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The hemibond is a non-classical covalent bond formed by the overlap of non-bonding orbitals of a
radical (cation) and a closed-shell molecule. For (H,O-Ar,)* radical cation clusters, competition between
the hemibonded type and hydrogen-bonded (H-bonded) type isomers has been discussed on the basis
of infrared spectroscopy and theoretical computations. It has been commonly recognized that the
H-bonded type is predominant, while the coexistence of the hemibonded type remains a topic of
debate. Hemibonded species are known to exhibit very strong electronic transitions in the ultraviolet
and/or visible (UV-vis) region, which are marker bands for hemibond formation. In this study, we per-
formed electronic spectroscopy and photofragment ion imaging experiments on (H,O-Ar,)* to observe

Received 14th March 2025, the hemibond formation between H,O* and Ar. The observed spectra of (H,O-Ar,)" (n = 1-3) exhibit

Accepted 28th March 2025 absorption in the UV and visible regions. A comparison with quantum chemical calculations suggests the
coexistence of the hemibonded type in (H,O-Ar,)* (n = 1 and 2). In addition, the photofragment ion

imaging experiment on (H,O-Ar* showed an angular distribution attributed to the absorption of the
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1. Introduction

The hemibond is a non-classical covalent bond formed by the
overlap of a non-bonding orbital of a radical cation and a
closed-shell molecule.’ The hemibond has attracted attention
mainly in systems containing third-period elements such as
sulfur."?® In recent years, the hemibond formation by the
water radical cation H,0O" has been demonstrated by mass
spectrometry®* 2 and infrared (IR) spectroscopy”’ " in the
gas phase, and its contribution to the initial ionization process
in aqueous environments is of interest.*’* The (H,0-X)"
cluster formed between H,0" and another molecule X can form
two structural motifs: hydrogen-bonded (H-bonded) and hemi-
bonded type isomers. The H-bonded type has a H-bond
between the OH group of H,O" and the molecule X (HOH- - -X),
while the hemibonded type has a hemibond formed between
the oxygen atom of H,0" and X (H,O- - -X). The hemibonded
type can be more stable than the H-bonded type, depending on
the proton affinity and ionization potential of the molecule X,
and the hemibonded type has been observed as the predomi-
nant structure for X = N,0, Kr, and CO by IR spectroscopy.>”>°
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hemibonded type, providing firm experimental evidence of the coexistence of the hemibonded type.

In addition, the energetically unfavorable hemibonded (H,0),"
has been observed in helium droplets, where the initial struc-
ture following ionization is preserved due to rapid cooling.*
However, in most cases, the H-bonded type is energetically
more stable and predominant in (H,0-X)" due to the high
acidity of H,O'. Therefore, the H-bonded type is primarily
observed for various molecules X (X = He, Ne, Ar, CO,, N,,
and H,0).>>*"** When the H-bonded type is more stable than
the hemibonded type, only the abundant H-bonded type is
generally observed in IR spectroscopy. This is because there is
no significant difference in IR absorption intensity between H-
bonded and hemibonded types. Furthermore, the H-bonded
type tends to exhibit a greater IR absorption intensity of OH
stretching vibration due to H-bond formation, making the H-
bonded type more readily detected in IR spectroscopy. Conse-
quently, in IR spectroscopy, it is difficult to obtain experimental
evidence of the coexistence of hemibonded (H,0-X)', which
exists in a small amount.

To address this, we focused on ultraviolet-visible (UV-vis)
spectroscopy. It is well known that hemibonded species exhibit
characteristic transitions in the (near-) UV and visible regions,
which are marker bands for hemibond formation. These
transitions have been observed in numerous cases in the
condensed phase, primarily in S..S hemibonds.* ™***> In
addition, in gas-phase spectroscopy, it has been studied as
“charge resonance bands” in various cation species such as
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(CO,)," and benzene dimer cations.**™* These transitions originate
from the o-o* transition of the hemibond formed by the
overlap of the lone pair orbitals. It should be noted that the
absorption intensity of hemibonded species is expected to be
several tens of times greater than that of the H-bonded
type, whose transition arises from its radical site in (H,0-X)".
Therefore, if the hemibonded type exists at even a few percent
relative to the H-bonded type in (H,0-X)', it is expected to be
detectable by UV-vis spectroscopy.

Here, we investigate the (H,O-Ar,,)" radical cation cluster, in
which the competition between H-bonded and hemibonded
types has been the subject of long-standing discussions. For n =1
and 2, IR spectroscopy and quantum chemical calculations have
firmly established that the H-bonded type is energetically more
stable and dominant in the isomer distribution than the hemi-
bonded type.*®™** At n = 2, however, the measured IR spectra show
weak bands attributed to the hemibonded type, suggesting the
partial coexistence of the hemibonded type.* On the other hand,
the anharmonic calculations have indicated that the observed
band at n = 2 can be reproduced by combination bands attributed
to the H-bonded type.”* Thus, debate remains as to whether the
hemibonded type coexists in (H,O-Ar,)".

In this study, UV-vis spectroscopy and photofragment ion
imaging experiments are performed on (H,O-Ar,)" to observe
the hemibond formation between H,O" and Ar. Observing the
characteristic transitions of the hemibonded type by electronic
spectroscopy of (H,O-Ar,)" (n = 1-3) is expected to provide
evidence for its coexistence. Furthermore, photofragment ion
imaging experiments allow us to investigate the nature of the
transition in (H,O-Ar)", thereby providing more definitive
experimental evidence for the hemibond formation.

2. Methods

2.1 UV-vis spectroscopy

Details of the experimental apparatus have been described
elsewhere.’® The (H,0-Ar,)" (n = 1-3) radical cation clusters
were generated by electron impact ionization in a supersonic jet
of water vapor seeded in Ar gas, which was expanded through a
high-pressure pulsed valve (Even-Lavie valve®"). The produced
(H,0-Ar,)" were mass-selected at the first stage of the quadru-
pole mass spectrometer and then irradiated with UV and visible
light in the octupole ion guide. When the UV-vis light frequency
resonates with the electronic transition of the (H,O-Ar,)",
fragment ions such as H,0" or Ar' ions are produced. No
(H,0-Ar,)" fragments were observed, indicating the evapora-
tion of all solvent molecules upon photoexcitation. By monitor-
ing the intensity of mass-selected fragment ions at the second
stage of the quadrupole mass spectrometer, UV-vis PD spectra
of the (H,0-Ar,)" were recorded. It should be noted that for the
mass selection of parent ions, the mass resolution was set to
Am/z < 1 to remove the corresponding protonated cluster
(H;0-Ar,)", while for the detection of the fragment ions, the
mass resolution was intentionally reduced to enhance signal
intensity. Consequently, Ar" and H'Ar were detected without
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being distinguished when detecting the Ar' channel. The UV-vis
light source used was an OPO (NT342, EKSPLA). Although the
linewidth of the UV-vis light output from the OPO is less than 5
cm ', the observed spectra are expected to lack fine structure;
therefore, measurements were performed using a step scan
with 5 nm increments.

2.2 Photofragment ion imaging experiments

The experimental setup has been described previously.”” Briefly,
(H,0-Ar)" ions were generated by electron impact ionization in a
supersonic expansion of water and Ar gas mixture at a stagnation
pressure of 5 atm. The produced (H,O-Ar)" ions were introduced
into a time-of-flight mass spectrometer equipped with a double
linear reflectron. After mass selection by the first reflectron,
(H,0-Ar)" ions were irradiated with a linearly polarized laser at
532 nm (the second harmonic of a Nd:YAG laser, Spectra Physics,
LAB-150). The resultant H,O" photofragment ions were mass-
selected by the second reflectron and subsequently detected by a
position-sensitive detector. The observed two-dimensional pro-
jection images of photofragment ions were reconstructed into
three-dimensional distributions using the pBASEX method,?
from which the translational energy and angular distributions
of the photofragments were obtained.

2.3 Computational methods

Quantum chemical computations of (H,O-Ar,)" were per-
formed using the Gaussian 16 program package.’® Energy-
optimized structure searches were performed at the CCSD/
aug-cc-pVTZ level. Additionally, excited-state calculations were
conducted at the EOM-CCSD/aug-cc-pVTZ level to determine
the vertical excitation energies and oscillator strengths of (H,O-
Ar,)". In addition, for (H,O-Ar)", potential energy curves (PECs)
and potential energy surfaces (PESs) for the electronic ground
state and the electronically excited state were calculated at the
same level of theory.

3. Results and discussion

3.1 Observed and simulated UV-vis spectra of (H,0-Ar,,)"
(n=1-3)

Fig. 1 shows the observed and simulated UV-vis spectra of
(H,O-Ar)". The observed spectrum in Fig. 1 represents the
sum of H,0" and Ar" fragment ion intensities. Fig. S1 in ESIL,}
shows the UV-vis spectra obtained by detecting H,O" and Ar"
(or H'Ar) fragments, respectively. Notably, in the visible region,
H,O" fragments were predominantly detected. This is likely due
to the excess energy of photo-excited (H,O-Ar)". Fig. S2 (ESIT)
shows the energy diagram of (H,O-Ar)". This diagram indicates
that the dissociation channel leading to the H,O" fragment is
energetically accessible in the visible region, whereas the dis-
sociation channels leading to Ar" or H'Ar are energetically
unfavorable. For the calculated isomers, we obtained the H-
bonded type (isomer H), in which Ar is H-bonded to one of the
OH groups of H,0", and the hemibonded type (isomer h), in which
a hemibond is formed between the O and Ar atoms, as in the
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Fig. 1 (a) Observed and (b) and (c) calculated spectra of (H,O—-Ar)* at the
EOM-CCSD/aug-cc-pVTZ. Note that the scales of the plots in (b) and
(c) differ. The energies shown in the figure represent the ZPE-corrected
relative energies. The electronic energy was calculated at the CCSD(T)/
CBS, and the ZPE was obtained from an anharmonic calculation at the
CCSD(T)/cc-pVTZ level *

previous studies.**™*> Note the labels H and h represent the

H-bond and hemibond formation between H,O" and Ar, respec-
tively. The H-bonded type is more energetically stable and pre-
dominant. Wagner et al. reported that the isomerization barrier
from isomer h to isomer H was calculated to be 10.6 k] mol™* at
the CCSD(T)/cc-pVTZ level.*

In the observed spectrum, a strong band at ~320 nm and a
weak and broad band at ~500 nm were observed. In the
calculated spectrum for isomer H, two main absorptions are
predicted: one in the UV region and one in the visible region.
Fig. S3 (ESIT) shows the molecular orbitals corresponding to
these electronic transitions. As shown in Fig. S3 (ESIY), these
transitions are attributed to charge transfer between H,0" and
Ar and local excitation in the H,O" subunit from one lone pair
orbital to another. In the calculated spectrum for isomer h, two
main absorptions are also predicted: one in the UV region and
one in the visible region. These transitions are attributed to a
o-c* transition of the hemibond formed by the overlap of the
lone pair orbitals of H,0" and Ar and a transition from the lone
pair orbital of H,0O" to the o* orbital of the hemibond,
respectively, as shown in Fig. S3 (ESIt). Notably, the oscillator
strength of isomer h is several tens of times greater than that of
isomer H. That is, as expected, the absorption of the hemi-
bonded type is significantly stronger than that of the H-bonded
type, suggesting that the hemibonded type can be observed
even if it is energetically less favorable.

Here, we compare the observed and calculated spectra. Since
the predicted absorption bands of both isomer H and isomer h
appear at similar positions, it is difficult to assign the observed
spectrum unambiguously. However, the predicted absorption
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bands of isomer h in the UV and visible regions exhibit greater
consistency with the experimentally observed peak positions.
Therefore, a comparison of the experimental and calculated
spectra suggests the contribution of the hemibonded type. Note
that a contribution from the H-bond type cannot be ruled out in
the observed spectrum as its population is predominant though
its absorption intensity is much lower.

Thus, the results of UV-vis spectroscopy suggest the coex-
istence of the hemibonded type. However, since the absorption
bands of both the H-bonded and hemibonded types are calcu-
lated to be at similar positions, it remains challenging to
definitively confirm the presence of the hemibonded type based
solely on the comparison between the experimental and calcu-
lated spectra. First, the results of the excited-state calculations
may depend on the computational level. Additionally, regard-
ing absorption in the visible region, it is known that bare H,0"
exhibits a very broad absorption in this region, which is
attributed to vibronic transitions caused by the excitation of
the bending vibration of H,0".>*"®! Since the absorption of the
H-bonded type in the visible region is localized in the H,O"
subunit, it may also exhibit broad absorption in the visible
region, similar to bare H,O'. Therefore, the spectroscopic
results obtained in this study alone do not provide conclusive
evidence for the presence of the hemibonded type. To obtain
more definitive experimental evidence for the coexistence of the
hemibonded type, further verification for n = 1 was conducted
using photofragment ion imaging experiments, as described in
Section 3.3.

Fig. 2 shows the observed UV-vis photodissociation spec-
trum for n = 2, along with the calculated spectra of the stable
isomers. Similar to the previous studies,’™* the calculated
isomers include isomer H-H, in which Ar atoms are H-bonded

(a)exp.
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[
(&) N
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Fig. 2 (a) Observed and (b) and (c) calculated spectra of (H,O—-Ar,)* at the

EOM-CCSD/aug-cc-pVTZ. Note that the scales of the plots in (b) and (c)
differ. The energies shown in the figure represent the ZPE-corrected
relative energies. The electronic energy was calculated at the CCSD(T)/
CBS, and the ZPE was obtained from an anharmonic calculation at the
CCSD(T)/cc-pVTZ level. 2
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Fig. 3 (a) Observed and (b) calculated spectra of (H,O—Arz)" at the EOM-
CCSD/aug-cc-pVTZ.

to both OH groups of H,0", and isomer h-H, in which one Ar
forms a hemibond while the other Ar forms a H-bond. The
experimental and calculated spectra for n = 2 are almost
identical to those for n = 1. In other words, for n = 2, the
calculated spectrum of the hemibonded type (isomer h-H)
agrees well with the observed spectrum, suggesting that the
hemibonded type coexists with the H-bonded type (isomer H-H),
which is the most stable isomer. Here, the broad band of the
observed spectrum in the visible region is red-shifted compared
to that for n = 1. The calculated spectrum also exhibits a red-shift
in the visible absorption of the hemibonded type, indicating
good agreement between the experimental and the calculated
results. However, the H-bonded type also exhibits a red-shift in
its visible absorption, which should be taken into account when
interpreting the results.

Finally, Fig. 3 shows the observed electronic spectrum for n = 3,
along with the calculated spectrum. The calculated isomer struc-
ture is consistent with those reported in the previous studies.***>
The most stable structure, isomer h-H-H, was found to exhibit a
fully solvated configuration, where two Ar atoms are H-bonded to
both OH groups of H,O', while the third Ar atom forms a
hemibond with the O atom of H,O". Notably, the first solvation
shell of H,0O" is closed in this structure. The experimental and
calculated spectral profiles are similar to those for n = 1 and 2, and
the experimental spectrum exhibits good agreement with the
calculated spectrum. It should be noted that, for n = 3, the most
stable structure (isomer h-H-H) features a hemibond between Ar
and H,0", leading to strong absorption. In contrast, for n =1 and 2,
the H-bonded type is the most stable and predominantly present,
resulting in weaker absorption. Consequently, the fragment ion
intensities for n = 3 were significantly greater in the experiment. In
the following section, we provide a detailed discussion on the
relative intensities of the photodissociation spectra in the UV
region for n = 1-3.

3.2 Comparison among the observed UV-vis spectra of
(H,O0-Ar,)" (n = 1-3)

Fig. 4 shows the observed UV-vis spectra of (H,O-Ar,)" (n = 1-3).
Each spectrum represents the sum of the H,0' and Ar’
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Fig. 4 Comparison among the observed UV-vis spectra of (H,O-Ar,)*
(n = 1-3). These spectra are normalized by the laser power and parent ion
intensities.

fragment ion intensities, normalized by the laser power and
parent ion intensities. Thus, the relative intensities of the spectra
can be compared across different cluster sizes (). As mentioned
above, in the observed spectra for n = 1-3, a strong absorption
appears at approximately 320 nm in the UV region, while a broad
and weak absorption is observed around 500 nm in the visible
region. The most notable feature in this comparison of the
observed spectra is that the fragment ion intensity for n = 3 is
two ~ three times higher than that for n =1 and 2. For n =1 and
2, the H-bonded type is predominantly formed, resulting in weak
absorption intensity, as shown in Fig. 1 and 2. Additionally, the
population of the hemibonded type, which contributes effi-
ciently to the spectrum, is relatively minor. In contrast, for
n = 3, as shown in Fig. 3, a hemibond is formed between H,0"
and Ar, and the other Ar atoms are H-bonded, resulting in a fully
solvated structure (isomer h-H-H), which is the most stable.
Therefore, for n = 3, structures containing a hemibond predo-
minantly exist, and the observed spectral intensity is signifi-
cantly stronger, due to the c-o* transition of the hemibond.
Consequently, the UV-vis spectroscopy experiment demonstrated
that H,O" and Ar form a hemibond for n = 3.

Here, we discuss the intensity ratio of the observed spectra
in Fig. 4 in more detail. Fig. 4 shows that the observed intensity
ratio in the UV region differs by a factor of two ~ three between
n =1, 2 and n = 3. On the other hand, as shown in Fig. 1-3, the
oscillator strength in the UV region calculated at the EOM-
CCSD/aug-cc-pVTZ level is almost same among the hemi-
bonded isomers of n = 1-3, but that of the H-bonded type of
n =1 and 2 is weaker by an order of magnitude than the
hemibonded type. Therefore, the intensity ratio obtained from
the experiment does not quantitatively match that obtained
from the calculations when we suppose a single isomer forn =1
and 2. This discrepancy can be explained by the coexistence of a
minor fraction of the hemibonded type in the observed spectra
for n = 1 and 2. Assuming the hemibonded type coexists for
n =1 and 2, the absorption intensity of the system would be
largely enhanced from that of a population consisting solely of
the H-bonded type. As a result, the absorption intensity for n =3
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is two ~ three times greater than that for n = 1 and 2, as seen in
Fig. 4.

To further investigate this, we quantitatively estimated the
fraction of the hemibonded type in n = 1, 2 based on the
integrated peak area from the experiment and the calculated
oscillator strength in the UV region. This estimation suggests
that if approximately 30% of the (H,O-Ar,)" for n =1 and 2 are
the hemibonded type, the observed intensity ratio in the
experimental spectra can be explained. However, this estimated
fraction of ~30% appears to be somewhat overestimated. In
fact, according to a previous study,’> the relative energy
between the H-bonded and hemibonded types calculated at
the CCSD(T)/CBS level with zero-point energy (ZPE) corrections
from an anharmonic calculation at the CCSD(T)/cc-pVTZ level
is 2.5 kJ mol " for n = 1 and 3.3 kJ mol ' for n = 2. Based on
these values, the estimated population of the hemibonded type
is approximately 5% at 100 K and ~20% at 250 K. This
discrepancy may arise from experimental conditions due to
mass-dependent effects, such as variations in detection effi-
ciency caused by the mass spectrometer transmission rate.

Therefore, to summarize this section, the intensity ratio of
the observed spectra for n = 1, 2 and n = 3 can be explained by
the coexistence of the hemibonded type in n = 1, 2, providing
experimental evidence supporting the hemibond formation
between H,O" and Ar. However, precisely quantifying its popula-
tion remains challenging due to limitations in controlling
experimental conditions. Nevertheless, by comparing the experi-
mental spectra with the calculational results and analyzing the
relative intensity ratio of the observed spectra, we have obtained
experimental evidence supporting the coexistence of the hemi-
bonded type in (H,O-Ar,,)" for n = 1 and 2. The following section
presents the results of photofragment ion imaging experiments
to obtain more definitive experimental evidence for the presence
of the hemibonded type in (H,O-Ar)".

3.3 Photofragment ion imaging: translational energy and
angular distributions

This section describes the results of the photofragment ion
imaging experiments on (H,O-Ar)". Fig. 5 shows the transition
dipole moments (u) of the H-bonded and hemibonded types of
(H,O-Ar)" in the visible region calculated at the EOM-CCSD/aug-
cc-pVTZ level. For the H-bonded type, the orientation of u is
nearly perpendicular to the dissociation axis of H,O and Ar,
whereas for the hemibonded type, it is nearly parallel. Therefore,
we can distinguish whether the visible absorption originates

hemibond type

H-bond type ,)
)i 4

Fig. 5 Transition dipole moments u of (H,O-Ar" in the visible region
calculated at the EOM-CCSD/aug-cc-pVTZ level.
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from the H-bonded or hemibonded type through the photofrag-
ment ion imaging experiments using a linearly polarized laser
and analyzing the angular distribution of the fragment ions, as
discussed later. This approach is expected to provide definitive
evidence for the hemibond formation in (H,0-Ar)". It should be
noted that for the stronger transitions in the UV region, unfortu-
nately, both isomers are predicted to have u aligned parallel to
the dissociation axis. As a result, no significant difference in the
angular distribution between the two isomers is expected upon
UV excitation. Therefore, in this study, photofragment ion
imaging experiments were performed using visible light excita-
tion (532 nm). Notably, the absorption of the hemibonded type
in the visible region is attributed to a transition from the lone
pair orbital of H,O" to the 6* orbital of the hemibond. Thus, this
electronic excited state differs from the c-c* transition observed
in the UV region.

Fig. 6(a) shows the observed image of the H,0" photofrag-
ment ions, produced by excitation of (H,0-Ar)" with 532 nm
dissociation light. First, we focus on the angular distribution
relative to the polarization direction (E) of the dissociation laser
light. The angular distribution of the photofragment ions
produced by single-photon dissociation is given by the equa-
tion: I(0) = (1/4n)[1 + BP,(cos 0)],°> where 0 is the angle between
the light polarization direction and the recoil direction of the
photofragment ions, and P,(x) is the second-order Legendre
polynomial, given by: P,(x) = (3x*> — 1)/2. Additionally, B is the
anisotropy parameter, which ranges from —1 to +2 and charac-
terizes the angular distribution. For a single-photon dissociation
process, the anisotropy parameter 5 can be theoretically expressed
as: f§ = 2P,(cos y)P,(cos a)g{wr),*>** where y is the angle between u
and the dissociation axis, and a is the rotation angle of the
dissociation axis induced by the rotational excitation of the
photofragments. Furthermore, g{wrt) represents the deviation in
anisotropy due to the dissociation lifetime, given by: g(wt) = (1 +
(07)?)/(1 + 4(wr)?). Here, ® and t denote the rotational angular
velocity of the parent ion and the dissociation lifetime, respec-
tively. When the dissociation lifetime is short compared to the
rotational period (r ~ 0), this term approaches 1, meaning its

(o) :

Intensity (arb. unit)

00 02 04 06 08 1.0
Translational energy release (eV)

Fig. 6 (a) lon images of H,O" photofragment ions at 532 nm excitation.
The left half is the observed image, and the right half is the sliced image of
the three-dimensional distribution reconstructed using the pBASEX
method. E indicates the polarization direction of the dissociation laser
light. (b) The corresponding translational energy distribution. Shaded
regions represent the statistical error from three independent measure-
ments. E,,(A) represents the available energy for the dissociation channel
leading to the H,O™(A) fragment (see text for details.).
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effect is negligible. Conversely, when the dissociation lifetime is
long compared to the rotational period, this term cannot be
ignored and takes a minimum value of 1/4. Here, under the axial
recoil approximation, where the dissociation lifetime is suffi-
ciently short and the rotation of the dissociation axis can be
neglected (P,(cos a)g(wt) ~ 1), the f value is determined solely by
the angle y between p and the dissociation axis. From the angles
between u and the dissociation axis of (H,0-Ar)" shown in Fig. 5,
the expected f§ values are —1.00 for the H-bonded type and +1.98
for the hemibonded type. Thus, the f# value obtained from the
experiment should allow us to distinguish whether the visible
absorption originates from the H-bonded or the hemibonded
type, thereby providing evidence for the hemibond formation in
(H,0-Ar)".

In Fig. 6(a), the observed images exhibited a nearly isotropic
angular distribution but were clearly elongated along the E
direction. In more detail, the image analysis yielded a f§ value of
0.46 £ 0.04. The f value was determined from the peak position
of the velocity distribution of the H,0" photofragment ions.
Therefore, under the visible-light (532 nm) excitation of (H,O-Ar)",
the orientation of u is nearly parallel to the dissociation axis. That
is, based on the present experimental results and the direction of u
in the two isomers shown in Fig. 5, it is concluded that the visible
absorption originates from the hemibonded type, providing direct
evidence for the hemibond formation in (H,O-Ar)". Here, the f8
value predicted from the axial recoil approximation for the visible-
light excitation of the hemibonded type is 1.98, whereas the
experimentally obtained f value is much smaller than this predic-
tion. This discrepancy can be attributed to either the long dis-
sociation lifetime of the excited (H,O-Ar)" compared to its
rotational period or the contribution of the H-bonded type, which
is expected to have a negative f value in the observed image.

Next, we discuss the translational energy distribution of the
photofragments obtained from the analysis of the observed
images. In the following discussion, we primarily focus on the
photodissociation processes of the hemibonded type, as the
positive f§ value indicates a major contribution from the hemi-
bonded type. Fig. 6(b) shows the translational energy distribu-
tion (E, distribution) of the photofragments derived from the
velocity distribution of the H,O" photofragment ions using the
momentum conservation principle. The available energy (Eav)
for the photodissociation reaction is also shown. E,; is defined
as follows: for the electronic ground state H,O'(X) channel,
E.(X) = hv — Dy, and for the electronically excited state H,0'(A)
channel, E,j(A) = hv — Dy - E¢1eo(H,O'(A)). Here, D, represents
the dissociation energy of the hemibonded (H,O-Ar)", and
Eeec(H,O'(A)) denotes the excitation energy to the electronic
excited A state of H,O" (for details, see the energy diagram in
Fig. S2, ESIY). The E,, was calculated using well-known litera-
ture data.®®® Additionally, the binding energy of the hemi-
bonded (H,O-Ar)" was calculated using the experimental
binding energy of the H-bonded (H,O-Ar)" and the relative
energy between the hemibonded and H-bonded types.***¢”
E.(X) and E,y(A) represent the available energy that can be
distributed among the translational, vibrational, and rotational
energy of the photofragments in each electronic state of H,0".
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According to Fig. 6(b), the E, distribution appears at lower
energy relative to E,,(A), indicating that most of the excess
energy is distributed to the internal energy of the H,O" frag-
ment ions. This suggests that the potential energy surface of
the excited state of hemibonded (H,O-Ar)" is not repulsive,
which may be related to the long dissociation lifetime of (H,O-
Ar)". Tt is well known that in the electronically excited A state,
H,O" exhibits a linear structure.>> ®* Therefore, upon electronic
excitation in (H,O-Ar)", the bending vibration of the H,O"
subunit is expected to be significantly excited. As a result, a
large portion of the available energy is distributed to the
vibrational energy of the H,O' fragment ions, leading to a
smaller fraction distributed to translational energy. In the next
section, we calculate the potential energy curves and surfaces of
(H,0-Ar)" to investigate the visible-light dissociation processes
of the hemibonded type.

3.4 Potential energy curves and surfaces of (H,0-Ar)"

Fig. 7(a) shows the potential energy curves (PECs) of the
electronic ground state and the first electronically excited state
of the hemibonded (H,0-Ar)", calculated at the EOM-CCSD/
aug-cc-pVTZ level. The vertical axis represents the electronic
energy, while the horizontal axis corresponds to the O-Ar
distance R, as defined in Fig. 7 (top panel). All other structural
parameters were fixed at the equilibrium values obtained from
the geometry optimization during the calculations.

In Fig. 7(a), the PEC of the first electronically excited state
exhibits a slightly repulsive nature in the Franck-Condon
region; however, it remains nearly flat overall with a shallow
potential well. This nearly flat PEC shape can be explained by
the orbitals involved in the visible-light excitation of the hemi-
bonded type. As shown in Fig. S3 (ESIt), the visible-light
absorption of the hemibonded type corresponds to a transition
from the lone pair orbital of H,0O" to the o* orbital of the
hemibond. Here, the hemibond is formed when two electrons
occupy the intermolecular ¢ orbital and one electron occupies
the o* orbital. Upon visible-light excitation of hemibonded
(H,O-Ar)", both the ¢ and c* orbitals become doubly occupied,
leading to bond cleavage (effectively reducing the bond order to
zero), without introducing the significant repulsive force
between H,O" and Ar. Therefore, the first electronically excited
state PEC does not become strongly repulsive but remains
nearly flat. This characteristic is consistent with the experimen-
tally observed low fraction of energy distributed to translational
motion. Similarly, this nearly flat PEC shape suggests that the
dissociation lifetime of the visible-light-excited (H,0-Ar)" may
be long, which could also explain the experimentally observed
smaller f value than the prediction based on the axial recoil
approximation. However, PEC calculations alone do not pro-
vide information on the dissociation lifetime, making it diffi-
cult to determine whether the smaller f§ value originates from
the dissociation lifetime or the contribution of the H-bonded
type. Fig. S4 (ESIT) shows the PECs of the H-bonded type. For
the H-bonded type as well, the first electronically excited state
PEC, which corresponds to visible-light excitation, is not repul-
sive. Therefore, when the H-bonded type is excited, it is also
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in the structure of (H,O-Ar)" in the figure. The structural parameters other than R and 0 were fixed at the equilibrium values obtained from the geometry

optimization in the electronic ground state during the calculations.

unlikely that a significant fraction of energy would be distrib-
uted to translational degrees of freedom.

To investigate the photodissociation process of hemibonded
(H,O0-Ar)" in more detail, with a particular focus on the
distribution of excess energy, we performed potential energy
surface (PES) calculations. Fig. 7(b) shows the potential energy
surfaces (PESs) of the electronic ground state and the first
electronically excited state of the hemibonded (H,O-Ar)". The
horizontal axis represents the O-Ar distance (R) and the vertical
axis corresponds to the HOH bond angle (0) as defined in Fig. 7
(top panel). Upon 532 nm photoexcitation of the hemibonded
(H,0-Ar)", the HOH bond angle changes significantly, while
the OH distance remains relatively constant. Therefore, the
HOH bending mode is the dominant Franck-Condon active
mode. Consequently, we chose 0 to the second coordinate in
the PES. The dashed lines on the PESs represent the equili-
brium values of R and 0 for the hemibonded (H,0-Ar)" in the
electronic ground state. The PESs suggest the following dis-
sociation process for the visible-light-excited hemibonded
(H,O-Ar)": (1) upon excitation to the first electronically excited
state, the system undergoes elongation of R and increases in 0.
(2) As it approaches the region where 0 ~ 180°, the energy gap

8292 | Phys. Chem. Chem. Phys., 2025, 27, 8286-8294

between the electronic ground and excited states narrows,
facilitating a nonadiabatic transition to the electronic ground
state. (3) In the electronic ground state PES, the system further
elongates R while 0 undergoes large oscillations. Thus, these
PES calculations indicate that highly vibrationally excited H,O"
is produced. Consequently, most of the excess energy is dis-
tributed to the bending vibration of H,0", leaving little for the
translational energy of the photofragments. This dissociation
process in the PESs rationalizes the observed translational
energy distribution. Fig. S4 (ESIf) shows the PESs of the H-
bonded type, suggesting that vibrationally excited H,O" frag-
ment ions are also likely to be produced.

4. Conclusion

To observe the formation of a hemibond between H,0" and Ar,
we performed UV-vis photodissociation spectroscopy experi-
ments on (H,0-Ar,)" (n = 1-3) and photofragment ion imaging
experiments on (H,0-Ar)". The experimentally obtained UV-vis
spectra exhibited absorption in both the UV and visible regions
for all cluster sizes (n = 1-3). For n = 1 and 2, a comparison
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between the observed UV-vis photodissociation spectra and
quantum chemical calculations suggested the coexistence of
the hemibonded type. Additionally, in the photodissociation
spectra, the observed relative intensity for each cluster size
differed by approximately a few times betweenn=1,2and n=3
in the UV region. This intensity difference inn=1,2andn=3
was explained by the fully solvated structure containing a
hemibond at n = 3 and the partial coexistence of the hemi-
bonded type at n = 1 and 2. Therefore, by comparing the
experimentally observed absorption wavelengths with theoreti-
cal calculations and analyzing the intensity ratios of the
observed spectra, we obtained experimental evidence for the
coexistence of the hemibonded type in (H,0-Ar,)".

Additionally, the results of the photofragment ion imaging
experiment on (H,O-Ar)" exhibited a small recoil velocity and a
positive anisotropy parameter. The obtained positive anisotropy
parameter indicates that the visible absorption of (H,O-Ar)" origi-
nates from the hemibonded type, providing definitive experimental
evidence for the existence of the hemibonded type. Furthermore,
PEC and PES calculations revealed that most of the excess energy is
distributed to the bending vibration of the H,O" fragment ions.
Consequently, a smaller fraction of the excess energy is transferred
to the translational energy of the photofragments.

Based on these results, we conclude that electronic spectro-
scopy and photofragment ion imaging experiments enabled the
observation of the hemibonded type, which is energetically less
stable and has a lower population. In the future, applying these
methods to other systems is expected to provide experimental
evidence for hemibond formation in a broader range of mole-
cular systems.
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