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ABSTRACT 

Electron attachment onto water clusters to form water cluster anions is studied by varying the 

point of electron attachment along a molecular beam axis and probing the produced cluster 

anions using photoelectron spectroscopy. The results show that the point of electron 

attachment has a clear effect on the final distribution of isomers for a cluster containing 78 

water molecules, with isomer I formed preferentially near the start of the expansion and 

isomer II formed preferentially once the molecular beam has progressed for several 

millimetres. These changes can be accounted for by the cluster growth rate along the beam. 

Near the start of the expansion, cluster growth is proceeding rapidly with condensing water 

molecules solvating the electron, while further along the expansion, the growth has 

terminated and electrons are attached to large and cold preformed clusters, leading to the 

isomer associated with a loosely bound surface state. 
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Low energy electron attachment to water leads to the formation of hydrated electrons, 

in which the excess electron is solvated much like an anion. From a fundamental chemical 

physics perspective, the hydrated electron represents an archetypical quantum solute. More 

generally, hydrated electrons are ubiquitous and have been extensively studied because of the 

important chemical roles they play in many branches of science including: radiation 

chemistry and biology; astrochemistry and atmospheric chemistry; water remediation; 

nuclear chemistry; electron transfer chemistry; and plasma chemistry, biology and 

medicine.1–6 While generally considered as a bulk solute, many of the roles of the hydrated 

electron are in fact associated with interfacial processes, but much less is known about the 

structure, let alone the reactivity, of excess electrons at aqueous interfaces.7–16 

To gain a fundamental understanding of electron solvation in water, isolated water 

cluster anions, (H2O)n
−, have received much attention from both experiment7,17–23 and 

theory.9,24–29 In these, the excess electron can adopt a number of binding motifs. For small 

clusters (n < 11), the electron’s density is external to the cluster and IR action spectroscopy 

has determined the structure of many of these.19,20 The key feature in these is the presence of 

a water molecule that points both its H atoms towards the electron cloud (so-called AA-

binding), and this motif remains evident for n ≲ 20.19 However, also in this range, different 

isomers of the clusters were observed using photoelectron (PE) spectroscopy. Specifically, 

distinct isomers (isomers I, II and III) could be identified by their different vertical 

detachment energy (VDE).7,22,23 A recent computational study has assigned a specific binding 

to two of these isomers (I and II); isomer I is associated with the AA-motif, while isomer II 

has a surface state with single H-atoms from a number of water molecules binding the excess 

electron.29 

For larger clusters (n ≳ 50), two dominant classes of isomers were also observed and 

with similar labels (isomer I and II).7 Extrapolation of the VDE of isomer I to infinite cluster 
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size yields a value of ~ 3.2 eV,7,22 which is consistent with the VDE for the bulk hydrated 

electron.30 A similar extrapolation for isomer II yields a much lower VDE of ~ 1.6 eV.7 

Isomer II has its excess electron predominantly localised external to the cluster, while 

isomer I, which has sub-populations of isomers (Ia and Ib),22 has its electron bound more 

tightly with several water molecules around the electron-density. These have been assigned 

convincingly using electronic structure calculations.25 For the large clusters (n ≳ 50), both 

isomer classes can exist depending on the conditions under which they were generated.7 The 

production of isomer II over isomer I could be achieved by increasing the stagnation pressure 

of the supersonic expansion used to generate the clusters. Such an increase is associated with 

the formation of “colder” clusters. It was inferred, and later verified, that isomer II is 

metastable with respect to isomer I with a free energy barrier separating the two.22,31 Hence, 

under cold cluster conditions, it was suggested that there is insufficient energy to overcome 

the isomerisation barrier following electron attachment, thus leading to an enhancement of 

isomer II. However, no further insight into the formation of the different isomers could be 

gleaned. While the temperature of the cluster to which the electron attaches is important, 

during a supersonic expansion, nucleation to form the clusters is also progressing. Nucleation 

occurs along the molecular beam through collisions, which are most prevalent at the start of 

the expansion. Hence, the cluster growth rate (and therefore size) is a function of the distance 

from the orifice of the expansion.32,33 To explore the importance of nucleation on the 

formation of different isomers of (H2O)n
−, we present experiments in which the location of 

electron attachment is varied along the axis of a supersonic expansion of water vapour seed 

gas in an Ar buffer gas that is maintained at a constant pressure. Using PE spectroscopy, we 

probe how different binding motifs arise upon the addition of an electron to a water cluster at 

different nucleation stages. 
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The experiment has been described previously.34–36 The key elements of the 

experiment are shown in Figure 1(a), with a specific focus on the relevant parts for the 

current application. Water clusters were produced in a supersonic expansion of the vapour 

pressure of D2O seeded in Ar carrier gas (1.5 bar) that was generated using a pulsed valve 

(150 µm orifice) held at a temperature of 318 K, operating at 10 Hz and expanded into a 

vacuum chamber where its operating pressure is at ∼ 10−5 mbar. D2O was used instead of 

H2O because it was previously noted that isomer II could be more readily formed in clusters 

of the former,7 but we have observed similar results using H2O. The supersonic expansion 

was crossed by a focussed electron beam (300 eV). The primary electron beam 

predominantly ionises Ar atoms in the expansion, ultimately leading to a plasma with 

relatively low energy electrons. These secondary electrons attach onto water clusters to form 

(D2O)n
−. The electron beam was focussed to a beam diameter of < 1 mm, ensuring spatial 

control of the attachment.36 Note, however, that the ensuing plasma propagates along the 

molecular beam, which can be visualised by the asymmetric luminescence of the plasma.36 

An ion packet with a given m/z was selected from the broad (D2O)n
− distribution using an 

orthogonal Wiley-McLaren time-of-flight spectrometer.18 At the focus of the mass-

spectrometer (after a field-free flight of ~ 1.2 m) a mass-selected (D2O)n
− cluster ion packet 

was photodetached by a nanosecond light pulse from an Nd:YAG-pumped OPO operating at 

425 nm. The resulting ejected PE were extracted perpendicularly using a velocity map 

imaging (VMI) spectrometer,37 which records the PE velocity vectors in laboratory frame. 

The PE spectra were reconstructed from the raw images using the polar onion-peeling 

algorithm38 and the VMI spectrometer’s electron kinetic energy (eKE) scale was calibrated 

using the well-known atomic spectrum of I−. The VMI spectrometer had a spectral resolution 

∆eKE/eKE < 3%.36 
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Figure 1: (a) Schematic of the experimental setup; (b) PE spectrum of (H2O)78
− with peaks 

assigned to internally solvated and surface-localised electron isomers are labelled as I and II, 

respectively. The black dashed lines represent the VDE value of each isomer. 

 

 

A typical PE spectrum of (D2O)78
− is shown in Figure 1(b). The spectrum is broad and 

shows a bimodal distribution with two broad peaks labelled I and II. The PE spectra has been 

fitted using the known spectral profiles.17,18 The peak labelled I has a VDE = 1.95 eV and that 

labelled II has a VDE = 1.10 eV: both are consistent with the VDE for this size measured 

previously.7 For Figure 1(b), the supersonic expansion conditions (pressure and valve 

temperature) were optimised to produce roughly equal amounts of both isomers (assuming 

similar detachment cross-sections). 

In order to select the location of the electron attachment during the cluster formation, 

the pulsed valve was mounted on a linear translator that allows us to move the valve along 
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the expansion propagation axis (Figure 1(a)). By changing the distance, d, between the valve 

and the (fixed) electron gun beam, the location of where the electron beam crosses the 

supersonic expansion could be controlled. Note that, given the molecular beam was pulsed, 

specific care was taken to ensure that the same part of the molecular beam was extracted by 

the time-of-flight optics following a calibration of the delay between the valve opening and 

time-of-flight extraction. 

Figure 2: (a) PE spectra of (D2O)78
− following electron attachment at d ∼ 0.5 mm (red) and at 

d ∼ 5.5 mm (blue), where d is the distance between the valve nozzle and the electron 
attachment point; (b) 2D representation of the (D2O)78

− PE spectra as the function of d. PE 
spectra are normalised to total signal intensity. The black dashed lines represent the VDE 
position of the isomers I and II. 

 

 

Figure 2 shows a series of PE spectra of (D2O)78
− recorded as a function of d. Clear 

changes are observed in the relative intensity of the two peaks as d changes. For electron 

attachment near the start of the expansion, the dominant contribution to the PE spectrum is 
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from the higher binding isomer (isomer I), while the lower binding isomer (isomer II) is the 

minor component. A representative PE spectrum (slice at d ~ 0.5 mm) is shown in 

Figure 2(a). As the distance is increased, the relative contributions gradually change as 

isomer II begins to contribute more and eventually dominates. After d ~ 4 mm, no further 

changes are observed and the “asymptotic” PE spectrum (at d ~ 5.5 mm) is shown in 

Figure 2(a). We note that we have observed similar control over isomeric distributions as a 

function of d for other cluster sizes between n ~ 50 – 100 including for (H2O)n
− clusters. 

However, we have not performed a similarly detailed analysis for these. 

 

Figure 3: Relative contributions of isomers I and II as the function of the distance, d, between 
the pulsed valve nozzle and the electron attachment point. 

 

 

To analyse the variation of the isomeric distribution with d, we have calculated the 

relative contributions RI = II / (II + III) and RII = III / (II + III), where Ii is the integrated PE 

signal of isomer i, by fitting the PE spectra using the known profiles.17,18 The results of such 

an analysis are shown in Figure 3. The graph represents the variation of the relative 

contribution of the two isomers to the total ion packet as a function of d and clearly indicates 

that these relative contributions change rapidly over the first 4 mm before reaching an 

asymptotic distribution. For electron attachment at the start of the expansion (i.e. small d), the 
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majority of the (D2O)78
− ion packet is isomer I; for electron attachment at large d, isomer II 

dominates with an asymptotic ratio of ~ 60 %. It is difficult to quantify the dominance of 

isomer I at small d because of the finite width of the electron beam and the fact that the 

plasma propagates along the beam axis for a short distance. Hence, the RI values at very small 

d are likely to be under estimated. 

The population inversion of isomers I and II as a function of d shown in Figures 2 and 

3 clearly demonstrates that electron solvation in the water cluster is strongly influenced by 

the location of the electron attachment in the expansion. In molecular beam expansions, the 

cluster growth rate and internal temperature depend sensitively on the distance from the 

orifice (usually defined as a scaled distance relative to the orifice size), if other parameters 

such as the backing pressure, the source temperature, the carrier gas and the nozzle diameter 

are held constant.32,33 The primary step in the cluster growth is the condensation of monomers 

to form dimers through “2+1” body collisions: two D2O molecules combine to form the 

energised dimer (D2O)2
*, which may then either dissociate or undergo a collision with a third 

body (Ar in the present case) that quenches the excess energy to form the stable dimer 

(D2O)2.32 Additional monomers can condense onto the dimer or dimers can condense onto 

each other in similar collision processes, ultimately leading to the growth of the cluster. 

Collision with the carrier gas leads to cooling; the carrier gas effectively acts as a refrigerant 

for the clusters. Hence, cluster growth at the early stages of the expansion is a balance 

between growth, which involves the increase of internal energy (temperature) of the (D2O)n 

cluster, and cooling by collisions with Ar or evaporation of monomers. The transition 

between the free jet expansion and the molecular beam happens when no further collisions 

occur. This transition takes place when the terminal Mach number, ℳT, is reached.39–41 For a 

seeded beam with low concentration of the seed gas, the behaviour of the expansion is 

effectively determined by the carrier gas. For an Ar expansion and assuming ideal gas 
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behaviour, it has been shown that ℳT = 1.17(21/2σρ0D)0.4, where σ is the collision cross 

section, ρ0 the Ar density in the source reservoir, and D the nozzle diameter.41 Under the 

current experimental conditions, ℳT is reached at a distance d = 4.3 mm.40 Beyond this, we 

may expect that the cluster growth has terminated and the internal cluster temperature no 

longer changes. Although this analysis is rather crude, it does show remarkable agreement 

with the observed convergence to the “asymptotic” isomer distributions. We refrain from 

commenting on the internal temperature of the cluster as this is difficult to quantitatively 

predict, especially for clusters with many degrees of vibrational freedom. 

With reference to Figure 4(a), the following picture of electron attachment emerges. 

When an electron is attached near the start of the expansion (i.e. small d), it is likely to be 

onto relatively small clusters, (D2O)n≪78
−. Although such clusters generally have their 

electron localised on the surface,19,20 when additional water molecules (or small clusters) 

condense onto the (D2O)n≪78
− cluster, they are likely to attach near the electron site of the 

initial (D2O)n≪78
− cluster because of the stronger electron-dipole than dipole-dipole 

interactions. Furthermore, condensation increases the internal energy of the cluster, which 

enables isomerisation. Hence, for small d, one may anticipate that the formation of isomer I is 

favoured. For large d, nucleation has terminated and the electron is attached to a cold 

preformed (D2O)78
− cluster. As schematically shown in Figure 4(b), the electron attaches to 

the surface of the cluster and, if there is insufficient internal energy to isomerise, it will 

remain there leading to a relative increase in isomer II. Although our results do not probe the 

electron binding motif directly, they indirectly support the idea that isomer I is associated 

with a more internalised electron distribution (embryonic hydrated electron) and isomer II 

with a surface-bound electron. 
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Figure 4: Schematic of electron attachment process at: (a) start of the expansion where the 
electron attaches to small clusters which subsequently grows with the condensation of 
additional water monomers and clusters; (b) the late stages of the expansion where the 
electron attaches to a cold preformed large cluster which does not have enough energy to 
isomerise. Argon atoms are omitted for simplicity. 

 

 

The cluster-growth model for electron attachment presented here is closely linked to 

that suggested by Neumark and coworkers7 in which formation of each isomer depends on 

the initial temperature of the cluster that was determined by the stagnation pressure. In their 

experiment, the point of electron attachment was fixed at d ~ 7 mm and the backing pressure 

of Ar increased to preferentially form isomer II over I. Higher pressure leads to faster cluster 

growth rates and more rapid cooling. This, in combination with the large d enabled the 

observation of isomer II, where the cluster growth has essentially terminated. In 

computational work, only the temperature effect has so far been considered and how this 

leads to the formation of different isomers. Our work suggests that the condensation of water 

molecules on small (H2O)n
− clusters should also be considered. 
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In conclusion, we have shown that the location of electron attachment in a molecular 

beam expansion of water vapour in Ar carrier gas strongly influences the final electron 

solvation motif of an electron on a (D2O)n
− cluster (with n = 78). The results imply that, in 

addition to the temperature of the cluster, the clustering dynamics occurring at the early 

stages of a supersonic expansion are an important factor in determining the solvation motif. 

The metastable isomer II cluster can be formed preferentially under cold (high carrier gas 

pressure) conditions and with electron attachment downstream from the supersonic 

expansion. The effect of condensation of water molecules on the final binding motif of 

(H2O)n
− clusters may have important consequences on the likelihood of finding surface bound 

(isomer II) clusters in certain environments such as on interstellar ices or in the atmosphere. 
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