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Fragment imaging in the infrared
photodissociation of the Ar-tagged protonated
water clusters H3O+–Ar and H+(H2O)2–Ar†

Yuri Ito, Mizuhiro Kominato, Yuji Nakashima, Keijiro Ohshimo and
Fuminori Misaizu *

Infrared photodissociation of protonated water clusters with an Ar atom, namely H3O+–Ar and

H+(H2O)2–Ar, was investigated by an imaging technique for mass-selected ions, to reveal the intra- and

intermolecular vibrational dynamics. The presented system has the advantage of achieving fragment ion

images with the cluster size- and mode-selective photoexcitation of each OH stretching vibration.

Translational energy distributions of photofragments were obtained from the images upon the excitation

of the bound (nb) and free (nf) OH stretching vibrations. The energy fractions in the translational motion

were compared between nb
I and nf

I in H3O+–Ar or between nb
II and nf

II in H+(H2O)2–Ar, where the labels

‘‘I’’ and ‘‘II’’ represent H3O+–Ar and H+(H2O)2–Ar, respectively. In H3O+–Ar, the nf
I excitation exhibited a

smaller translational energy than nb
I. This result can be explained by the higher vibrational energy of nf

I,

which enabled it to produce bending (n4) excited H3O+ fragments that should be favored according to

the energy-gap model. In contrast to H3O+–Ar, the nb
II excitation of an Ar-tagged H2O subunit and the

nf
II excitation of an untagged H2O subunit resulted in very similar translational energy distributions in

H+(H2O)2–Ar. The similar energy fractions independent of the excited H2O subunits suggested that the

nb
II and nf

II excited states relaxed into a common intermediate state, in which the vibrational energy was

delocalized within the H2O–H+–H2O moiety. However, the translational energy distributions for

H+(H2O)2–Ar did not agree with a statistical dissociation model, which implied another aspect of the

process, that is, Ar dissociation via incomplete energy randomization in the whole H+(H2O)2–Ar cluster.

Introduction

Infrared spectroscopy of molecular clusters (or complexes) has been
a growing field in gas-phase experiments for a few decades.1–11 The
vibrational signatures of clusters appearing in the infrared spectra
provide detailed information on their geometrical structures, bond-
ing natures, and interaction potentials. Besides the studies of those
static properties, studies on relaxation dynamics from vibrationally
excited states populated by infrared absorption have also attracted
attention1,2,5,12–17 though there have been relatively fewer experi-
mental studies.

Ion imaging18 is one of the powerful tools to explore chemical
dynamics involving fragmentation (or scattering) processes.19–23

Reisler and co-workers applied photofragment imaging technique
to study the vibrational predissociation of a neutral molecular

cluster system with infrared laser excitation.24 They also exploited
resonance-enhanced multiphoton ionization (REMPI) to achieve the
detection of neutral fragments in selected rovibrational states. Since
their pioneering work, state-specific predissociation dynamics has
extensively been investigated for hydrogen-bonded clusters.25–29

However, there is a general difficulty in the gas-phase experiments
on neutral systems regarding the size selection of target clusters.
Though there are a few techniques for the size selection of neutrals,
for example the rare-gas scattering method,4 a versatile technique
that can be easily employed in experiments to investigate the
dynamics has not been established thus far. In infrared photofrag-
ment imaging, size-selective photoexcitation is accomplished by
tuning the excitation energy to a single vibrational band, whose
resonant energy is specific to a certain size of interest. In some
cases, infrared absorption energies are not strongly dependent on
the cluster size (e.g., the free OH stretching modes seen in an (H2O)n

system30–33), and therefore the experiments on those targets suffer
from size contamination. Size mixtures of neutral clusters com-
plicate spectral peak assignments even in a simple system.34

Without a clear characterization of the spectral features and
corresponding vibrational modes, it is challenging to take a
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series of measurements to explore the mode dependence in the
predissociation process of neutral clusters.

Recently, photofragment ion imaging for mass-selected ionic
species has been established by several groups, including our
group.35–38 In contrast to the experiments for neutral clusters, one
of the most significant advantages in those for charged clusters is the
ease of size selection prior to photoexcitation. This new imaging
scheme has been applied to visible/ultraviolet photodissociation
reactions to study electronically excited state dynamics.39–52 Vibration-
ally excited state dynamics can also be studied by infrared excitation.
The first application to infrared photodissociation was for the H2O+–
Ar complex ion.53 The mode-selective excitation of several vibrational
modes of H2O+–Ar was successfully performed, and the processes
involved in the energy redistribution from the vibrationally excited
states into the rotational and translational degrees of the fragments
were discussed based on the image analyses.

In the present paper, we report the infrared photodissocia-
tion imaging of H3O+–Ar and H+(H2O)2–Ar, representing the
smallest sizes of protonated water clusters with an Ar atom. The
protonated water cluster H+(H2O)n is one of the most-studied
systems in gas-phase infrared spectroscopy.54–80 The size-
dependent structures of this cluster have attracted considerable
attention for obtaining a microscopic understanding of the
hydration form of protons in water. For the purpose of recording the
photodissociation action spectra of the cluster ions, an inert gas
atom or molecule, such as Ar, is often employed as a ‘‘messenger’’
tag, as proposed in the early work by Lee and co-workers.55,57 The
structures of H3O+–Ar and H+(H2O)2–Ar were fully characterized,
and the spectral features clearly assigned in the mid-infrared region,
including OH stretching modes and higher-order combination
bands.68,69,71,72,79,80 On the other hand, their relaxation dynamics
from vibrationally excited states followed by Ar dissociation are
much less understood. In this study, photofragment ions [H3O+ or
H+(H2O)2] produced upon photoexcitation with a linearly polarized
infrared laser were detected as images to obtain the translational
energy and angular distributions of the dissociation products. Two
contrasting modes of OH stretching vibrations of each cluster ion,
hereafter represented as nb and nf, were chosen for photoexcitation.
For H3O+–Ar, the stretching mode of the Ar-bound OH group of the
H3O+ moiety is denoted as nb

I, and the asymmetric stretching mode
of the other two free OH groups is denoted as nf

I. For H+(H2O)2–Ar,
nb

II is defined as the symmetric OH stretching mode in an H2O
moiety attached to an Ar atom, whereas nf

II is the asymmetric OH
stretching of the other, untagged H2O moiety. The imaging appa-
ratus designed for the mass-selected ions was exploited to examine
the mode dependence in the photofragment recoil distributions
from H3O+–Ar and H+(H2O)2–Ar. In addition, the processes involved
in the vibrational energy redistribution are discussed in terms of the
cluster size (the number of internal degrees of freedom).

Experimental and
computational methods

The home-made imaging apparatus used in the present study
was almost identical to that reported previously36 as shown in

Fig. S1 (ESI†). The details of the infrared photodissociation
procedures were also described recently.53 A supersonic jet of
an H2O/Ar gas mixture expanded at B5 � 105 Pa was ionized at
B3 mm downstream from the exit of the pulsed valve by an
electron beam which crossed transversely at an energy of
B70 eV. The generated cluster ions were accelerated into a
custom-made, linear-type double reflectron mass spectrometer
operated in the pulsed mode. After reflection by the first reflectron,
the mass-separated cluster ion, H3O+–Ar or H+(H2O)2–Ar, was
irradiated with a pulsed mid-infrared light (B1 mJ pulse�1, via a
Nd:YAG-pumped OPO/OPA laser, LaserVision) at the middle of the
double reflectron. In the imaging experiment, the excitation energy
was tuned at one of the OH stretching modes of the cluster of
interest. The infrared frequency of the present laser system was
calibrated with an ambient H2O vapor spectrum,81 and the
resolution was estimated to be B4 cm�1. It was confirmed that
photofragment ions losing the Ar atom, H3O+ and H+(H2O)2, were
produced by a one-photon process from the laser power depen-
dence of the fragment yields. These fragment ions were then
reflected in the second reflectron, and the 2D projections of the
recoiling photofragment ion distributions were collected by micro-
channel plates coupled to a phosphor screen (Photonis, 3040FM,
60 : 1, f40). The detected ion positions were read out by a CMOS
camera (Toshiba Teli, BU238M) monitoring the phosphor screen.
Image accumulation was conducted typically for B100 000 laser
shots. The entire experiment was operated at a 10 Hz repetition
rate. Slice imaging techniques were not employed in ion detection
in the present study. The translational energy and angular dis-
tributions of the photofragment ions were derived from the sliced
images reconstructed by the pBASEX method.82

In this study, the shape of the electrodes of the second
reflectron was partially modified compared to in our original
setup.36 Details of the modification of the second reflectron are
described in the ESI† with the results of the evaluation experi-
ments. The improved electrodes were designed based on the
ideas in previous papers.83,84 The performance of the new
imaging electrodes was evaluated with ultraviolet photolysis
of Ca+Ar complex, and the photofragment Ca+ image exhibited
a better resolution than the previous one. The residual velocity
spread for Ca+ was found to be Dv = 130 m s�1. The narrowest
velocity distribution in the present infrared experiments was Dv
B 260 m s�1 for the nb

II excitation of H+(H2O)2–Ar, and thus the
apparatus was confirmed to have sufficient image resolution.

The infrared spectra of H3O+–Ar and H+(H2O)2–Ar measured
in this study are shown in Fig. 1a and b, respectively. These spectra
well reproduced the previously reported results.68,69,71,72,79,80 For
H3O+–Ar, the Ar-bound OH stretching mode (nb

I) and the asym-
metric stretching mode of the free OH groups (nf

I) were chosen in
the imaging experiment. The excitation energies were set on the R-
branch peak at 3142 cm�1 for nb

I and on the Q-branch peak of the
K = 0 ’ 1 sub-band at 3550 cm�1 for nf

I, as indicated by the arrows
in Fig. 1a. For the imaging experiment of H+(H2O)2–Ar, the excita-
tion energies were set as 3524 cm�1 for the symmetric OH stretch of
an Ar-tagged H2O moiety (nb

II) and as 3697 cm�1 for the asymmetric
OH stretch of an untagged H2O moiety (nf

II). These energies
correspond to a peak top of each vibrational band, as depicted in
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Fig. 1b. The rotational temperature, Trot, in the present ion source
was roughly estimated to be 40–60 K by simulating the nf

I sub-band
structure over the range 3520–3640 cm�1 using the PGOPHER
program.85 The results of the spectral simulation are shown in
Fig. S4 (ESI†).

Ab initio calculations were performed to obtain the harmo-
nic vibrational frequencies of H3O+–Ar, H+(H2O)2–Ar, and
H+(H2O)2 at the MP2/aug-cc-pVTZ level utilizing the Gaussian16
package.86 The calculated frequencies were scaled by a factor of
0.950 and used for the statistical model calculations described
below. Though there are a few experimental frequencies avail-
able in the literature, low-frequency modes are much less
known experimentally than the OH stretching vibrations, espe-
cially for bare H+(H2O)2. Therefore, all the values were taken
from the calculated results. Nevertheless, the difference
between the experimental and theoretical frequencies was
small in the present study. For example, the theoretical fre-
quencies for the OH stretching vibrations of H3O+–Ar and
H+(H2O)2–Ar differed only by o2% from the experimental
values. For H+(H2O)2–Ar, the binding energy of Ar, D0, was also
calculated at the same level. In the calculation, the basis-set
superposition error was corrected using the counterpoise
method. Furthermore, in order to estimate the statistical trans-
lational energy distributions of the fragments, numerical cal-
culations of phase space theory (PST) combined with orbiting
transition state theory87,88 were performed. In the PST calcula-
tion, the internal temperatures of H3O+–Ar and H+(H2O)2–Ar
were assumed to be 50 K as estimated in the photodissociation
spectrum. The calculated results at other temperatures (20 and
80 K) were found to cause only marginal (o2%) differences in
the translational energy distribution.

Results and discussion
Photofragment images and translational energy distributions

The four vibrational modes chosen for the imaging experi-
ments are schematically depicted in Fig. 2. The illustrations
are based on the normal mode analyses by the harmonic
vibrational calculations at the MP2/aug-cc-pVTZ level. More
quantitative descriptions for the displacement of the H atoms
in each vibrational mode are summarized in Tables S1 and S2
(ESI†). For the nb

II vibration of H+(H2O)2–Ar, the bound OH
group had more than a three times larger amplitude than the
other free OH groups of the Ar-tagged H2O moiety, whereas the
two free OH groups of the untagged H2O moiety almost equally
vibrated in the nf

II mode.
Images of the photofragment ions produced upon the nb

and nf excitations of H3O+–Ar and H+(H2O)2–Ar are shown in
Fig. 3a and b, respectively. The background signals were
removed by subtracting the images taken with the infrared
laser off. All of the images exhibited an almost isotropic
distribution with respect to the laser polarization direction (E).

The photofragment angular distribution is expressed as
I(y) = (1/4p)[1 + bP2(cos y)],89 where b is the anisotropy para-
meter, which varies from �1 to +2; P2(cos y) is the second-order
Legendre polynomial; and y is the angle between the laser
polarization and the fragment recoil direction. The experi-
mental b value was determined at the most probable velocity
of each distribution. For the nb

I and nf
I modes of H3O+–Ar, the b

values were obtained as +0.06 � 0.02 and �0.13 � 0.01,
respectively. The theory of calculating b for rotationally resolved
photoexcitation has been previously described in detail
elsewhere.90,91 H3O+–Ar is a near-prolate symmetric top, and
the b value for the J0, K0 ’ J00, K00 transition of a symmetric top
molecule depends on the J00, K00 values and the type of rotational
branch (P, Q, or R). In the special case of J00 c K00, which is true
in the present experiment because the most probable values
were J00 = 11 and K00 = 1 at Trot = 50 K (see Fig. S5, ESI† for the
simulated profiles of the rotational lines), the theoretical b
values could be calculated as +0.5 for the P and R branches and
�1 for the Q branch. The observed b values were positive at the
R-branch peak (nb

I) and negative at the Q-branch peak (nf
I) in

the experiment, and thus consistent with the theoretical pre-
diction for the b signs. Quantitatively, both of the experimental
b values exhibited lower anisotropy than those from theory due
to the longer dissociation lifetime than the rotational period of
H3O+–Ar (B11 ps at 50 K). For H+(H2O)2–Ar, the lack of clear
rotational structure in the spectrum and the low symmetry of

Fig. 1 Mid-infrared photodissociation spectra for (a) H3O+–Ar and
(b) H+(H2O)2–Ar recorded by monitoring the fragment ion yields of the
Ar dissociation channel. Orange and blue arrows indicate the excitation
energies in the imaging experiments for the nb and nf vibrational modes,
respectively. See the text for the definitions of the nb and nf modes. Gray
arrows for H3O+–Ar indicate the other vibrational bands: the bending
overtones (*1/*2), the combination band of nb

I and the low-frequency
intermolecular stretch (*3), and the symmetric free OH stretch (*4). Gray
arrows for H+(H2O)2–Ar are the symmetric OH stretch of the untagged
H2O (**1) and the asymmetric OH stretch of tagged H2O (**2).

Fig. 2 Schematic illustrations for the nb and nf modes of (a) H3O+–Ar and
(b) H+(H2O)2–Ar. Arrows represent the normal mode displacement vectors
of the H atoms. Quantitative descriptions for the displacement vectors are
given in Tables S1 and S2 (ESI†). Excitation energies chosen for the imaging
experiments are also indicated.
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the H+(H2O)2–Ar rotor preclude the analysis of theoretical b.
The experimental values were determined as b = +0.08 � 0.04
for nb

II and +0.04 � 0.03 for nf
II. The isotropic b values are likely

to reflect the long dissociation lifetime of H+(H2O)2–Ar, as in
the case of H3O+–Ar.

Translational energy release (Et), which is defined as the
sum of the translational energies of the photofragments,
reflects the energy redistribution processes from the photoex-
cited states. Fig. 4a and b show the experimental Et distribu-
tions upon the nb

I and nf
I excitations of H3O+–Ar, respectively.

The binding energy of Ar for H3O+–Ar was previously reported
in the theoretical studies as D0 = 1634 cm�1 at the CCSD(T) level
with extrapolation to the complete basis set limit (note that the
harmonic frequencies used for the zero-point correction were
calculated using the aug-cc-pVTZ-PP basis set).92 The available
energies of the photodissociation, Eavl = hn � D0, were thus
calculated to be 1508 cm�1 for nb

I and 1916 cm�1 for nf
I. Both of

the Et distributions peaked near the energy origin, showing that
the large internal excitation of the fragment H3O+ ions
was preferred in the photodissociation process. This was also
the case in the Et distributions for H+(H2O)2–Ar as displayed
in Fig. 4c and d. The binding energy of H+(H2O)2–Ar,
D0 = 655 cm�1, calculated at the MP2/aug-cc-pVTZ (zero-point
corrected) level gave Eavl values of 2869 cm�1 for nb

II and
3042 cm�1 for nf

II. The Maxwell–Boltzmann-like shapes of the
Et distributions were obtained irrespective of the excited modes
and the cluster sizes.

Assuming that intracluster vibrational energy redistribution
(IVR) has completed prior to dissociation, the Et distribution can
be predicted by a statistical model calculation. The PST model87,88

has been widely used in various systems, including the unimole-
cular dissociation of gas-phase ions.93 In the PST calculation, the
fragment rovibrational states that satisfy the conservation of the
total energy and angular momentum are equally populated. The
calculated results for H3O+–Ar are compared with the experimental
values in Fig. 4a and b (broken curves). Apparently, the PST
prediction gave a much larger Et than the experimental distribu-
tion both for nb

I and nf
I, suggesting that there was a propensity for

internal excitation of the H3O+ fragment unlike complete energy
randomization. A similar trend was found for H+(H2O)2–Ar, as
depicted in Fig. 4c and d.

The Et distributions for the nb and nf excitations are com-
pared in Fig. 4e for H3O+–Ar and 4f for H+(H2O)2–Ar. The

distributions were plotted against the translational energy
fraction of the available energy, Et/Eavl, in order to remove the
differences in the magnitude of Eavl between the nb and nf

excitations. The Et fraction was apparently mode dependent for
H3O+–Ar, and the nf

I excitation tended to provide photofrag-
ment ions with a larger fraction of internal energy than the nb

I

excitation. In marked contrast to H3O+–Ar, the plots for
H+(H2O)2–Ar were nearly identical within their experimental
errors, indicating that the dissociation processes were indepen-
dent of the excited modes (or of the excited H2O subunits in the
cluster). The possible origins of the mode dependence are
discussed in the following sections.

Dissociation mechanism of H3O+–Ar

Fig. 5a shows the energy diagram for the infrared photodisso-
ciation of H3O+–Ar including the vibrational levels of the
photofragment H3O+ ion, which were reported previously.94–97

In the energy range of the present experiment, vibrationally
excited H3O+ fragments in the umbrella (n2) and the bending
(n4) states can be produced. The � labels represent the splitting
states of an inversion doublet, as is well-known in NH3.98

Fig. 3 Ion images upon the nb and nf excitations of (a) H3O+–Ar and (b)
H+(H2O)2–Ar recorded by detecting the photofragment H3O+ and
H+(H2O)2 ions, respectively. The left half of each image is the raw collected
image, and the right half is the central slice of the pBASEX82 reconstructed
distribution. The polarization direction of the dissociation laser, E, is shown
in the inset. The velocity scale is common to all the images.

Fig. 4 Et distributions obtained from the ion images. Panels (a) and (b)
show the Et distributions for the nb

I and nf
I excitations of H3O+–Ar,

respectively, while panels (c) and (d) show the corresponding distributions
for H+(H2O)2–Ar. The experimental distributions (solid curves) are com-
pared with the PST calculations (broken curves). See the text for more
information on the PST model. In panels (e) and (f), the Et distributions are
plotted against the Et/Eavl ratio, and the distributions for the nb and nf

excitations in each panel are normalized to the area. In all the panels, the
shaded regions in all the experimental plots represent the statistical errors
of the measurement.
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For the H3O+–Ar system, several vibrational states related to
the n2 and n4 modes of H3O+ are energetically accessible. The
situation is distinct from that in H2O+–Ar where only the
vibrationally ground state of H2O+ can be produced as reported
in a recent study,53 though the geometrical features of these
two systems are very similar. Experimentally, the entire Et

distributions for H3O+–Ar are mostly within Et/Eavl o 0.4 with the
peaks at Et/Eavl B 0.02, while the plots for H2O+–Ar exhibited
broader distributions toward Et/Eavl = 1 and peaked around Et/Eavl

B 0.2. Considering that the vibrationally excited channels are
available only for H3O+–Ar, the smaller Et fraction and deviation
from the PST model for H3O+–Ar could likely be explained by
preferential deposition of Eavl into the H3O+ vibrational energy.

The dissociation process that primarily produces vibration-
ally excited fragments is consistent with the energy-gap-law
model.99,100 The model proposes that, in the relaxation of
excited vibrational states, the process involving a smaller
change in the effective quantum numbers is more favorable.
Therefore, according to this model, the vibrational energies in
the excited OH stretching states can be more efficiently trans-
ferred into the intramolecular vibrational states (the n2 and/or
n4 modes) than the highly excited rotational and translational
states of H3O+ corresponding to the intermolecular bending
and stretching modes in H3O+–Ar, respectively. Similar results
conforming to the energy-gap law have been reported in infra-
red photodissociation studies for a variety of small neutral
clusters.25–28,101,102

It would be a straightforward assumption to attribute the
difference in the Et fractions between nb

I and nf
I seen in Fig. 4e

to the geometrical nature of each vibrational mode. The nb
I

excitation in the bound OH group seems to provide the energy
into the dissociation coordinate more directly, resulting in a
larger Et. The nf

I excitation is conversely predicted to require an
extensive energy redistribution into the intramolecular modes
including n2 and n4 before the energy reaches the dissociation
coordinate. Unlike the present H3O+–Ar system, however, the Et

fractions for the bound and free OH excitations were reported
to be quite similar in H2O+–Ar.53 Considering that no vibra-
tionally excited state is available as the dissociative state in the
case of H2O+, the energetics of the accessible vibrational states
of the fragment H3O+ ion should also be important for inter-
preting the mode-dependent Et fraction in H3O+–Ar. In Fig. 5a,
a qualitative difference can be found for the nb

I and nf
I excita-

tions; that is, the n4
� exit channels are open only for the latter.

Thus, the smaller Et fraction for nf
I can reasonably be attributed

to the production of the n4 excited H3O+ fragments. In that case,
B85% of Eavl would be deposited into the n4 vibration, giving
rise to a slow component with Et/Eavl o 0.15 for nf

I.
On the basis of the spectroscopic observations, n4 could be

expected to be an efficient acceptance mode for the OH
stretching vibrations in the present system. It has been recog-
nized that Ar-tagged H3O+ complexes exhibit strong Fermi
resonance between the bound OH stretching fundamentals
and the bending overtones.79,103–105 A large Fermi coupling
constant was reported also for the nf

I mode of H3O+–Ar in a
recent theoretical calculation.79 The Fermi resonance is one of

the anharmonic effects that plays an important role in the
vibrational-energy-transfer processes106 and may help with effi-
cient relaxation from the nf

I state to the bending overtone states
of H3O+–Ar. After relaxation into the ‘‘doorway’’ overtone states
of the bending mode, further energy redistribution should
proceed for dissociation. Among those processes, if one quan-
tum of the bending vibration of H3O+–Ar is released into other
degrees of freedom, including the intermolecular stretching
mode, the consequent dissociation would be correlated with
the n4

� exit channels shown in Fig. 5a. This is not the case in the
nb

I excitation, since the n4 vibration should be completely
relaxed to cause Ar dissociation by the excitation energy of nb

I.
In conclusion, the nf

I excitation of H3O+–Ar preferentially gives
the n4 excited fragments resulting from the vibrational energy
redistribution into the bending coordinate, which may be
facilitated by the Fermi coupling, and this is a plausible origin
of the smaller Et fraction for the nf

I excitation.
It should be noted that the rest of the available energies for

the n4
+ and n4

� dissociation channels (358 and 290 cm�1,
respectively) are too small to explain the whole Et distribution
for the nf

I excitation. Therefore, the production of the n4
�

excited fragments was not the exclusive dissociation pathway.
From the structureless Et distribution, the fractions into other
dissociation channels associated with the fragment n2 vibration
could not be identified experimentally. A more complete char-
acterization of the dissociation processes must therefore await
future studies, especially a theoretical investigation of the
vibrational dynamics.

Dissociation mechanism of H+(H2O)2–Ar

The energy diagram for the H+(H2O)2–Ar dissociation is shown
in Fig. 5b. The vibrational levels of the H+(H2O)2 fragment were

Fig. 5 (a) Energy diagram for the photodissociation of H3O+–Ar. The
vibrational energy levels of the fragment H3O+ ion are taken from
ref. 94–97. (b) Energy diagram for the photodissociation of H+(H2O)2–
Ar. The fragment vibrational levels are estimated by the Beyer–Swinehart
algorithm.
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calculated by the Beyer–Swinehart algorithm107 using the the-
oretical harmonic vibrational frequencies at the MP2/aug-cc-
pVTZ level. The diagram clearly displays a drastic increase in
the vibrational density of states of the photofragment ion
compared to H3O+, which is mainly caused by the low-
frequency intermolecular vibrations between the two H2O sub-
units. The number of vibrational states reachable with the
photon energy of the experiment was more than 100 times
greater than that of H3O+. The available fragment channels included
the fundamentals from six H2O–H+–H2O intermolecular vibrations
coupled with the umbrella motion (o600 cm�1), one shared proton
stretch (B900 cm�1), and four bending vibrations (1400–1700 cm�1).

From the mode-independent Et distributions (Fig. 4f) and
the large number of vibrational states in the H+(H2O)2 moiety
(Fig. 5b), one might expect a statistical-like behavior (i.e.,
complete IVR) in the H+(H2O)2–Ar dissociation process. How-
ever, the PST calculations did not reproduce the experimental
Et distributions, as shown in Fig. 4c and d. The observed energy
release into the translational degree of freedom was smaller
than in the statistical model, indicating a propensity for energy
redistribution into the internal degrees of H+(H2O)2. Therefore,
even in H+(H2O)2–Ar, the Ar dissociation upon the OH stretch-
ing excitation proceeded via a nonstatistical manner, probably
associated with the energy-gap model.

The nb
II and nf

II modes of H+(H2O)2–Ar corresponded to the
OH stretching vibrations of the Ar-tagged and untagged H2O
subunits, respectively. The absence of mode dependence in the
Et distribution thus suggested that the vibrational energy given
by the infrared photon was likely delocalized over H2O–H+–H2O
intermolecular bonds prior to the Ar dissociation. Conse-
quently, the entire process can be summarized as the dissocia-
tion scheme in Fig. 6. The OH stretching excited states, nb

II and
nf

II, were predicted to relax into a common intermediate state,
where the vibrational energy was spread to the two H2O sub-
units. Though the intermediate state could not be identified in
the present experiment, a possible candidate for the acceptance
mode is the bending vibration, in analogy with H3O+–Ar dis-
cussed above. The H2O–H+–H2O intermolecular modes may be
concomitantly excited in the intermediate state, promoting
energy delocalization between the two H2O molecules. In con-
trast, since the experimental Et distribution did not coincide
with the PST model, the energy randomization was not com-
pleted into all vibrational degrees including the H+(H2O)2–Ar
intermolecular stretching coordinate. That is, the dissociation
directly proceeded from the intermediate state (the top right of
Fig. 6), while the statistical dissociation via complete IVR (the
bottom right of Fig. 6) was unfavorable. The faster energy deloca-
lization over the H2O–H+–H2O unit than the Ar intermolecular bond
presumably originated from the ionic intermolecular bond invol-
ving the shared proton. The intermolecular interaction in H2O–H+–
H2O was much greater than the charge-induced interaction with the
Ar atom and thus provided the higher-frequency intermolecular
modes that should be coupled more efficiently with the OH
vibrations. The hierarchical manner in the vibrational energy redis-
tribution has also been pointed out in previous gas-phase studies on
neutral clusters.15,108

The stepwise relaxation processes of the OH vibrations of
the protonated water clusters were observed in the solution
phase. Previous pump–probe spectroscopic measurements on
protonated water clusters including H+(H2O)2 in acetonitrile
revealed that the OH vibrational energy is redistributed over the
water clusters within a few hundred femtoseconds, and a further
energy relaxation from the clusters into the solvent molecules is a
slower process (41 ps).109,110 Thus, the gas-phase relaxation scheme
in Fig. 6, which proposes an internally hot H+(H2O)2 intermediate
and secondary energy transfer into the Ar dissociation coordinate,
shares a common feature with the condensed phase, although the
environments are very different.

It is also worth comparing the present system with the neutral
water clusters investigated by Reisler and co-workers.111,112 From
the photofragment images upon the hydrogen-bonded OH stretch-
ing excitation, it was concluded that the dissociation of (H2O)2 was
a nonstatistical process in accordance with the energy-gap law,111

while that of (H2O)3 could be well characterized as a statistical
dissociation.112 As for the present ionic clusters, a statistical
behavior did not appear even in H+(H2O)2–Ar, though the number
of available fragment vibrational states was greater than that of
(H2O)3. Thus, a transition to the statistical behavior in the
H+(H2O)n–Ar system may occur at a larger size region. However,
there is a difference in the structural motif between small clusters
of (H2O)n and H+(H2O)n. The cyclic trimer structure of neutral
(H2O)3,113 in which all the monomer subunits are bound with each
other, could potentially facilitate efficient vibrational energy redis-
tribution into the whole cluster through the intermolecular bonds.
Such a concerted behavior of the monomer constituents in the
cyclic structure may lead to the statistical dissociation unlike the
chain-like H+(H2O)2–Ar. From this perspective, future imaging
studies on ionic clusters of a different type of structural motif
should provide deeper insights into the vibrational relaxation
dynamics in intermolecular networks.

Conclusions

The dissociation processes of H3O+–Ar and H+(H2O)2–Ar via
mode-selective excitations of the OH stretching vibrations
(nb and nf) were investigated using imaging apparatus for
mass-selected ions. The obtained photofragment images

Fig. 6 Dissociation scheme for H+(H2O)2–Ar upon the OH stretching
excitation proposed in the present study. The nb

II and nf
II excited states

relax into a common intermediate state (middle). The Ar dissociation
proceeds prior to the complete IVR (complete energy randomization in
the whole cluster), providing internally hot H+(H2O)2 fragments (top right).
Statistical dissociation following the complete IVR is an unfavorable
process (bottom right, broken arrows).
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provided information on the fragment translational energy
distributions in the dissociation following vibrational relaxa-
tion. Irrespective of the excited vibrational modes, the transla-
tional energy releases were smaller than in the statistical PST
predictions for both H3O+–Ar and H+(H2O)2–Ar, which sug-
gested that the production of vibrationally excited fragment
ions was favorable in accordance with the energy-gap model. In
H3O+–Ar, the free OH stretching (nf

I) excitation resulted in a
smaller translational energy fraction than in the bound OH
stretch (nb

I). This mode-specific behavior could probably be
attributed to the preferential energy flow from nf

I to the bend-
ing coordinates within the H3O+ moiety, giving rise to bending
excited H3O+ that was not energetically accessible for the nb

I

excitation. For H+(H2O)2–Ar, in contrast, the bound OH stretch-
ing mode (nb

II) of the Ar-tagged H2O subunit and the free OH
stretching mode (nf

II) of the untagged H2O subunit exhibited
identical translational energy releases. The Ar dissociation thus
proceeded after energy delocalization between two H2O sub-
units through the ionic intermolecular interaction of H+(H2O)2.
On the other hand, a discrepancy between the experiment and
the PST calculation indicated that energy randomization into
all the vibrational modes including the intermolecular modes
associated with Ar was not completed prior to dissociation.

The photodissociation imaging scheme for the ionic clusters
does not need to employ any detection probe methods (e.g.,
REMPI) as for neutral clusters. Though the present scheme
cannot achieve the state-selective detection of fragments, the
imaging procedure with mass selection of targets still offers a
complementary and universal way to investigate the size- and
mode-specific dissociation dynamics of vibrationally excited
cluster ions. Future imaging experiments using different tag
atoms (different D0 values) and deuterium isotopomers for
tuning the vibrational levels would provide further information
into the vibrational dynamics of H+(H2O)n.
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