protonated water clusters (H+(H2O)n) based upon ionization energy and photoioniza-

tion distance from source, suggesting there are “magic” numbers below the traditional

n = 21 that predominates in the literature. These intensity distributions suggest that

VUV threshold photoionization (11.0-11.5 eV) of neutral water clusters close to the noz-

zle exit leads to a different non-equilibrium state compared to a skimmed molecular

beam. This results in the appearance of a new magic number at 14. Meta-dynamics

conformer searches coupled with modern density functional calculations are used to

identify the global minimum energy structures of protonated water clusters between

n = 2 and 21, as well as the manifold of low-lying metastable minima. New lowest en-

ergy structures are reported for the cases of n = 5, 6, 11, 12, 16, 18, and special stability

is identified by several measures. These theoretical results are in agreement with the

experiments performed in this work, in that n = 14 is shown to exhibit additional sta-

bility, based on the computed second order stabilization energy relative to most cluster

sizes, though not to the extent of the well known n = 21 cluster. Other cluster sizes

that show some additional energetic stability are n = 7, 9, 12, 17, 19. To gain insight

into the balance between ion-water interactions and water-water interactions as a func-

tion of cluster size, an analysis of the effective 2-body interactions (which sum exactly

to the total interaction energy) was performed. This analysis reveals a cross-over as a

function of cluster size between a water-hydronium dominated regime for small clusters

and a water-water dominated regime for larger clusters around n = 17.

Introduction

The unquestioned importance of water in biological1 and atmospheric2 processes on Earth

and in astrochemistry,3 drives our quest to study the photon-induced dynamics of hydrogen
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bonded water clusters at the molecular level.4 The process through which water clusters form

under various conditions is hence critical to understand. The growth of water clusters from

molecular constituents has been a topic of active discussion since the inception of molecular

beams and supersonic jets. Indeed, Searcy and Fenn5 reported in 1974, the presence of magic

numbers in protonated water clusters, n=21 being predominant among the distribution.

Subsequently there has been additional experimental and theoretical work (reviewed below)

seeking to understand the structure and stability of small water clusters. For example,

Hansen et al. using an electrospray ionization source have observed magic numbers of n = 4

and 55 in water clusters besides n = 21, and a magic number of n = 28 in their deuterated

water cluster experiments.6,7 They have also investigated the mass spectrometric abundance

and the dissociation energies of clusters up to n = 120, and proposed that the n = 21

protonated water cluster shows specific typological stability due to a shell closure, whereas

the other minor magic numbers occur only because of the instability of the n+1 precursor.6

In addition, Lengyel et al. using electron impact ionization have indicated a possible magic

number of n = 10.8 These examples from the literature illustrate that the coupling of

supersonic molecular beams to ionization sources allows for mass spectrometry, however the

analysis of the results can be complicated. The pressure of the gas, and the temperature of

the nozzle can have dramatic influence on the resulting cluster distribution. This arises due

to the collisions between the gas molecules and the resulting drop in density and lowering

of translational/vibrational-rotational energies that leads to cluster formation. This neutral

cluster distribution is also affected by fragmentation that occurs upon ionization for mass

spectrometry. Hence the final distribution observed is a convolution of the conditions of the

supersonic expansion with that of the dynamics of ionization. The practice of Infrared (IR)

spectroscopy to analyze mass-selected cluster ions coupled with detailed electronic structure

calculations of the vibrational spectra has become the method of choice to alleviate these

complications.

Over the last two decades, there have been precise reports of IR spectroscopy of size
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selected protonated water clusters from the laboratories of Johnson, Duncan and Fujii9–11

Recently, the implementation of VUV photoionization coupled to IR spectroscopy from a

Free Electron Laser generated spectra for small neutral water clusters at an unprecedented

level of detail,12–14 This complements and extends early work pioneered by Buck and Huisken

whose spectroscopic investigation of size-selected neutral clusters set the stage for these kinds

of investigations.15 Work by Buck et al.16,17 has focused on using IR spectroscopy on large

water clusters detected in mass spectrometry by sodium ion doping, to provide constraints

for the temperature evolution from the nozzle to cluster detection in the mass spectrometer.

The FEL experiments are unique, in that with VUV photoionization performed at thresh-

old, leads to less fragmentation compared to electron impact and chromophore-based ion-

ization hence allowing for a more definitive detection of the structure of small neutral water

clusters. These results complement earlier work seeking to understand the unique charac-

teristics of protonated water clusters, particularly for H+(H2O)21, and to trace a pathway

for the structure of the water clusters as they increase in size.18 Beyond IR spectroscopy,

there have been efforts to understand the hydrogen bond network of ionized water clusters

using the tools of supersonic molecular beam mass spectrometry coupled with VUV sin-

gle photon ionization,19–21 multiphoton ionization,22 electron impact ionization,8,23,24 and

by sodium ion tagging.24 All of these methods lead to the formation of protonated water

clusters. However, it has been shown that under various conditions of cooling, and upon

threshold ionization, non-protonated ionized water clusters can be generated via a process

of excitonic transfer from Ar* to core water clusters,25 which was not observed in electron

impact ionization.23 Misuke et al.26 also performed IR spectroscopy on these systems to

show that the non-protonated water clusters contained a H+(H2O)n ·OH motif, where the

OH radical was retained within the water cluster network. However, to date, there remain

gaps in understanding the difference in the hydrogen bond network between neutral and

protonated clusters as they evolve in size towards the bulk, as most studies have focused on

the particularly stable n=21 cluster.
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Turning to computational research, the rich variety of low-energy isomeric structures of

protonated water clusters poses a predictive challenge whose difficulty rises approximately

exponentially with the size of the cluster. Early work through 1997 has been reviewed,27 and

further progress through 2005 was summarized in a subsequent review,28 that also included

experimental work. Benchmarking studies on smaller protonated water clusters have also

been performed in order to characterize the importance of many-body effects, as well as to

assess the performance of density functional methods for capturing such effects.29–31 A num-

ber of studies have been performed focusing on small cluster sizes illustrating the delicate

interplay of factors determining the lowest free energy structure. Readers may consult Fig.

S3 to see images of the competing low-energy structures that we review next. The protonated

pentamer was controversial,32 with the present picture favoring a branched structure.33 The-

oretical work on H+(H2O)6 addressed the question of whether the lowest energy conformer is

a branched structure or a cyclic ring structure. The final determination (branched) required

treatment of electron correlation effects (at the MP2 level) and also anharmonic zero point

vibrational energy (ZPVE) corrections.34 Subsequent experimental work (corroborated by

theory), suggested that two branched isomers co-exist.35 Similar computational refinement

was needed for H+(H2O)7 clusters in order to determine whether the lowest energy conformer

is a ring structure as suggested by experiment, or a closed structure.36 The overall takeaway,

perhaps unsurprising, is that adequate treatment of electronic structure and nuclear quan-

tum effects are both required to fully resolve the stability of even these relatively small water

clusters.

Beyond n = 7, thorough enumeration of the isomers (and thus global minimum searches)

of individual cluster sizes becomes increasingly challenging; the number of low energy con-

formers increases rapidly and the energy gap between the different conformers closes. Cou-

pled to this is the unfavorable size-scaling of both benchmark-level electronic structure calcu-

lations, as well as anharmonic vibrational calculations (or path integral molecular dynamics).

Even including harmonic ZPVE corrections, the ordering of the lowest energy conformers
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can change with the basis set or methods used (ZPVE, etc.);37 even so far as to favor open

structures over caged structures for certain cluster sizes (for examples, see Figs. S3 and S4).

The level of theory described above (adequate treatment of electron correlation and anhar-

monic ZPVE) to settle questions about n ≤ 7 rapidly become unfeasible for larger cluster

sizes (although transferable machine-learned potentials may offer promise38).

An important prerequisite to fully resolving the temperature-dependent lowest free energy

conformer of the larger water clusters is to identify the lowest electronic energy structures at

a reliable yet affordable level of theory, as well as all competing low-energy structures. To do

so, sophisticated efforts using search methods such as basin-hopping have been performed

up to the size range of n ∼ 21.39–41 These studies have characterized some general trends

in preferred isomer as a function of cluster size. Examples include the relative stability of

large and smaller clusters with respect to gain or loss of a water molecule, the location of

the hydronium cation (always on the surface), and occurrence (or lack) of a fully solvated

(“core”) H2O beyond n = 16, and the general progression of growth (from branched, to

ring, to cage, to solvated H2O). Minimum energy structures from reference 39 are available

for n ≤ 21. These minima were obtained using two different empirical potentials: one by

Kozack and Jordan (KJ),42 and the other developed by the authors, called the anisotropic

site potential (ASP).43 Reference 41 uses an energy-based “comprehensive genetic algorithm”

(CGA)44 to investigate n = 10−17. Unfortunately, the optimized geometries of reference 41

are not available, however the authors included comparisons to the KJ and ASP energies of

reference 39, as well as graphical representations of their structures, such that comparisons

of lower energy conformers can be inferred.

The H+(H2O)21 cluster has received dedicated computational study due to its observed

magic nature in experiments, and as such its PES and infrared spectrum have been studied

more than the surrounding cluster sizes.45–47 Experiment and theory agree that the hydro-

nium ion remains on the surface, with a fully solvated H2O molecule in the center. The

theoretical explanation of the source of stability of this magic number remains unsettled,
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although many hypothesis have been put forth, including geometric arguments of highly

symmetric pentagonal-dodecahedron-like structures for n = 21.48

In this work, we seek to understand the structural evolution of small protonated water

clusters with size by changing the source conditions (backing pressure, nozzle to ionization

distance, and photon energy) in the experiment and performing electronic structure theory

calculations. The intensity distributions and internal temperature of clusters in continuous

supersonic jets are typically controlled by varying the initial conditions (backing pressure and

temperature) and using nozzles of different sizes49,50 while in pulsed beams, varying the tim-

ing between the expanding gas and the laser (or an electron gun) leads to control of internal

temperatures.51–54 We have chosen to use a synchrotron-based mass spectrometry technique

in which a continuous supersonic beam is ionized at different axial distances from the nozzle

to sample various regimes of the supersonic expansion.55–57 The distribution at each dis-

tance is a result of the non-equilibrium processes during the formation and growth of these

clusters. Using this method, we have generated protonated water cluster distributions as a

function of photon energy (controls internal energy) and nozzle to ionization distance (con-

trols temperature and ionization dynamics). The internal energy of a photoionized molecule

depends on the difference between its adiabatic ionization energy and the photon energy

that is used to ionize the molecule. While there is speculation that the departing electron

does remove some of the energy,20 and evaporation of both Ar (carrier gas) and water can

also dissipate this internal energy, we58 and others have shown that internal energy can give

rise to fragmentation. Mass spectral distributions and photoionization intensity curves have

been particularly useful for depicting fragmentation mechanisms, structural rearrangements

and ion-molecule reactions.

Ab-Initio molecular dynamics processes can provide clarity and detail in the ionization

processes that occur upon ionization of both water clusters and in the bulk.59–61 The ion-

ization of the water from the highest occupied molecular orbital (HOMO) produces a water

radical cation (H2O
+•) and a proton is transferred to the neighboring water molecule forming
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hydronium ion (H3O
+) and OH• radical:

H2O
+• +H2O −−→ H3O

+ +OH• (1)

The ionization of larger clusters similarly undergo rapid proton transfer and fragmentation

to produce protonated water clusters of the form H+(H2O)n .

(H2O)n + hν −−→ (H2O)n
+• + e− −−→ H+(H2O)n−1 +OH• + e− (2)

Reaction 2 produces protonated clusters regardless of the ionization conditions (photoioniza-

tion or electron ionization). Thus vacuum ultraviolet photoionization experiments generate

hydronium ions solvated in water clusters; the new experimental data presented here sug-

gests that there is special stability associated with the H+(H2O)14 cluster, in addition to the

well-known special stability of n = 21.

To complement the experimental results, we also present results from electronic structure

theory-based computational searches for the global minimum energy structure for H+(H2O)n

clusters ranging from n = 2 − 21 (as well as all competing low-energy structures that we

can identify). Our work employs more reliable levels of electronic structure theory than

previous efforts to characterize such structures, and includes extensive conformational char-

acterization for all cluster sizes. Specifically, we use a density functional (ωB97M-762) that

performs statistically better than those used earlier (B97-D and B3LYP) for non-bonded

interactions.63,64 Zero point energy corrections are included, at the harmonic level.65 The

relative stability, or “magic”, of the resulting lowest energy conformers is then compared

against neighboring cluster sizes through a number of measures including the sequential in-

teraction energy, the second-order difference energy, and the interaction energy per molecule,

as defined in the Computational Methods section. In each case, these measures can be com-

pared to the well established magic number of n = 21. Additionally, some comparisons are

made to theoretical results of neutral water clusters in order to provide perspective on the
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behavior of the protonated water clusters.

Experimental Methods

The experiments are carried out in a continuous supersonic expansion chamber coupled to a

three-meter vacuum ultraviolet (VUV) monochromator on the Chemical Dynamics Beamline

(9.0.2), located at the Advanced Light Source, Berkeley, California. The experimental setup

has been described previously.55–57 In brief, 400 – 500 Torr of argon with seeded water vapor

was expanded through a 100 µm nozzle to a differentially pumped chamber which was kept at

a pressure of 2×10−4 Torr. The beam was intersected by the VUV radiation at various axial

distances from the nozzle (2, 6, 10, 15, 20, 25, 30 mm), and the resulting ions were sampled

into a reflectron time-of-flight (TOF) mass spectrometer. The ionization distance is varied

by changing the nozzle position with respect to the point of intersection of molecular and

VUV beams. A set of four electrodes were used to guide the ions from the ionization region

to the mass spectrometer through a skimmer. The lenses were kept at small potentials (+5,

0, -3, and 0 V, respectively) and the skimmer is grounded. The TOF chamber of the mass

spectrometer was kept at 2×10−6 Torr. A start pulse for the TOF was provided by pulsing

the repeller and accelerator plates because of the quasi-continuous (500 MHz) nature of the

synchrotron light. The ions were pulse-extracted by fast switching of repeller and accelerator

plates to 1100 V using a pulse width of 7.0 µs. Ions were accelerated perpendicularly to their

initial flight path through the field-free region and detected by a microchannel plate (MCP)

detector that is installed at the end of the flight tube. Mass spectrometer settings were

kept fixed while the ionization distance is varied. The time-dependent electrical signal from

the detector was amplified by a fast preamplifier, collected by a multichannel scalar card,

and then integrated with a computer. TOF spectra were measured at different positions in

the photon energy range between 10 and 14 eV. The photoionization intensity curves were

obtained by integrating peak intensities at each photon energy with a step size of 0.1 eV and
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normalized by the photon flux.

Computational Methods

The conformer search of protonated water clusters (H+(H2O)n), ranging in size from n = 2

to n = 22, was performed using the CREST66 driver program for the density functional

extended tight-binding (xTB) method.67 The meta-dynamics used in the conformer search

are carried out using the included iMTD-sMTD routines, which in addition to the standard

meta-dynamics conformer search, also includes nondynamical steps, akin to basin hopping

procedures.66,68,69 The default settings for the iMTD-sMTD routine are used, which includes

dynamically determining the optimal values for the simulation parameters; see reference 66

for more details. The only default setting changed is the optimization of the final conformer

structures, which is set to “extreme” (an energy convergence of 5 × 10−8 Eh, and gradient

convergence of 5 × 10−5 Eha
−1
0 ). This tight geometry optimization was performed to re-

duce compute costs for the subsequent density functional theory (DFT) optimizations, as

GFN2–xTB70 methods can provide quite good starting geometry guesses at low computa-

tional cost. The lowest energy H+(H2O)22 conformer is included in order to allow for the

computation of ∆2E(21).

Conformers within 6 kcal/mol of the lowest energy structure of each cluster size were

retained for refinement. Possible duplicates are flagged by their energies, dipole moments,

and moments of inertia; and manually verified and removed. Geometry optimizations, har-

monic frequency calculations at optimized geometries, and large basis single point calcula-

tions were then performed using accurate hybrid density functional theory (DFT) on the

retained conformers. These DFT calculations were performed with a development version

of the Q-Chem 5.4 program,71 utilizing a newly developed analytical frequency capability65

for VV10-containing functionals.72 The geometry optimization and ZPVE calculation were

carried out at the ωB97X-V73/def2-SVPD74,75 level of theory, while the single point calcu-
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lations are carried out at the ωB97M-V62/def2-TZVPPD74,75 level of theory. This level of

theory has proved to be quite accurate for non-bonded interactions based on a broad range

of benchmarks.63,64 As an additional comparison, our DFT results up to n = 15 are also

compared against MP2 single-point energies using the aug-cc-pVTZ basis set; as shown in

Figure 1 the sequential interaction energies are in very good agreement. This is a meaning-

ful comparison because MP2 is known to be quite successful76 for water77–79 and ion-water

clusters80,81 (despite the fact that it needs refinement to be useful more broadly82). Refer-

ence 31 also benchmarked a number of density functionals against complete basis set limit

of CCSD(T) reference data for n ≤ 5 and found ωB97M-V to be the most accurate. All

resulting conformers can be found in the Supplemental Material.

Figure 1: The sequential interaction energies (kcal/mol) of H+(H2O)n calculated with the
ωB97M-V functional and def2-TZVPPD basis (orange), benchmarked against the MP2 en-
ergies calculated with the aug-cc-pVTZ basis, showing good qualitative agreement.

As already discussed, there are three main existing sets of conformer searches on pro-

tonated water clusters.39,41 Therefore, when available, the geometries of lowest energy con-

formers of these previous studies were also refined using the same computational protocol

discussed above. Both the “KJ” and “ASP” structures from reference 39 are included in

this comparison. Since the geometries from reference 41 are not available, only topological

comparisons and comparisons relative to the KJ and ASP energies can be made. Geometries
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of the lowest energy structures of the neutral water clusters were obtained from reference

40, and we have re-evaluated the structures and relative energies at the same level of theory

as we employ for the protonated clusters.

Multiple measures of the stability of a particular cluster size, H+(H2O)n , relative to other

cluster sizes (i.e., the degree of “magic”), have been proposed. The sequential interaction

energy, Es(n), is given by

Es(n) = EI(n)− EI(n− 1), (3)

where the interaction energy, EI(n), is defined as

EI(n) = E(n)−
n∑

i=1

Ei, (4)

where Ei are the energies of the relaxed isolated monomers of the cluster (with hydronium

being considered a cluster). We see that Es(n) measures the increment in binding energy due

to addition of the nth water molecule: if this is large and negative there is special stability.

The second-order difference energy is given by

∆2E(n) = 2E(n)− E(n− 1)− E(n+ 1) (5)

By contrast with the sequential interaction energy, ∆2E(n) assesses twice the interaction

energy of the n-mer against the sum of interaction energies of the (n− 1) and (n+ 1)-mers.

Such a double comparison makes particularly stable clusters more evident as negative-going

peaks in plots of ∆2E(n) vs n.

The many-body expansion (MBE) has been widely used to understand cooperative effects

in systems such as water clusters.83–88 The effective 2-body interaction energy,89 ∆Eeff
AB,

between 2 tagged molecules in a complex n-body system has been recently defined such that

the MBE terminates exactly at the 2-body term, rather than the n-body term. In other
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words:

Etot =
n∑
i

Ei +
n∑

i<j

∆Eeff
ij (6)

To P -th order in the MBE, ∆Eeff
AB may be evaluated as:

∆Eeff
AB(P ) =

P∑
p=2

2

p(p− 1)

∑
k1<k2<...<k(p−2) ̸=A,B

∆EABk1k2···k(p−2)
(7)

where ∆EABk1k2···k(p−2)
is the conventional P -th order many-body interaction energy.89 ∆Eeff

AB(P )

can be used to examine the pairwise interaction of any two bodies within the system, taking

the cooperativity of the full system into account. In this work P = 4 is used, using the

recursion formula given by equation 13 in reference 89. This means the interaction energies

up to four-bodies are exact, with the remaining p > 4 n-body interaction energies slightly

overestimated (∼0.1 kJ/mol per interaction; see reference 89 for full details and benchmark-

ing of errors). The full set of effective 2-body interactions defines the environment-dependent

values of each hydronium-water interaction in each cluster, whose distribution can then be

compared and contrasted against the corresponding distribution of water-water interaction

energies.

Experimental Results

The mass spectra of water clusters at various nozzle-to-ionization distances (expansion dis-

tances) of 2, 6, 10, 15, 20, 25, and 30 mm were recorded with the range of ionization photon

energy from 11.0, 11.3, 11.5, 11.7, 12.0, 12.5, 13.0 and 13.5 eV. The most important results

are presented in Figure 2 and summarized in Figure S1. At the shortest nozzle to ioniza-

tion distances (2 and 6 mm), strong intensity at H+(H2O)14 is observed together with the

typically observed “magic number” at H+(H2O)21 which dominates at higher photon energy

and longer nozzle to ionization distance. Beyond 14, and 21, there are other cluster sizes

which also deviate from linearity in their mass spectral intensity, particularly above the 12.0

13



Figure 2: The intensity distribution of protonated water clusters H+(H2O)n as a function
of photon energy at (a) 2-mm and (b) 6-mm expansion distance before ionization; and as
a function of expansion distance before ionization at (c) 11.5 and (d) 13.0 eV. The gray
thick lines are the data extracted from the results of Belau et al.21 performed on a skimmed
molecular beam. The highlighted dots of each spectrum indicate the magic numbers n = 14.
See Fig. S1 for a full presentation of all data.
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Figure 3: Photoionization intensity curves measured for water monomer and protonated
water clusters (H+(H2O)n n = 0 to 5) at four different nozzle to ionization distances (2, 6,
10 and 15 mm). The dip in the spectra around 11.9 eV is due to absorption of an argon
resonance from the gas filter used to remove higher harmonic radiation from the synchrotron.
See Fig. S2 for a full list from n = 0 to 21.
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eV ionization energy threshold. n = 11 is particularly prominent, while to a lesser extent,

enhancement is also seen for n = 16 and n = 19. This can be seen directly in Figure 2.

Here the intensities of the mass spectra between n= 7 to n=22, are displayed as a function

of nozzle to ionization distance (2, 6, 10, and 15 mm). Overall, while n = 21 and n = 14

dominates as a magic number, n = 11, 16 and 19 also show enhanced stability. The overall

mass spectra shows an envelope up to n = 60, with intensities rapidly decreasing after 10

mm ionization distance. In comparison, the reference curves in Figure 2(c) and (d) are from

the results of Belau et al.21 where ionization was performed after the skimmer, and corrob-

orates that with the nozzle to ionization distance of 20 mm, only the n = 21 magic number

dominates.

Our recent study of the growth of methanol clusters using the same experimental scheme

will guide our explanation of the trends observed here.55 The cluster distributions and pho-

toionization intensity curves for methanol clusters showed that depending on the ionization

distance, either the protonated methanol trimer or the dimer was the most stable ion. Dur-

ing a supersonic expansion, most collisions happen right at the exit of the nozzle and cluster

formation occurs within 10-20 nozzle diameters.90 Closer to the exit, the density of gases is

also higher and calculations using a continuum model suggest that it drops to ∼1-2% after

20 nozzle diameters. Since we have used a 100 µm nozzle, we expect maximum clustering

to occur within 1-2 mm from the exit of the nozzle. Closer to the nozzle and above the

ionization energy (12.6 eV), water readily forms H2O
+ cation which initiates a reaction with

another water to form hydronium ion and OH radical (reaction 1). After the initial forma-

tion of hydronium ion, neutral water molecules would condense around it to form protonated

water clusters. It is also possible that the neutral clusters formed during the expansion get

ionized followed by proton transfer and fragmentation to produce protonated water clusters

(reaction 2). As the distance increases, the density diminishes for both water monomer and

clusters, and ionization of neutral clusters are more probable farther from the exit due to

the absence of ion-molecule collisions.
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This hypothesis can be confirmed by tracking the photoionization intensity curves of pro-

tonated water clusters as a function of nozzle to skimmer distance. Figure 3 displays pho-

toionization intensity curves for protonated water clusters for the monomer, and H+(H2O)n

(n = 0 to 5) for four (2, 6, 10 and 15 mm) nozzle to ionization distances. At all measured

distances, the appearance of the water monomer occurs at 12.61 eV confirming that it is

indeed the neutral water monomer that is being ionized in the expansion. The protonated

monomer at 2 mm is formed from a H2O
+ cation while it would appear that at other dis-

tances, this arises at around 11.78 eV, which sits close to the ionization of a neutral water

dimer. On examination of the AE’s for H+(H2O)n (n = 2, 3, 4), it would suggest that at

2 mm, it is indeed ion molecule collisions, between an ionized monomer with neutral water

clusters, that is giving rise to the intensity (reaction 1) while the residual signal arises from

ionization from neutral water clusters. Beyond this, all appearance energies and shape of

the photoionization intensity curve converges to ionization from neutral water clusters. Note

that the appearance energies and photoionization intensity for n = 14 and 21, the magic

numbers, show exactly the same properties as other clusters near its vicinity. Based on

this analysis, it would appear that contribution from ion induced nucleation only occurs for

protonated water clusters only up to n = 4 at 2 mm nozzle to ionization distance, or at

least is observable in our experiment. Hence the enhancement of n = 14 observed in our

experiment is not dependent on ion molecule collisions, but arises from metastable decay and

evaporation upon photoionization of neutral water clusters. As shown earlier in the mass

spectra in Figure 2(c) and (d), we compare results from photoionization of a supersonically

skimmed water cluster beam at the same ionization energies (11.5 and 13.0 eV). This cluster

distribution which shows only the magic number at 21, is a thermally equilibrated system.

In contrast, the strong presence of n = 14 in photoionization at short nozzle to ionization

distances will arise from the strongly non equilibrium conditions within a highly dynamic

collision environment. We hypothesize that the absence of n = 14 in more “traditional” ion-

ization studies arises from an annealed distribution which has frozen out in the distance it
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has traveled from the nozzle to ionization. We now turn to theory to explore the comparative

stability of n = 14 relative to other clusters, to shed light on this interesting experimental

result.

Computational Results

Conformer search

We begin with an overview of the results. Figure 4 displays the geometries of the lowest

energy conformers for each cluster size. The oxygen of the hydronium cation is colored blue

in order to assist the reader in determining its location. As the cluster size increases, so

do the number of arrangements of the hydrogen bond network, and therefore the gaps to

higher energy structures are often very small: competitive low-energy conformers (within 1

kcal/mol) are shown in Figs. S3 (n = 5 − 8), S4 (n = 8 − 11), S5 (n = 12 − 16), and S6

(n = 17 − 21). Table 1 lists the total binding energies of the lowest energy conformers of

this work, as well as the energies relative to the KJ and ASP structures39 optimized at the

same level of theory, and the number of structures that lie within 1 kcal/mol, and between

1 and 2 kcal/mol of the global minimum for each cluster size.

Energetically, all structures resulting from our conformer searches are found to be equiv-

alent to or lower in energy than the KJ and ASP structures. Energetically and topologically,

our optimized structures for n = 2, 3, 4, 7 can be considered equivalent to both of the (re-

optimized) KJ and ASP structures. Considering now only the lowest energy structure of

the KJ and ASP pair, we consider our optimized structures to be equivalent for the follow-

ing cases: n = 8 (KJ), 9 (ASP), 13 (KJ), 19 (ASP), 20 (ASP), and 21 (ASP). This leaves

the cases where our searches identified new candidates as global minima. Specifically, for

n = 5, 6, 10, 11, 12, 14, 15, 16, 17, 18 the conformers of this work were found to be lower in

energy than both the best candidates from KJ and ASP (after reoptimization).

Although no raw geometries are available for the Shi dataset41 (n = 10−17), comparisons
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Figure 4: The lowest energy conformers of the protonated water cluster, ranging in size from
n = 2 to 21. The oxygen of the hydronium ion is colored blue to ease identification.
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Table 1: The total interaction energies, EI (kcal/mol; Eq. 4) of the lowest energy
conformers optimized in this work (ZPVE correction included). The optimiza-
tion and ZPVE calculation were carried out at the ωB97X-V/def2-SVPD level
of theory, while the single point calculations were performed at the ωB97M-
V/def2-TZVPPD level. Also listed are the binding energies of the KJ and ASP
conformers relative to geometries found in the search performed in this work
(∆E(X) = E(Current search) - E(X)), after reoptimization and single point en-
ergy evaluation at the same level of theory used here (ZPVE correction included).
The last two columns report the number of conformers found within 1 kcal/mol,
and between 1 and 2 kcal/mol of the minimum energy conformers respectively.

H+(H2O)n EI [kcal/mol] ∆E(KJ) ∆E(ASP) # < 1 kcal/mol 1 < #< 2 kcal/mol
2 -34.17 -0.05 0.02 1 0
3 -54.34 0.01 0.00 1 0
4 -66.32 0.00 0.01 1 0
5 -83.07 -0.87 -0.91 3 0
6 -93.39 -1.36 -2.20 6 1
7 -103.70 -0.04 -0.04 9 5
8 -115.13 -0.02 -2.49 2 6
9 -125.02 -0.83 -0.01 5 4
10 -135.77 0.02 0.03 4 2
11 -145.67 -1.95 -0.07 6 13
12 -155.83 -1.45 -0.95 2 8
13 -165.78 0.01 -0.16 2 2
14 -175.54 -1.48 -1.51 3 2
15 -184.35 -2.57 -1.35 2 0
16 -194.98 -2.24 -0.48 2 1
17 -204.21 -1.07 -0.82 2 1
18 -214.22 -2.56 -0.04 3 0
19 -225.26 -1.38 -0.03 1 2
20 -234.38 -0.04 -0.09 4 1
21 -247.03 -0.04 -0.10 2 0

20



to this work can be made using the topologies (2D visualizations) they provide in their

supplemental material, along with the aid of their comparisons to the KJ and ASP energies

(re-optimized at their level of theory; B97-D/aug-cc-pVDZ). Based on this, for the cluster

sizes of n = 10, 14, 17, the geometries appear equivalent to the best structures we have found.

For n = 16, Shi et al. report not finding a structure lower in energy than either KJ or ASP,

whereas we find a conformer lower in energy (by 2.24 and 0.48 kcal/mol for KJ and ASP

respectively). For n = 11, Shi et al. agree with the ASP structure. For n = 12, 15, Shi et al.’s

structures are topologically different from this work. We believe our structures are optimal

at our level of theory, although we caution that global search methods cannot guarantee

optimality. Paradoxically for n = 13, Shi et al. report that their structure is 0.46 kcal/mol

lower in energy than KJ and 0.36 kcal/mol higher in energy than ASP, however with the

level of theory used in this work we find both KJ and ASP to be nearly equal in energy (a

0.17 kcal/mol difference). This likely resulted from differences in the re-optimization of the

KJ and ASP geometries. Examining the re-optimized KJ and ASP geometries of this work,

they are found to be topologically equivalent to the starting geometries. As such, we assume

Shi et al. optimized the KJ structure to a higher energy conformer. Therefore, we infer that

the n = 13 conformer optimized in this work is lower in energy than the best structure given

by Shi et al.41

General stability considerations

The general behavior of the energetics of the cluster growth can be seen in Figure 5, which

compares our new data for protonated water clusters against the corresponding pure water

clusters, as measured by interaction energy per water (EI/n), and average hydrogen bond

strength. Beginning with the protonated water clusters, the optimal structures for n ≤ 4

represent the formation of the so-called “Eigen cation”,91 H3O
+(H2O)3. The Eigen cation

corresponds to hydrogen-bonding the 3 protons of hydronium ion with one water molecule

each (see n = 4 in Figure 4). These hydrogen bonds are particularly strong,92 as large
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as 18 kcal/mol per hydrogen bond versus a water-water hydrogen bond of typically 3-5

kcal/mol. Beyond n = 4, the interaction energy per molecule weakens, as the Eigen cation

interaction energy contribution is diluted. The EI/n value appears to be on its way towards

an asymptotic value from below, with a maximum value (i.e. smallest magnitude) of ∼ −12

kcal/mol for the largest clusters considered here. Interestingly, the EI/n curve for neutral

water clusters also displays similar asymptotic behavior, albeit converging from above with

a lowest value (i.e. largest magnitude) of ∼ −8 kcal/mol at n = 21. (See reference 93 for a

more detailed analysis of neutral water clusters.) Presumably these values for the protonated

and neutral clusters will both eventually approach similar bulk water behavior. However on

the size-scale of the clusters considered here, they are distinctly different, as shown in Figure

5.

For the protonated water clusters, EI/nH−bond values show a slow approach towards

asymptotic behavior versus n in Figure 5, reaching a value of ∼ 7 kcal/mol per hydrogen

bond at n = 21. This contrasts with neutral water clusters which more rapidly approach

∼ 5 kcal/mol beyond n = 8 as shown in Figure 5. The presence of the hydronium cation

leads to strong cooperativity in the hydrogen bond network, which gradually weakens with

cluster growth. The substructure visible in EI/nH with the values of n = 7, 9, 12, 17 showing

weakened average hydrogen bond strengths does not connect to overall cluster stability

because n = 7, 9, 12, 17 have an enhanced number of hydrogen bonds compared to their

neighbors. It should also be noted that n = 21 shows no strong indication of special stability

by these two measures.

Effective pairwise interactions: hydronium-water vs water-water

In order to examine the origins of the interaction energies in the cluster, the fourth-order

effective 2-body interaction energies (as defined in reference 89) are used to disentangle the

contributions from the hydronium-H2O interactions and the H2O-H2O interactions. Figure

6 displays this breakdown as a function of cluster size. As can be seen, the hydronium-water
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Figure 5: The interaction energy per molecule (EI/n) (top panel), and the average hydrogen
bond strength (EI/nH) (bottom panel) as functions of cluster size for neutral water and
protonated water. (ZPVE included.)
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interactions dominate until n = 16, where there is a crossover and the H2O–H2O interaction

energies begin to dominate. Additionally, the interplay between forming a strong hydrogen

bond network versus maximization of the interaction energy with the hydronium ion can be

seen as the cluster size increases; decreases in the hydronium-water interactions are mirrored

by increases in water-water interaction energy, and vice versa.

Figure 6: The sum of the effective 2-body interaction energies between the hydronium and
H2O molecules (blue), and between the H2O molecules themselves in the global minimum
structures of protonated water clusters. Note the crossover between n = 16, 17.

The size-dependent balance between hydronium-water and water-water interactions can

be explained by a set of competing factors. The first factor is that the number of pairwise

water-hydronium interactions increases linearly with cluster size, as n− 1, while the number

of pairwise interactions within the H2O network increases quadratically as 1
2
(n− 1)(n− 2).

The number of first solvent shell interactions is capped at 3 for hydronium-water, but grows

roughly linearly with n for water-water interactions. The second factor is that once the

three very strong hydronium-water hydrogen-bonds (∼ 6 times as strong as the H2O-H2O

interaction energies; see figure 7) of the Eigen cation are formed, subsequent second and

higher solvent shell water interactions with hydronium ion become weaker. Therefore beyond

n = 4, the increase in strength of interaction energy of the hydronium ion with the water

molecules grows sub-linearly with n. The third factor is that hydronium-water interaction

energies beyond the first solvent shell can remain as strong as a typical H2O–H2O hydrogen
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bond even at distances of ∼ 6− 7Å. (Figure 7.) Strong intermediate-range hydronium water

interactions reflect strong permanent (ion-dipole) electrostatics and (ion-induced dipole)

polarization while dielectric screening of the ionic charge due to intervening water molecules

is incomplete. Due to the small number of intervening molecules, this regime is far from

bulk dielectric screening. Thus while the total interaction energy between the H2O molecules

continues to increase slightly super-linearly (see Figure 6), the point where water-water and

hydronium-water interactions cross is only around n = 16, 17.

Figure 7: The effective 2-body interaction energies of hydronium-H2O (blue) and H2O-H2O
(orange) as a function of O-O distance, extracted from all cluster sizes.

Magic number considerations

Figure 8 displays the two main computational measures of special cluster stability as a

function of cluster size: the sequential interaction energies (Es; Eq. 3), and the second-order

difference energies (∆2E; Eq. 5). For Es, lower values represent higher energetic stability

towards destruction as Es measures single H2O loss. For given n, a lower Es compared to

neighboring values (e.g. n ± 1) can indicate a degree of special stability. For ∆2E, both

neighboring cluster sizes are considered, as such a cluster with a value less than zero is

on average more energetically stable than its neighbors. For protonated water clusters, Es

and ∆2E are found to agree well with one another, with indications of special energetic
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stability for cluster sizes with n = 7, 9, 12, 14, 17, 19, 21. Notably, beyond the Eigen cation

formation in the very small clusters, n = 21 is the most stable cluster size found, agreeing

with experimental findings.

We turn next to discussing the other specially stable cases identified above, and first

note that the effects are generally subtle. The n = 7 cluster gains stability because it is the

first cage closing, gaining some advantage over the open structure of n = 6 (see Figure 4).

The lowest energy conformers of n = 9, 12, 14, 16 exhibit a characteristic structural feature

wherein one of the H2O molecules involved in the Eigen cation also acts as a hydrogen

bond acceptor to an additional H2O, as illustrated in Figure 9 (an “Eigen-aceptor”). The

Eigen acceptor motif significantly weakens the affected hydronium-H2O interaction (∼ 24

kcal/mol compared to the average hydronium-H2O hydrogen bond of ∼ 28 kcal/mol). This

indicates that the destabilization of the Eigen cation must be compensated for in a stronger

water-water hydrogen bond network.

As one approaches bulk mixture, the hydronium ions will become fully solvated. Although

there is no evidence for a non-surface hydronium ion in the lowest energy conformers for

n = 2 − 22, these Eigen-acceptors may indicate a path to solvation. As the hydrogen

bond network of the H2O molecules becomes increasingly dominant, it may become more

advantageous energetically to form these Eigen-acceptors (up to three per Eigen cation),

even to the detriment of the stability of the Eigen cation itself.

Returning to the cluster stability question, the case of n = 14 can be explained by the

fact that n = 15 represents the most unstable cluster in the hydronium dominated region

(and second most unstable overall). This may contribute to the experimental observation of

enhanced n = 14 signal. Cluster sizes of n = 17, 19, 21 appear to show special stability and

also contain a fully coordinated (“core”) H2O (i.e. with 4 hydrogen bonds). However, as

for the Eigen acceptor, it is unclear if this is the cause of the stability. The lowest energy

conformer at n = 16 does not contain a core H2O, yet has an Es comparable to n = 17,

and a slightly negative ∆2E. Additionally, while n = 18 lacks a fully coordinated water and
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Figure 8: Calculated measures of “magic” of the lowest energy conformers of protonated
water clusters. The upper panel shows the the sequential interaction energies, Es (see Eq.
3), while the lower panel shows the second order difference energies, ∆2E (see Eq. 5). All
plotted values include ZPVE.
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Figure 9: An illustration of the “Eigen-acceptor” hydrogen bond found in the lowest energy
conformers of n = 9, 12, 14 and 16. This configuration destabilizes the hydronium-H2O hy-
drogen bond by approximately 5 kcal/mol. This destabilization is compensated for elsewhere
in the hydrogen bond network.

shows a high Es and very positive ∆2E, n = 20 has a core water and shows the highest Es

and most positive ∆2E of the full cluster size set.

Interestingly, as shown in Figure 10, this behavior of alternating core/non-core structures

is observed in neutral water clusters, also beginning at n = 17; with the lowest energy

conformers of n = 18, 20, and 24 not containing core H2O.93 Likewise, the fluctuations in

Es and ∆2E are more extreme across all cluster sizes for neutral water, whereas the extreme

fluctuations for the protonated water clusters occur only beyond n = 16. This tendency for

the larger protonated water clusters to mirror the neutral water cluster behavior is expected,

given the crossover from hydronium dominated to H2O dominated interaction energies as

shown previously in Figure 6.

Conclusions

Our combined experimental and theoretical study of protonated water clusters provides

insight into the interactions of the hydronium ion with the hydrogen bond network, and how

this evolves as a function of size. Our main results and conclusions can be summarized as

follows:
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Figure 10: Top panel: The Es of neutral water clusters (orange) compared to the Es of
protonated water clusters (blue). Bottom panel: The ∆2E of neutral water clusters (orange)
compared to the ∆2E of protonated water clusters (blue). (ZPVE included.)
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1. The experimental results show unequivocally that apart from H+(H2O)21, a new magic

number of H+(H2O)14 is clearly observed especially at lower photon energies and shorter

nozzle to ionization distances.

2. We have performed a careful computational search for the most stable conformer of

protonated water clusters from n = 2 to n = 22, using metadynamics methods followed

by refinement with DFT methods that are quite accurate for hydrogen-bonded systems.

To the best of our knowledge, we have presented new lower energy structures for

n = 5, 6, 11, 12, 16, 18. Our energies are ZPVE corrected, to represent zero temperature

binding enthalpies.

3. Consistent with previous work, computational measures of cluster stability suggest

that the n = 21 protonated cluster is particularly stable. Interestingly, the n = 14

cluster that is prominent experimentally emerges as stabilized relative to its neighbors

at n = 13 and n = 15 as measured by its computed second order stabilization energy,

which may contribute to its experimental observation. Other clusters with indications

of special stability include n = 12, 19.

4. The computational results for protonated water clusters were analyzed in terms of

effective two-body interactions which sum exactly to the total interaction energy. This

analysis reveals a cross-over as a function of cluster size between a water-hydronium

dominated regime for small clusters and a water-water dominated regime for larger

clusters around n = 17. In the latter regime, protonated water clusters are similar to

neutral water clusters with structure and energetics being dominated by the hydrogen

bonding network.

5. The experimental observation of a prominent peak for n = 14, while qualitatively

consistent with the computational calculations, cannot be attributed solely to special

stability (e.g. n = 19 looks equally compelling). Rather, the different non-equilibrium
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cluster distributions sampled by varying photon energies and nozzle distances are also

clearly critical.
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probed by pickup experiments. J. Chem. Phys. 2016, 145, 104304.

(25) Golan, A.; Ahmed, M. Ionization of water clusters mediated by exciton energy transfer

from argon clusters. J. Phys. Chem. Lett. 2012, 3, 458–462.

(26) 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.

(27) Kochanski, E.; Kelterbaum, R.; Klein, S.; Rohmer, M.; Rahmouni, A. Decades of

theoretical work on protonated hydrates. In Adv. Quantum Chem.; Elsevier, 1997;

Vol. 28; pp 273–291.

(28) Chang, H.-C.; Wu, C.-C.; Kuo, J.-L. Recent advances in understanding the structures

of medium-sized protonated water clusters. Int. Rev. Phys. Chem. 2005, 24, 553–578.

34



(29) Shi, R.; Huang, X.; Su, Y.; Lu, H.-G.; Li, S.-D.; Tang, L.; Zhao, J. Which density

functional should be used to describe protonated water clusters? J. Phys. Chem. A

2017, 121, 3117–3127.

(30) Heindel, J. P.; Yu, Q.; Bowman, J. M.; Xantheas, S. S. Benchmark electronic structure

calculations for H3O+ (H2O) n, n= 0–5, clusters and tests of an existing 1, 2, 3-body

potential energy surface with a new 4-body correction. J. Chem. Theory Comput. 2018,

14, 4553–4566.

(31) Egan, C. K.; Paesani, F. Assessing many-body effects of water self-ions. II: H3O+

(H2O) n clusters. J. Chem. Theory Comput. 2019, 15, 4816–4833.

(32) Kulig, W.; Agmon, N. Deciphering the infrared spectrum of the protonated water

pentamer and the hybrid Eigen–Zundel cation. Phys. Chem. Chem. Phys. 2014, 16,

4933–4941.

(33) Fagiani, M. R.; Knorke, H.; Esser, T. K.; Heine, N.; Wolke, C. T.; Gewinner, S.;
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forth, S. E.; Jungwirth, P. Chasing charge localization and chemical reactivity following

photoionization in liquid water. J. Chem. Phys. 2011, 135, 224510.
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(86) Góra, U.; Podeszwa, R.; Cencek, W.; Szalewicz, K. Interaction energies of large clusters

from many-body expansion. J. Chem. Phys. 2011, 135, 224102.

(87) Cobar, E. A.; Horn, P. R.; Bergman, R. G.; Head-Gordon, M. Examination of the

hydrogen-bonding networks in small water clusters (n=2-5, 13, 17) using absolutely

41



localized molecular orbital energy decomposition analysis. Phys. Chem. Chem. Phys.

2012, 14, 15328–15339.

(88) Heindel, J. P.; Xantheas, S. S. The Many-Body Expansion for Aqueous Systems Revis-

ited: I. Water-Water Interactions. J. Chem. Theory Comput. 2020, 16, 6843–6855.

(89) Mackie, C. J.; Zech, A.; Head-Gordon, M. Effective Two-Body Interactions. J. Phys.

Chem. A 2021, 125, 7750–7758.

(90) Miller, D. R. Free jet sources. In Atomic and molecular beam methods (Volume 1);

Scoles, G., Ed.; Oxford University Press, Oxford, 1988; Chapter 2, pp 14–53.

(91) Eigen, M.; De Maeyer, L. Self-dissociation and protonic charge transport in water and

ice. Proc. Roy. Soc. London A 1958, 247, 505–533.

(92) Parthasarathi, R.; Subramanian, V.; Sathyamurthy, N. Hydrogen bonding in proto-

nated water clusters: an atoms-in-molecules perspective. J. Phys. Chem. A 2007, 111,

13287–13290.

(93) Liu, X.; Lu, W.-C.; Wang, C.; Ho, K. Energetic and fragmentation stability of water

clusters (H2O) n, n= 2–30. Chem. Phys. Lett. 2011, 508, 270–275.

42



TOC Graphic

43




