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We investigate the electron ionization of clusters generated in mixed Ar-water expansions. The
electron energy dependent ion yields reveal the neutral cluster composition and structure: water
clusters fully covered with the Ar solvation shell are formed under certain expansion conditions.
The argon atoms shield the embedded (H2O)n clusters resulting in the ionization threshold above
≈15 eV for all fragments. The argon atoms also mediate more complex reactions in the clusters: e.g.,
the charge transfer between Ar+ and water occurs above the threshold; at higher electron energies
above ∼28 eV, an excitonic transfer process between Ar+* and water opens leading to new products
ArnH+ and (H2O)nH+. On the other hand, the excitonic transfer from the neutral Ar* state at lower
energies is not observed although this resonant process was demonstrated previously in a photoion-
ization experiment. Doubly charged fragments (H2O)nH2+

2 and (H2O)2+
n ions are observed and In-

termolecular Coulomb decay (ICD) processes are invoked to explain their thresholds. The Coulomb
explosion of the doubly charged cluster formed within the ICD process is prevented by the stabiliza-
tion effect of the argon solvent. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4834715]

I. INTRODUCTION

Ionization of liquid water and subsequent dynamical pro-
cesses belong to the basic processes of radiation chemistry.1, 2

Isolated water molecule ionizes at 12.6 eV upon the ejection
of the 1b1 (HOMO) electron. The ionization threshold lowers
upon complexation,3–5 being shifted by ≈2 eV in liquid
water.6 It is generally accepted that upon the ionization of the
water HOMO orbital, a proton is transferred into a neighbour-
ing water unit, forming hydronium cation and OH radical

H2O+ + H2O → H3O+ + OH (1)

with the estimated lifetime of the H2O+ radical to be less
than 40 fs.7 The process (1) has almost 100% efficiency and
the energy released during this process amounts to about
1 eV,8 well above the binding energy of the OH radical to the
hydronium cation. As a result, the threshold photoionization
of water clusters leads almost exclusively to a formation
of the H+(H2O)n fragments. These products are formed
independently of the ionization method, i.e., both upon the
photoionization and electron ionization.9

The ionization reaction can be realized in the “inert
solvent,” e.g., the experiment can be performed in mixed
water-argon clusters. Under these conditions, even the non-
protonated cations (H2O)+n are observed. Recently, the in-
frared spectrum of the size-selected water clusters have been
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recorded using the argon tagging experiment, showing that
the non-protonated clusters have a structure H3O+···OH, that
means that the proton transfer still takes place.10, 11 The excess
energy formed within the reaction (1) is taken away by the
evaporation of the inert solvent atoms.12 Similarly, the non-
protonated clusters of water and more complex systems have
been observed in electron impact studies including argon13–15

and helium solvents.16, 17

Golan and Ahmed18 have recently pointed out that the
role of the argon atoms in the photoionization of water clus-
ters is more significant than just acting as a thermal bath. Ac-
cording to their study of mixed argon/water clusters exposed
to a tunable VUV radiation, the ionization starts with the ar-
gon excitation. The energy is then transferred from the ar-
gon atom into the water cluster, which is ionized. The excess
energy is removed from the system by previously mentioned
solvent evaporation. The mediator role of argon atom in the
ionization process is in many aspects remarkable. The reac-
tion between the excited argon atom and water cluster can be
viewed as the Penning ionization in the condensed phase.19, 20

Alternatively, it bears some resemblance with the recently
identified Intermolecular Coulomb Decay (ICD), where the
energy released in the de-excitation of one molecular unit
is used to ionize a neighbouring water unit.21, 22 As the en-
ergy transfer processes in the condensed phase are so far un-
derstood rather incompletely, the mixed argon-water system
appears to be a good case for a detailed study.

The electron ionization used in this work is in several
respects different from the photoionization. First, the cross
section for e−+Ar scattering is higher than the photoabsorp-
tion cross section at similar energies and it can be expected
that only the surface argon atoms are excited/ionized by
electrons. Second, the nature of the electron interaction is

0021-9606/2013/139(21)/214308/7/$30.00 © 2013 AIP Publishing LLC139, 214308-1
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different, which results into population of excited states
forbidden for photonic transitions or energy shifts due to
incoming-outgoing electron interaction. The relatively large
energy range of the electron beam in our study allows to
investigate processes going beyond the excitation/ionization
of the valence electrons. The ejection of lower-lying electrons
opens new reaction pathways in the ionized water clusters as
was demonstrated, e.g., in our recent ab initio simulations.8

Below we present our observation on the argon mediated
electron ionization of the water clusters which also revealed
the structure of argon-water clusters. We further address the
following questions: (1) Is the exciton transfer ionization
observed upon the electron excitation of argon clusters? (2)
What are the products of the ionization mediated by the
ionized argon atoms? (3) Do the ICD-type processes enhance
the ion formation at higher electron energies?

II. EXPERIMENT

The experiments were conducted on the CLUB (CLUster
Beam) apparatus described in detail elsewhere,23 which has
recently been extended with a new reflectron time-of-flight
mass spectrometer (RTOF).24–26 The clusters were produced
in an expansion of mixture of deionized water and Ar (Messer
4.5) into vacuum. The resulting molecular beam was skimmed
∼25 mm downstream the nozzle and passed ∼90 cm flight
path through two differentially pumped chambers into the de-
tection chamber hosting the RTOF. The RTOF mounted or-
thogonally to the molecular beam was custom built on the
basis of our specifications.26 The spectrometer provides the
option to also measure the energy dependence of the mass
spectra in the range 5–90 eV. The electron energy resolution
was ≈0.7 eV FWHM. The energy dependent ion yields near
threshold were fitted by a power function to obtain the value
of appearance energy for particular ions. We used the proce-
dure of Matejčik27 to increase the precision of the obtained
values.

In our study, we have exploited a variety of expan-
sion conditions corresponding to different clustering regimes
which are summarized in Table I. Here, we focus mainly on
the clusters formed in the expansion conditions no. 7 close to
that in the photoionization study in Ref. 18. The clusters gen-
erated under these conditions have the structure of Ar coated
water clusters as we argue below.

The structure, composition, and size of the mixed
clusters generated in the supersonic expansions cannot be
determined unambiguously from the mass spectrometric
experiments. However, mean cluster size estimates based on
semi-empirical formulas can be made for pure expansions.
The mean cluster size of Arn and (H2O)n clusters can be
obtained using the Hagena’s scaling laws28–31

n̄ = K ·
(

�∗

1000

)ζ

, �∗ = p0[mbar] · de[μm]0.85

T0[K]2.2875
· A,

(2)
where A = 1646 for Ar, and K = 38.4 and ζ = 1.64 were
determined from diffractive He atom scattering on large Arn

clusters.31 The equivalent nozzle diameter de = k × d
tan(α/2) is

given by the nozzle throat diameter d and its opening angle α

(α = 30◦, and k = 0.736 for Ar).
For the pure water vapour expansions, similar relations

have been derived from sodium pickup experiments in the
Buck’s group using our present water cluster source32

�∗ = n0 · d
q
e · T

q−3
0

Kch

, (3)

where the characteristic constant Kch = r
q−3
ch T

q−3
ch for H2O

derives from the molecular parameters rch = 3.19 Å, and
Tch = 5684 K. The stagnation pressure p0 and gas density
n0 can be connected through ideal gas law. The parameters
K = 11.6, ζ = 1.886 (Eq. (2)) and q = 0.634 (and k = 0.933
for de for H2O) were determined from fitting the measured
size distributions of large (H2O)n clusters.32

The mean cluster sizes calculated according to the above
equations are summarized in Table I for the present expansion
conditions. For pure water expansions no. 1 and 2 Eq. (3) is
used, while for mixed expansions with more than 98% of Ar-
content we report the mean Arn cluster sizes which would be
generated in pure Ar expansions according to Eq. (2). For He
expansions, no sizes are reported; pure He does not cluster un-
der these conditions, yet large (H2O)n clusters were generated
in these expansions judging by the (H2O)H+

k ionic fragments.
It ought to be stressed that the semi-empirical rules have

been proved experimentally for expansions of pure gasses
only, and admixture of even a small percentage of another
gas can change the conditions significantly. By the way of
example, pure (HBr)n clusters were predominantly generated
when even less than 5% of HBr was added in Ar expansion

TABLE I. The expansion conditions exploited in present work. The mean neutral cluster sizes n̄ correspond to
estimates made for pure H2O or Ar expansions as outlined in the text. Note that the mixed expansions are further
discussed in the text.

Reservoir/nozzle Nozzle Stagnation Concentration
temperature diameter pressure H2O in Ar

No.: Gas TR/T0 (K) d (μm) p0 (bar) (%) n̄

1 H2O 400/428 90 2.4 100 160
2 H2O 420/428 90 4.2 100 435
3 H2O/He 313/318 55 3.5 2.7
4 H2O/He 313/318 55 7.5 1.3
5 H2O/Ar 317/315 35 8.2 1.1 70 (Arn)
6 H2O/Ar 317/315 35 11.0 0.81 110 (Arn)
7 H2O/Ar 315/318 55 4.8 1.6 40 (Arn)
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FIG. 1. Example of electron ionization mass spectra of mixed argon-water
clusters. Experimental data in logarithmic scale (top) and integrated inten-
sities for selected peaks (bottom). The expansion conditions correspond to
no. 7 in Table I.

with very little mixed species and almost no pure Ar clus-
ters observed.33, 34 In Sec. III, we demonstrate that also in the
case of Ar/H2O mixed expansions the generated cluster sizes
and compositions can be quite different from what could be
expected based on the above semiempirical formulas.

III. RESULTS AND DISCUSSION

In Subsections III A and III B, we address two interre-
lated questions: what is the structure of the mixed clusters and
what are the dynamical processes following the ionization of
mixed water-argon systems?

A. Neutral cluster structure

The structure of the neutral clusters can be revealed from
the electron ionization measurements, using the information
on the appearance energies of different ionic fragments. Be-
fore we do this, we shall briefly inspect the ionic fragments
formed upon the 70 eV electron ionization of water clusters
embedded in argon. Figure 1 shows the spectrum correspond-
ing to conditions no. 7 in Table I. The bottom panel shows se-
lected ion series from the top spectrum (integrated intensities;
note the logarithmic and linear scales of the top and bottom
spectra, respectively). The spectrum is dominated by Ar+n se-
ries followed by the protonated water cluster ions (H2O)nH+.
These are the typical products of the electron impact on argon
and water clusters, respectively. The (H2O)nH+ ions are pro-
duced by reaction (1) followed by evaporation of relatively
weakly bound OH radical and Ar atoms.

However, the present spectrum exhibits additional
features in comparison with the pure Arn and (H2O)n clus-
ter ionization spectra. Namely, the mixed species Arn(H2O)+m
and nonprotonated water cluster ions (H2O)+n are observed.
The (H2O)+n ions are most likely formed again in reaction
(1), however, the OH radical does not leave the cluster in
this case10–12 and the excess energy is carried away by the ar-
gon evaporation. These non-protonated water radical cations

in our spectra are present at significantly smaller abundances
than in the excitonic transfer ionization spectra observed upon
the argon photoexcitation.18 Similarly, the (H2O)+n clusters
were observed in helium droplets after electron ionization16, 17

in abundances of up to 10% of the protonated cluster ion sig-
nals. These abundances are comparable to our present results.

Even though the pure protonated (H2O)nH+ ions are
significantly more populated than (H2O)+n , it is interesting to
note that for the fragments with the Ar atoms still attached
this is reversed; i.e., the Arm(H2O)+n ions are more populated
than Arm(H2O)nH+ (see Fig. 1; it should be noted that these
mixed species are populated significantly only up to n = 2).
Similar behaviour was observed previously in a photoioniza-
tion study.35 It is consistent with the assumption that the argon
atoms are evaporated first and the OH radical leaves the clus-
ter only if enough energy is still available after the evaporation
of all argon atoms.

The nature of the mixed argon-water clusters can be
revealed by the energy dependent yields of the particular frag-
ments. Exploiting the different expansion conditions, we can
demonstrate the solvent effects of the argon on the ioniza-
tion of water upon gradually increasing the solvation, see
Fig. 2. The figure shows the electron energy dependent ion
yields of (H2O)4H+ ions formed upon the ionization from
different precursor clusters. The black curve corresponds to
the pure water clusters. It shows monotonic increase in the
whole energy range above the threshold of ≈12 eV. The blue
curve corresponds to clusters formed in argon/water mixture
expansion (conditions no. 5 in Table I). The shape changes
noticeably, however, the threshold remains at ≈12 eV. This
value indicates that water is still ionized directly, i.e., the wa-
ter molecules are exposed to the incoming electrons. Diluting
the expansion mixture further with Ar and arriving to the con-
ditions no. 7 in Table I yields the red curve in Fig. 2. Here, the
shape is markedly different from the curve measured with the
pure water clusters exhibiting a two step structure typical for

FIG. 2. Electron energy dependent ion yields for (H2O)4H+ cluster ion
formed in ionization of different types of precursor clusters: (H2O)n clus-
ters generated in pure water expansion (black line); (H2O)n clusters gener-
ated in Ar-water expansion conditions no. 5 in Table I (blue line); Ar-coated
ArM(H2O)n clusters corresponding to conditions no. 7 in Table I (red line).
See Fig. 4 for the detailed scans of the region between 11 eV and 19 eV.
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FIG. 3. Energy dependent ion yields for selected cluster ions formed in ion-
ization of water clusters caged in Ar solvent.

pure Ar clusters (see also Fig. 3). More importantly, the first
threshold energy is now shifted to ≈15 eV which corresponds
to the argon ionization in the cluster. Both the shape and es-
pecially the threshold indicate that the observed (H2O)4H+

ion is generated in a process which starts with argon ion-
ization. These processes will be discussed in more details in
Sec. III B. It should be mentioned that the structure observed
on the yield curves below 15 eV is within the noise limit and
cannot be attributed to the resonance processes observed in
the VUV experiments18 (see also Fig. 4 for detailed energy
scan of the region below 19 eV).

Fig. 3 shows the ionization yields of selected fragments
produced after the ionization of clusters generated under ex-
pansion conditions no. 7 in Table I. To facilitate the compar-
ison, we have chosen ion fragments of roughly comparable
intensities (on the logarithmic scale). The other ions of the
same type manifest similar energy dependencies. The appear-
ance potentials of the particular ions were estimated by fits
exemplified in Fig. 4. The values which were averaged from
fits for several ions of the same type are listed in Table II. All
the observed ions in the mixed clusters are produced at ener-
gies around 15 eV. This is significantly higher than the ioniza-
tion potential of water (≈12.6 eV for bare molecule which is
further lowered by more than 1 eV upon complexation4). The
isolated Ar atom ionization potential is ≈15.7 eV, but the shift
of the ionization threshold for Ar in clusters towards lower
energies is not surprising.36, 37 Thus, the observed thresholds
of ≈15 eV demonstrate that the ionization process for all the
observed fragments apparently starts with the ionization of ar-
gon atom followed by an intracluster reactions (charge trans-
fer) between the ionized argon atom and water units. The
thresholds clearly indicate that the water clusters are fully
coated by argon atoms under these conditions. It ought to be
mentioned that Ar-coated small water clusters have also been
suggested in some slit expansions based on shifts of infrared
spectra.38, 39

The fact that the clusters generated under the expansion
conditions no. 7 are completely covered with argon layer
is an interesting result contradicting the estimates based on

FIG. 4. Energy dependent ion yields near threshold for selected ions (scatter)
and appropriate fits (lines) used to estimate the appearance potentials.

the semiempirical rules outlined in Sec. II. The mean clus-
ter size of the Arn clusters generated in pure Ar expansion
under conditions no. 7 is only n̄ ≈ 40. The embedded water
clusters must be significantly larger since ionized fragments
with more than 100 water molecules can be observed in the
spectra. However, 40 argon atoms can cover only about 10

TABLE II. Appearance energies (AE) for selected groups of ions. Average
values obtained from n ranging between 2 and 8; m ranging between 13 and
15 for singly charged; and n between 41 and 47 (even) for doubly charged
ions. The regions were selected to reduce possible overlaps with neighbour-
ing mass peaks.

Neutral clusters Ion AE (eV)

Pure H2O (H2O)nH+ 12 ± 0.4
(H2O)nH2+

2 31.5 ± 2.0
Mixed H2O–Ar (H2O)nH+ 14.9 ± 0.4

H2O+
n 14.8 ± 0.4

Ar+n 15.2 ± 0.4
ArnH2O+ 14.9 ± 0.2
ArnH3O+ 14.9 ± 0.2
Arn(H2O)+2 14.7 ± 0.2
Arn(H2O)2H+ 15.1 ± 0.2
ArnH+ 28 ± 2
(H2O)mOH+ 28 ± 2
(H2O)2+

n 34.2 ± 2.0
(H2O)nH2+

2 34.4 ± 2.0

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

77.56.246.35 On: Wed, 11 Dec 2013 21:14:27
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water molecules. Besides, the argon atoms are evaporating
by the energy released upon coagulation of water into the
clusters. Therefore, the present cluster structure of fully
Ar-coated water clusters cannot be justified assuming that pre-
vailingly argon clusters in expansions of Ar with only a few
percent of water, and water adds and coagulates in the Ar clus-
ters. Apparently, the clustering processes are more complex.

This conclusion is further supported by contrasting the
source conditions no. 5 and 6 with those in no. 7. The for-
mer conditions would correspond to larger Arn clusters in
pure Ar-expansions (Table I). Yet, they lead to smaller mixed
clusters as revealed by the measured mass spectra extending
to smaller fragments. In addition, the clusters generated un-
der the conditions no. 5 and 6 have not been fully covered
by argon which was revealed by the threshold measurements.
Thus, the widely used Hagena’s formulas28–32 (2) and (3) can-
not be applied for the mixed expansions without their further
exploration and characterization.

B. Dynamical processes following the ionization

As we have discussed in the Introduction, the ejection
of the HOMO electron triggers the proton transfer process in
pure water clusters and the weakly bound OH radical frag-
ments leave the cluster. For Ar-coated clusters, the argon
cage serves as a bath into which the excess energy dissipates.
This leads to an increase of the abundance of the nominally
non-protonated clusters.

One of the motivations for the present study has been
the recent observation of a strongly resonant process around
12 eV in the ionization of similar clusters with a tunable VUV
radiation.18 It has been argued that these ions are formed by
an excitonic transfer according to a scheme: (H2O)nArm +
hν → (H2O)nAr∗m → (H2O)+n Arm. However, there is no ev-
idence of such process in our electron ionization measure-
ments. The lack of any significant ionic signal below 15 eV
indicates that the excitonic energy transfer between argon and
water is significantly less efficient than the ion-molecule re-
action between the ionized Ar+ and water. We can make a
simple quantitative estimate: the cross section for the electron
excitation of argon atom is ∼10−18 cm2,40 while the cross sec-
tion for the ionization is ∼10−16 cm2.41 Since the intensities
in our mass spectra span ∼4 orders of magnitude, we would
still be able to observe the excitonic ionization even if the effi-
ciency of the excitonic transfer were as low as 1%. It is worth
noting that also a previous detailed electron ionization study
of mixed Ar–O2 clusters did not reveal any evidence for the
excitonic transfer at low energies.42

Several reasons can be discussed for the seemingly
different results of the photon and electron ionization in
Ar-covered clusters: First, we can assume that the excitonic
transfer is only efficient if argon atoms are excited in the
vicinity of water molecules. If the water cluster is coated with
several argon layers, the Ar atoms in the bottom layer would
have to be excited. Since the electron will not be able to
penetrate into the large clusters, only the surface excitons will
be formed which probably lead only to argon evaporation.
On the other hand, the photons can excite the internal argon
atoms in these clusters leading to the exciton transfer to water.

The second reason can be different sensitivity to the ex-
citon transfer process in the photon and electron ionization.
The photon fluxes in the synchrotron experiments are several
orders of magnitude higher than the electron fluxes achiev-
able by conventional electron sources. Therefore, the high
number of the exciting photons and selectivity of the reso-
nant Ar excitation process can lead to the observation of the
excitonic transfer production of (H2O)+n clusters in the syn-
chrotron experiments. However, the effectiveness of the reso-
nant process in absolute numbers will be rather low in com-
parison to the non-resonant direct ionization, therefore, it is
overwhelmed by the non-resonant processes in the electron
ionization.

The third possibility to explain the differences can be the
existence of competing channels found exclusively in elec-
tron ionization. Argon atoms are known to form core excited
temporary negative ions upon electron irradiation at energies
11.6 eV which can be coupled to negatively charged and dis-
sociative states in mixed clusters.43 In solid phase, these cou-
plings were also demonstrated for Ar–H2O system.44 A sim-
ilar mechanism in our clusters would lead to an alternative
decay mechanism for the exciton which would yield products
other than the observed positive ions.

Although we have not observed the excitonic transfer at
low electron energies, the ion yield curves indicate that such
process can occur at higher energies. The Ar+n ion yield de-
pendencies (exemplified by Ar+3 in Fig. 3) exhibit a second
strong increase around 25–30 eV while there is no secondary
threshold for (H2O)nH+ ion yield from pure (H2O)n clusters
(exemplified by (H2O)4H+ in Fig. 2). The signal enhance-
ment at higher energies can be discussed in terms of various
mechanisms: (1) double ionization of an Ar atom; (2) sub-
sequent ionization of two argon atoms within one cluster;
(3) ICD process leading to the double ionization. How-
ever, none of the mechanisms is consistent with the ob-
served threshold. A plausible explanation is the ionization
and excitation leading to the metastable Ar+∗

n ions proposed
and explored in detail previously for Ar–O2 system.42 The
ion-exciton pairs can be formed upon the ionization of the
3s electron in argon followed by an internal conversion
process.45 The decay of these excited Ar+∗

n clusters yields
the smaller ionized fragments. These excited Ar+∗

n ions are
formed at about 25–30 eV where the electron energy is suf-
ficient to ionize and excite the Ar atoms in the cluster. In
the mixed clusters, the exciton transfer can lead to the ion-
ization of the partner molecule. In our Ar–H2O system, the
exciton transfer opens new reaction channels as demonstrated
by the ions formed exclusively above ≈28 eV: ArnH+ ions
and (H2O)nOH+ (see Fig. 3 and Table II).

Additionally, in Fig. 3 we see an increase in the signal
of the protonated (H2O)nH+ ions in the same energy region
above ≈28 eV. Below this energy the (H2O)nH+ ions are
generated by argon ionization followed by the charge trans-
fer process and reaction (1); above also the excitonic transfer
contributes. Therefore, these ions can be formed by these two
distinct processes. The mixed cluster ions Arm(H2O)nH+ and
Arm(H2O)+n as well as pure water cluster ions (H2O)+n do not
exhibit the second threshold, i.e., they are not produced by the
high energy excitonic transfer channel.
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FIG. 5. Mass spectra of large pure water clusters (conditions no. 2, Table I)
and Ar caged water clusters (conditions no. 7, Table I) at electron incident
energy 80 eV. Extracted region showing the uprise of doubly charged ions.

We have also observed doubly charged ions in the spec-
tra, see Fig. 5. There are pure doubly charged clusters
(H2O)2+

n and doubly protonated (H2O)nH2+
2 ions generated

from Ar coated clusters for n ≥ 36. This size seems to
be the smallest droplet which is able to support two posi-
tive charges. These doubly charged ions were observed pre-
viously from clusters also generated in Ar expansions.46

However, in the pure water clusters only the doubly pro-
tonated ions (H2O)nH2+

2 are formed, i.e., two hydroxyl
radicals leave the clusters. This underlines the important
role of Ar solvent which can stabilize the doubly ionized
(H2O)2+

n fragments. These ions are observed at energies above
≈34.2 ± 2.0 eV (see Fig. 6 and Table II). A precise determina-
tion of the threshold is not possible with the present resolution
and low signal intensities, yet it is clearly above the ionization
and excitation transfer process discussed above (≈28 eV), and
below the double ionization limit of water (≈38 eV). Also
the threshold for double protonated (H2O)nH2+

2 ions from the
pure water clusters at ≈31.5 ± 2.0 eV is somewhat lower than
the threshold at ≈34.4 ± 2.0 eV from Ar caged clusters.

FIG. 6. Energy dependent ion yields for selected cluster ions formed in
ionization of water clusters caged in Ar solvent.

From the above energy thresholds for pure and argon
coated water clusters, we can make some tentative con-
clusions about the mechanism of the doubly charged ion
formation. The simplest explanation is sequential two-step
ionization (as observed, e.g., for Ar47). This process in water
clusters should be observed at electron energies well below
∼25 eV, which is clearly not the case. In the case of pure wa-
ter clusters, the threshold at 31.5 eV correlates well with the
double ionization and subsequent dissociation of a single wa-
ter molecule in the gas phase, which results into H+ + OH+

products.48 Alternatively, the (H2O)nH2+
2 type ions can be

formed within the ICD process. Here, the two positive charges
are formed in two directly neighboring molecular units. The
ICD channel was shown to be open upon the ejection of the
2a1 electron in small water clusters above 30 eV.21, 22 When
the clusters are Ar-coated, the process starts with Ar ioniza-
tion. The sequential ionization of two Ar atoms within the
cluster should occur at somewhat lower energies, slightly be-
low ∼30 eV. The present threshold above ≈34 eV is rather
consistent with the ICD process. The ICD process was identi-
fied at around 35 eV for argon dimer45 and this energy should
be lowered by the electronic polarization in larger clusters.

IV. CONCLUSIONS

We have investigated the electron ionization of mixed
water–Ar clusters. The measurements of electron energy de-
pendent ion yields have revealed that under certain expansion
conditions water clusters fully covered with the argon sol-
vation shell are generated. Thus, we have demonstrated that
the electron ionization mass spectrometry can serve as a tool
to determine the cluster composition and structure in some
special cases. We also point out the limited applicability of
the widely used semiempirical formulas for mean cluster size
determination.

The present study has also demonstrated important
solvent effects on the water cluster ionization. First, the Ar
solvent layer shields the embedded (H2O)n clusters. There-
fore, the ionization starts only at 15 eV corresponding to the
electron energy threshold for Ar-ionization in the cluster.

Second, the argon can act as a mediator of more complex
reactions in the clusters. The direct charge transfer process
between Ar+ and water results in the water fragmentation ex-
pected for reaction (1). However, at higher electron energies
above ∼28 eV an excitonic transfer process opens between
Ar+∗

n and water, resulting into the dissociative ionization of
water to either OH+ or H+. This pathway leads further to ei-
ther (H2O)nOH+ fragments, or to ArnH+ and (H2O)nH+ ions,
respectively. Although this excitonic transfer reaction from
the ion excited state Ar+∗

n contributes strongly above ∼28 eV,
the excitonic transfer from the neutral Ar* state at lower ener-
gies has not been detected in the present experiments despite
the fact that a strong resonance effect was observed in the
photoionization experiment at 11.9 eV.18

The third effect of argon on the cluster ionization is its
stabilization via efficient energy removal from the cluster by
Ar evaporation. This is the main stabilization mechanism for
the unprotonated water clusters (H2O)+n , formed upon elec-
tron ionization of argon and subsequent charge transfer. The
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effectiveness of the energy flow is also demonstrated by the
observation of doubly charged ions. The doubly charged clus-
ters contain two singly charge units and the argon evaporation
significantly helps to stabilize such systems. The observation
of the non-protonated doubly charged clusters (H2O)2+

n in the
argon coated cluster is yet another manifestation of the ar-
gon stabilization effect as the argon atoms take away the en-
ergy released during the proton transfer processes following
the ionization.

The threshold energies for a formation of doubly charged
clusters is different for bare and argon-coated clusters. These
thresholds are in both cases energetically consistent with the
intermolecular Coulomb decay process. The present experi-
ment thus provides a (tentative) evidence of the ICD process
taking place in water clusters above 30 eV.

The study shows that even so extensively studied interac-
tion as electron ionization of water is still not fully understood
especially in a solvent even as simple as the rare gas argon.
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S. E. Bradforth, and P. Jungwirth, J. Chem. Phys. 135, 224510 (2011).
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