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Using a combination of photostimulated desorption and resonance-enhanced multiphoton ionization tech-
niques, OH radicals photodesorbed from amorphous solid water at low temperatures are detected. It was found
that the OH photodesorption can be caused by a one-photon process on the surface even at 532 nm, where both
isolated OH and H2O are transparent. Quantum chemical calculations reveal that the electronic excitation of OH
dramatically changes depending on the adsorption sites and the number of surrounding H2O molecules, and that
OH having three hydrogen bonds with neighboring H2O molecules can absorb photons of around 532 nm, which
supports the experimental findings.

DOI: 10.1103/PhysRevA.102.052822

I. INTRODUCTION

The behavior of hydroxyl (OH) radicals on water ice is
closely related to various phenomena occurring on ice-dust
particles in atmospheric and interstellar environments. In in-
terstellar molecular clouds, which are located in very cold
regions of space, the OH radical is considered to be one of
the dominant species on cosmic ice dust, because it can be
readily produced by photolysis of H2O on ice, as well as
by reactions of hydrogen and oxygen, which are abundant
elements in space [1,2]. When OH radicals have accumulated
on the ice-dust surface, they play a key role in the production
of various interstellar molecules, such as CO2, H2O2, and
HCOOH [3]. Even at temperatures as low as 10 K, the re-
actions of OH radicals were found to occur on the ice surface
through low-barrier, barrierless, or tunneling reactions [4–6].
Therefore, the previous experiments mainly concentrated on
the reactions of OH on amorphous solid water (ASW), which
is an analog of cosmic ice dust. Those were performed mainly
by spectroscopically measuring stable molecular products on
ice and thus it is not yet clear how OH radicals themselves
behave on the ice surface. To better understand the physico-
chemical processes of OH radicals on ice, close monitoring
of the radicals is crucial. However, the detection of OH has
intrinsic experimental difficulties. Since OH radicals easily
react with one another or an adsorbate, it is difficult to produce
sufficient amounts of OH on ice for detection with the conven-
tional methods. Furthermore, spectroscopic separation of OH
radicals on the surface from those in bulk ice is fraught with
problems. Therefore, methods often used for solids, such as
Raman, infrared, and electron spin resonance spectroscopies,
are not applicable. Microscopic methods, such as scanning
tunneling microscopy and field-emission microscopy, can de-
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tect adsorbates on the surface [7–9], but these methods are
inappropriate to distinguish between OH and H2O. Further-
more, ice is not an electric conductor. Recently, OH radicals
in bulk ice were detected by near-edge x-ray absorption fine-
structure spectroscopy, but unfortunately, this method is not
surface sensitive [10,11].

Complementing the experimental approach, calculations
have mainly treated OH interacting with H2O clusters. The
binding energies of OH radicals and H2O clusters were de-
termined by calculations [12–14]. Most recently, quantum
chemical calculations have provided several binding energies
for OH on crystalline ice, depending on adsorption sites, in
the range 0.20–0.67 eV [15]. There is no report on binding
energies for OH radicals on the ASW surfaces. Furthermore,
it is difficult to predict the binding-site distribution of ice, and
therefore an experimental approach is still desirable.

Recently, we developed a method to sensitively detect
atomic hydrogen on the ice surface with a combina-
tion of photostimulated desorption (PSD) at 532 nm and
resonance-enhanced multiphoton ionization (REMPI) tech-
niques [16,17]. In the present paper, we report the detection of
OH radicals produced by photolysis of ASW deposited on an
aluminum substrate at low temperatures by the PSD-REMPI
method. Because neither an isolated OH radical nor an H2O
molecule absorbs a photon at 532 nm, mechanisms causing
PSD of OH need to be thoroughly discussed. From analyzing
the obtained translational energy of photodesorbed OH radi-
cals and quantum chemical calculations, we propose that the
PSD process is triggered by the absorption of a photon at 532
nm by an OH radical that has three hydrogen bonds with H2O
molecules on the ASW surface.

II. EXPERIMENT

Samples of nonporous ASW, with the thicknesses from
about 20 to 1000 monolayers (MLs), were produced at 100 K
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by vapor deposition of H2O gas from freeze-pump-thaw
cycled ultrapure water (>18 M� cm) on a mirror-polished
aluminum substrate (40 mm in diameter) connected to the
cold head of a He refrigerator. The aluminum surface was
cleaned up neither by heating nor by ion bombardments in the
vacuum. Therefore, the surface should be oxidized to some
extent. The OH radicals were produced by UV photolysis of
ASW. The sample temperature upon ultraviolet (UV) irradi-
ation was in the range from 10 to 80 K. Since temperature
barely influenced the results, we focus on the experiments
conducted at 70 K. The UV photons were emitted from a
conventional deuterium UV lamp (H2D2 light source unit,
Hamamatsu Photonics K. K.) in the wavelength range of
115–400 nm, and were then collimated by a capillary plate
to illuminate only the ASW sample. This device avoids the
creation of undesired photoelectrons from the metal surfaces
of the chamber wall and the cold head. The UV flux (ap-
proximately 1 × 1013 photons cm−2 s−1) was measured by a
photodiode (AXUV-100G, IRD Inc.) above the sample sur-
face. The threshold of the first electronic excited state of H2O,
which is dissociative, is around 7.3 eV (170 nm) [18]. The
photons from the UV lamp dissociate H2O molecules, mainly
into H + OH [19]. Possible photoproducts, H, H2, O, and O2,
other than OH cannot stay on the surface at 70 K. For the same
type of UV lamp, the effective cross section of photoabsorp-
tion by H2O ice over the whole wavelength range was reported
to be 3.4 × 10−18 cm2 [20]. In the present experiments, the
OH measurements by the PSD-REMPI method were mostly
started after about 1 h of UV exposure when the OH intensity
became constant at a steady state. If all of the photopro-
duced OH remains on the surface, the surface coverage of OH
can reach about 0.1 on the assumption that photoabsorption
always leads to photodissociation. Furthermore, an amount
of tens of percent for the OH photoyields was reported to
desorb immediately [20]. Most importantly, we found that our
detected OH yields over 1 min exposure reached a similar
level within a factor of 2 to those over 1 h at the steady state.
Because the exposure time of 1 min provides the coverage of
0.002 at a maximum, the desorption process needs to happen
under the condition that OH radicals are almost isolated on a
pure H2O surface. This quick saturation of OH yields was also
seen in the experiments by Cruz-Diaz et al. [20], where they
measured the OH photodesorption yields during exposure of
ice to UV from a deuterium lamp. These findings indicate that
the surface number density of OH is settled in the steady state
by the balance between photoproduction and loss by pho-
todesorption and recombination such as OH + OH → H2O2

or H2O + O [4,21]. H2O2 would reproduce two OH radicals
by UV. These products may desorb at the formation reaction
[22,23]. Experiments were conducted in an ultra-high vacuum
chamber with the pressure lower than 2 × 10−7 Pa under UV
irradiation. Main contamination on the ASW surface at 70 K
would be CO2 (mass 44), and the deposition rate of CO2 is
estimated to be 1.9% of coverage per hour. This contamination
level would not affect the experiments conducted within 1–2
h.

During continuous UV exposure, OH radicals on the sur-
face of ASW are photodesorbed by weak nanosecond laser
radiation (typically 40 μJ per pulse on an approximate 3 mm2

spot) at 532 nm (hereafter denoted as a PSD laser). The in-

FIG. 1. (2+1) REMPI spectra of OH obtained in the experi-
ment (top) and simulation calculation for OH in the transition of
D 2�− (v′ = 0) ← X 2�(v′′ = 0) with a rotational temperatures of
70–300 K using the PGOPHER program (lower). Although the spec-
trum at 140 K best reproduces the experiment, those at 120 and 200 K
also fit that fairly well. The experimental spectrum was acquired
for the higher translational energy component which is discussed in
Sec. III.

cident angle was ca. 45 ° with respect to the surface normal
and the polarization to the plane of incidence was parallel
(p polarized). After a given delay to the PSD laser shot,
the photodesorbed OH radical is selectively ionized by an-
other laser radiation for the REMPI process at about 1 mm
above the ASW surface, and mass analyzed using a time-
of-flight method for which the aluminum substrate served
as the first electrode. From the delay and distance between
the focal point of the REMPI laser and the surface, the
translational energy distribution of photodesorbed OH radi-
cals can be determined. The REMPI laser wavelength was
tuned in the range for the transition, D 2�− ← X 2� [24].
Figure 1 shows a (2+1) REMPI spectrum of OH obtained
from the surface of UV-photolyzed ASW at 70 K, together
with a simulation calculation by the PGOPHER program [25]
with molecular constants reported in the literature [26,27].
As shown in Fig. 1, the simulation of an OH radical in
the transition D 2�− ← X 2�, with rotational temperatures
approximately from 120 to 200 K, reproduces the obtained
spectrum fairly well. Without UV exposure, OH radicals were
not observed but only H2O molecules were detected by the
PSD-REMPI method (see Fig. 2). The PSD-REMPI spectra
of H2O were obtained regardless of the UV exposure. The
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FIG. 2. PSD-REMPI spectra of H2O obtained before (top)
and during (middle) UV exposure of ASW at 70 K with sim-
ulation by PGOPHER for the rotational temperatures of 140 K
(bottom). The experimental spectra are reproduced fairly well by
calculations for rotational temperatures from 120 to 200 K. Nota-
tions, J ′

Ka′,Kc′ –JKa,Kc, are rotational assignments in the two-photon
C̃ 1B1(v′ = 0, J ′

Ka′, Kc′ )–X̃ 1A1(v′′ = 0, JKa, Kc ) transition of H2O.

PSD-REMPI intensities of OH radicals were approximately
proportional to the square of REMPI laser power, indicating
that the PSD-(2+1) REMPI method works for the detec-
tion of OH on ice. The PSD-REMPI spectral pattern was
found to be independent of ASW temperature. Although the
rotational temperature should be certainly affected by pho-
todesorption dynamics, the mechanism for determining the
rovibrational population is not clear. This kind of indepen-
dence of rotational temperature has also been reported in the
experiment on H2O photodesorption from ice [28]. In con-
trast, the rotational temperature of CH3 directly desorbed from

photofragmentation of solid CH3OH has been reported to be
thermalized at the solid temperature, suggesting desorption
following bulk diffusion [29]. Here it should be noted that, un-
like previous experiments [28,29], in the present experiment
the OH production by the UV photolysis did not coincide with
the OH desorption caused by the PSD laser shot. Therefore,
most of the detected OH radicals would have already lost the
energies initially gained upon the UV photodissociation. If
our detected OH radicals originate from the underlayer H2O
in bulk ice, the rotation of OH might be thermalized at the
ice temperature during bulk-diffusive desorption. Therefore,
we deduce that the PSD-REMPI signals originate from OH
adsorbates at the top of the surface, and not from OH in the
underlayers as described later.

III. EXPERIMENTAL RESULTS AND DISCUSSSION

The detected OH intensities reflect the surface number
densities of OH, which are determined by the balance be-
tween OH production by UV photolysis and OH loss by
photodesorption and/or diffusive OH-OH recombination to
produce H2O + O or H2O2. As mentioned above, the detected
OH intensities were almost independent of the temperature
below 80 K. Furthermore, the OH intensities were obtained
for a steady-state condition, where they were time inde-
pendent. We found that, at temperatures above 80 K, the
OH intensities diminished significantly probably due to the
recombination and/or desorption. Hereafter, the REMPI in-
tensity is represented by peak area intensity for the R1(J = 1)
branch (244.164 nm) of the D 2�− ← X 2� transition. We
confirmed that the REMPI intensity was not saturated, and
increased with the PSD laser intensity.

Figure 3(a) shows the variation in REMPI signal intensity
as a function of delay time; the observed profile is directly
correlated with the translational energy distribution of pho-
todesorbed OH (hereafter, referred to simply as translational
energy distribution). Using the same manner as described pre-
viously [30], the profiles can be fitted well by flux-weighted
Maxwell-Boltzmann distributions with two components of

FIG. 3. (a) Translational energy distribution of OH photodesorbed. Black line represents the five points adjacent averages of the obtained
OH REMPI intensities. Red line is a fit to the data with two-component Boltzmann distribution at 3000 and 320 K for faster (blue filled circles)
and slower (green squares) components. (b) Ice thickness dependence of faster- and slower-component intensities. Each intensity was derived
by integration of Boltzmann-fitted curve [blue or green curve in (a)].
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FIG. 4. The PSD laser power dependence of integrated intensi-
ties for the Boltzmann fitted faster (blue filled circles) and slower
(green squares) components. Solid lines are fits according to y = axb.
The data plots for the faster and slower components are best fitted by
linear where b = 1.21 ± 0.14 and power-of-8 relations, respectively.

about 3000 ± 600 K and 320 ± 70 K (corresponding to
approximately 0.26 ± 0.05 eV and 0.027 ± 0.006 eV, re-
spectively), which are independent from ASW temperature.
Uncertainties mainly arise from errors in the measurement of
the distance from the surface to the focal point. The obtained
Maxwell-Boltzmann distributions do not necessarily mean
that the photodesorption occurs at thermally equilibrated sites.
In fact, the obtained rotational and translational temperatures
are not consistent. It is known that the velocity distributions of
molecules desorbed by nonthermal mechanisms in many cases
also closely resemble thermal distributions, although transla-
tional temperatures obtained from fits to Maxwellians do not
seem to be related to surface temperature [31]. In any case,
it is difficult to explain this higher translational temperature
(faster component) by laser-induced thermal desorption, while
the lower translational temperature (slower component) may
be attributed to gentle desorption such as phonon-mediated
desorption suggested previously for the PSD of H atoms from
ASW [17]. The translational energies of phonon-mediated
desorbed molecules by laser irradiation were reported to be
below ∼0.1 eV [32,33].

To clarify the desorption mechanism, the dependence of
intensity on ice thickness was measured for each component.
If the desorption results from a photochemical process at the
ice surface, the intensity should only weakly depend on ASW
thickness. On the other hand, if the desorption is caused by
a substrate-mediated process such as phonon propagation, in-
tensity should decrease as thickness increases. In our previous
PSD-REMPI measurements, where H atoms on ASW were
detected, a photodesorption process was proposed to occur by
phonon propagation from the substrate, rather than a photo-
chemical process on the surface [17]. As seen in Fig. 3(b),
the thickness dependences of the faster and slower compo-
nents accord with the expected behaviors of desorption by
the photochemical and phonon-mediated processes, respec-

tively. The intensity of the faster component slightly increases
with thickness, which can be attributed to the ASW surface
area tending to increase with thickness [34]. Furthermore, we
confirmed that the intensity for the faster component is pro-
portional to PSD laser power as consistent with one-photon
chemical processes (see Fig. 4). However, it should be noted
that neither isolated H2O, OH, nor H2O-OH binary have an
absorption band at around 532 nm. In contrast, the intensity
of the slower component strongly depends on the thickness
of ASW [Fig. 3(b)] and shows a power-law dependence on
laser power (Fig. 4). Although the meaning of the specific
number of order is unclear, the phonon-mediated desorption
was reported to show a power-law dependence on energy input
to the surface [35]. The phonon-mediated desorption should
work only for OH weakly bonded on the ASW surface. Such
OH adsorbates may thermally migrate to stronger adsorption
sites relatively easily. To support this scenario, we performed
additional experiments, where OH radicals were detected after
switching off the UV lamp. In this measurement, the slower
component diminished significantly while the faster compo-
nent remained [see Fig 5(a)]. The slower component is only
detectable when OH is produced continuously. This implies
that weakly bonded OH radicals easily leave sites, leading
to trapping in deeper potential sites, OH-OH recombination,
and/or desorption, while strongly bonded OH radicals remain
at the same sites, even after UV termination. As mentioned in
Sec. II, we also detected H2O desorbed from the ASW surface
by the PSD-REMPI method (see Fig. 2). By monitoring the
peak at 248.285 nm (202–221 transition) with changing the
delay between the PSD and REMPI laser shot, the transla-
tional energy distribution of H2O was obtained as shown in
Fig. 5(b). The distribution has only the slower component
with the translational energy corresponding to about 300 K,
which is consistent with that for OH. The profile of the spec-
tra remains unchanged between the UV irradiation on and
off. Furthermore, the PSD-REMPI intensity of H2O became
weaker with increase of thickness, similarly to the slower
component of OH. At the same time, it becomes clear that
the desorption process for the faster component is specific for
OH.

Before further discussing the desorption mechanisms, the
other photoprocesses that may trigger the OH desorption
should be considered. One possible mechanism that deserves
evaluation is related to electrons emitted from metal surfaces.
When water ice on metal surfaces is exposed to photons at
energies even below work functions of metals, the hot elec-
trons are known to be emitted from the metal to ice as solvated
electrons; when solvated electrons are trapped on the surface
of ice, its lifetime can become on the order of seconds or more.
This process was investigated by time-resolved two-photon
photoelectron spectroscopy, where pump laser irradiation cre-
ated the hot electrons and a subsequent probe laser further
excited them into the vacuum [36,37]. Some of these electrons
were found to be stabilized in the ice-vacuum interface for
a long time, up to about 100 s, depending on morphology
and thickness of ice [36,37]. Such long-lived electrons might
induce processes leading to the desorption of OH. We first
discuss the possibility of photodesorption triggered by the
hot electrons. In the present experiment, two kinds of photon
sources were used: the cw deuterium lamp and a nanosecond
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FIG. 5. (a) Translational energy distribution of OH obtained during (black line) and after (gray line) UV irradiation. Red lines are fits using
a Boltzmann distribution. The spectrum during UV irradiation is best fitted by the faster and slower two-component distribution while that
after UV irradiation is reproduced only by the faster component. (b) Translational energy distribution of H2O obtained during UV irradiation
(black line) and without UV exposure (gray line). The intensities of H2O after UV exposure are consistent with those without UV.

laser at 532 nm. The photons at 532 nm cannot work as a
pump light for the hot electrons because the photon energy
does not reach the conduction band of ice, where the hot elec-
trons are stabilized and long lived. The UV photons from the
deuterium lamp may produce solvated electrons in ASW from
the aluminum substrate. In order to examine the influence of
long-lived electrons which might exist at the ASW surface,
we performed an additional experiment as follows. The ASW
samples were left for a given time period after turning the
UV light off. Even after tens of minutes, the OH radicals
were still detected at the delay time for the peak of the faster
component by the PSD-REMPI methods (see Fig. 6). The
time gap between the PSD-REMPI measurements and the UV
termination, where the OH was detected, obviously exceeds
the lifetime of long-lived electrons reported for ASW [36,37].
Furthermore, the variation of OH intensities with time delay

FIG. 6. The PSR-REMPI intensities for OH at the peak of faster
component after the termination of UV irradiation. The PSD laser
irradiation was operated only every 10 min at detection.

was found to be independent of the ASW thickness whereas
the lifetime of solvated electrons is reported to depend on
the thickness. Therefore, we conclude that the hot electron
process would not play a role in the desorption of OH.

Another possible desorption process would be plasmon-
stimulated desorption. When a surface plasmon is excited on
metal surfaces by laser irradiation under appropriate condi-
tion, the desorption of molecular adsorbates together with the
metal atoms is observed [38–40]. For example, desorption of
dye molecules from the aluminum surface was observed by
the laser irradiation at 532 nm [39]. Desorption of sodium
atoms from Na nanoparticles was reported and the desorption
rate was found to depend linearly on the light intensity [38].
However, the surface-plasmon excitation with visible light re-
quires a specific correlation between wavelength and surface
geometry of metals. That is, the plasmon-induced desorption
was only observed from metal nanoparticles or laser injection
in an attenuated total reflection geometry at specific angles.
These conditions do not match the present experiment. In
addition, thickness independence of the faster component up
to ∼1000 MLs shown in Fig. 3(b) would hardly be explained
by the hot electron or plasmon processes. As a result, the hot
electrons and surface-plasmon excitation can be ruled out as
the desorption mechanism of OH in our experiment.

In addition, in order to more directly exclude the possibility
that electrons in the metal cause the desorption of OH, we
performed the identical experiments with ASW deposited on
a substrate of sapphire crystal which is almost transparent for
photons at 532 nm. A sapphire disk with a thickness of 0.5
mm and a diameter of 6 mm was mounted at the center of the
original aluminum substrate with a diameter of 40 mm. Al-
though sapphire is an insulator, this concentric arrangement of
aluminum and small sapphire disks enables the time-of-flight
measurements. Figure 7(a) shows the translational energy dis-
tribution of OH photodesorbed from the ASW deposited on
the sapphire substrate. One can see the profile exhibits the
single faster component which can be fitted by the Boltz-
mann distribution at 2960 ± 180 K which is consistent with
the faster component shown in Fig 3(a). The absence of the
slower component would be reasonable because the photons
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FIG. 7. (a) Translational energy distribution of OH photodesorbed from ASW deposited on the sapphire substrate during UV exposure.
Black line represents the five points adjacent averages of the obtained OH REMPI intensities. The blue line represents a fit of data to a single
Boltzmann distribution at 2960 ± 180 K. The ice thickness (b) and the PSD power (c) dependences of OH intensities obtained from ASW
deposited on the sapphire disk. The solid line in (c) represents linear fitting of the data.

at 532 nm interact little with the sapphire crystal. The ice
thickness and PSD laser power dependences are consistent
with those for the faster component of OH desorbed from
the ASW deposited on the aluminum surface [see Figs. 7(b)
and 7(c)]. As a result, we conclude that the faster component
originates from the interaction between a single photon at 532
nm and OH at the top layers of ASW and that electrons from
metals play a negligible role. In order to get more insights
about the OH radical behavior on ice, we performed quantum
chemical calculations.

IV. COMPUTATIONAL METHODS

Ice cluster models for hexagonal ice crystal (ice Ih) or
ASW (Fig. 8) were fully optimized using the two-layer
our own N-layer integrated molecular orbital molecular
mechanics (ONIOM) method [41,42] implemented in the

GAUSSIAN16 program [43]. In this method, a quantum me-
chanical (QM) approach is applied for the electronically
important part of the molecular system, while a molecular
mechanics (MM) approach is used for the remaining part.
In the ASW ice cluster model A shown in Fig. 8, 46 water
molecules are in the high layer, and 113 water molecules are
in the low layer. For ice Ih cluster models B and C (Fig. 8),
three water layers were included. Ice cluster model B consists
of 48 water molecules in the ONIOM high layer, while the
remaining 114 water molecules are in the ONIOM low layer.
In the case of ice cluster model C, 44 water molecules are in
the high layer, and 112 water molecules are in the low layer.
In order to reduce the computational cost and to avoid struc-
tural deformation, water molecules at the bottom and sides
of the cluster model were frozen upon structure optimization.
The wB97X-D functional [44] and def2-TZVP basis sets [45]
were employed for the high layer. The AMBER force field [46]

FIG. 8. Top and side views of the ice cluster models for amorphous solid water (ASW, model A) and for hexagonal ice crystal (ice Ih,
models B and C). “Ball and sticks” show the high layer, and the “wire frame” shows the low layer.
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was used for the low layer. Vibrational frequency calculations
were performed to confirm that the optimized structures were
minima (i.e., no imaginary frequencies), and to calculate zero-
point energies. Vertical excitation energies were calculated
using time-dependent density functional theory (TDDFT).
The wB97X-D or M06-2X [47] functionals were used for the
ONIOM high layer, as they have been performing well for
excited-state calculations [48–50]. The def2-TZVP basis sets
were employed. The “UltraFine” integration grid was used
with the M06-2X functional. Conical intersection calculations
were performed using the GRRM17 program [46].

V. COMPUTATIONAL RESULTS AND DISCUSSION

We first calculated the binding energies of OH radicals
on 28 binding sites; 18 binding sites A1–A18 on the ASW
surface, and ten sites B1–B3 and C1–C7 on the ice Ih sur-
face, where the numbering was done arbitrarily. A range of
binding energies (from 0.06 to 0.74 eV) was obtained, de-
pending on the number of dangling-H or dangling-O atoms
on the binding site. Assuming the calculated binding sites
are equally distributed on the surface, the average binding
energy is 0.37 eV. The binding energy becomes as weak as
0.06 eV when the OH radical does not interact with dangling
atoms on ice. In such a case, we deduce that OH radicals can
desorb by mild processes, such as the propagation of phonons
from the aluminum substrate beneath the ice sample, without
the direct photoabsorption by adsorbates. Such weakly bound
OH radicals can be the origin of the slower component in
the PSD-REMP spectra. When OH interacts with three water
molecules through hydrogen bonds, binding energies as high
as 0.74 eV are obtained. Strongly adsorbed OH radicals on ice
cannot be desorbed through a mild thermal process. In order to
gain some insight into the photochemical process, we studied
the excited states of the OH radicals on the ice surface.

In the case of an isolated OH radical in the gas phase, there
are two equivalent p orbitals perpendicular to the molecular
axis, and therefore the ground state is a doubly degenerate 2�
state [51]. Excitation to the first doublet excited state (2�+),
i.e., the 2�+ ← 2� valence transition localized on OH, the
so-called A-X transition, occurs at 309 nm (4.0 eV). When
an OH radical interacts with a water molecule (forming an
H2O-OH complex), the degeneracy of the 2� state can be
lifted, giving rise to two low-lying hole states [52]. The energy
splitting between these states is as small as ∼0.02 eV, which
is confirmed by both experimental [53] and theoretical studies
[54]. According to ab initio calculations [51], the computed
vertical A-X transition of the H2O-OH complex is red-shifted
by about 0.4 eV compared with the A-X transition of an iso-
lated OH radical. In the presence of several water molecules
near the OH radical, interactions between the OH radical and
H2O molecules lead to a broad absorption band [55]. The
red-shifted region of the absorption band originates from the
valence transition localized on OH (i.e., the A-X transition).
The A-X transition wavelengths for the OH radical bound ice
cluster models calculated with the ONIOM(wB97X-D/def2-
TZVP:AMBER) level of theory are plotted as a function of
binding energy in Fig. 9.

In general, calculated A-X transitions are mainly in the
region of 300–400 nm, and are in agreement with a previous

FIG. 9. Calculated 2�+ ← 2� vertical excitation energy using
wB97X-D functional in wavelength as a function of binding energy
of an OH radical bound ice cluster model. Filled circles represent
the data points calculated for amorphous ice surface (model A) and
open circles for ice Ih (models B and C). The molecular structures of
OH radicals at A1 and C4 binding sites are shown, where calculated
binding energies are largest.

report [51]. At the present level of theory, using two of the best
performing density functionals, the calculated 2�+ ← 2� ex-
citation can also occur around 500–600 nm, when the binding
energy is very high (see binding sites A1 and C4 in Fig. 9).
Very high binding energies originate from the three strong
hydrogen bonds between a single OH radical and three water
molecules on the ice surface (see structures shown in Fig. 9). It
should be noted that our calculated binding sites cannot cover
those for OH on all of the possible ice structures which can
change by ice preparation. In other words, it is not realistic to
calculate all the possible structures. Although our calculated
A-X excitations do not precisely match the photon energy of
the PSD laser used in the experiment, OH at some binding
sites can certainly absorb the photon at 532 nm because the
A-X transition is very sensitive to the surface structure at the
OH binding site.

For the verification of calculated vertical excitation wave-
length, we investigated the effects of the chosen density
functionals and the size of the QM region. In the ice cluster
model A1, where 46 H2O molecules are in the ONIOM high
layer (i.e., QM region), the computed A-X excitation occurs at
580 and at 619 nm with the ONIOM(wB97X-D:AMBER) and
ONIOM(M06-2X:AMBER) methods, respectively. The calcu-
lated vertical excitation energies for two different functionals
are close to each other with the difference of 0.14 eV (less
than 10% of vertical excitation energies). For ice cluster mod-
els A1–A18, an averaged difference was 0.22 ± 0.11 eV.
In order to check whether the number of water molecules
in the ONIOM high layer has an effect on the computed
A-X excitation, we have calculated vertical excitation en-
ergies by changing the number of H2O molecules in the
ONIOM high layer of A1 and C4 binding sites (Fig. 10).
Computed A-X excitations are sensitive to the number of H2O
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FIG. 10. (a) Computed A-X transition vs the size of the QM region for ASW model system A1. When the size of the QM region was
increased, the vertical excitation wavelength converged to ∼550 nm with the ONIOM(wB97X-D:AMBER) method and ∼600 nm with the
ONIOM(M06-2X:AMBER) method shown by blue dots and red square, respectively. (b) Computed A-X transition vs the size of the QM region
for the ice Ih model system C4. Computed vertical excitation energy is converged when we increase the number of H2O molecules in the
ONIOM high layer.

molecules in the ONIOM high layer of the ice cluster models.
When we increased the number of water molecules in the
ONIOM high layer in ice cluster model A1, the computed
A-X excitation wavelength increased, and converged to ∼550
and ∼600 nm with the ONIOM(wB97X-D:AMBER) and the
ONIOM(M06-2X:AMBER) methods, respectively [Fig 10(a)].
Thus, the neighboring water molecules can lower the energy
gap between the occupied and unoccupied orbitals of an OH
radical on ice. We have observed a qualitatively similar picture
for the ice cluster model C4 [see Fig. 10(b)].

Computed ground- and excited-state potential energy sur-
faces for an OH radical bound ice cluster model, using the
wB97X-D/def2-TZVP level of theory, are shown in Fig. 11.
In order to reduce the computational cost, a relatively small
ice cluster model containing 19 H2O molecules was used.
The O atoms of the outermost H2O molecules in the 19 H2O
cluster were frozen upon the structure optimizations to avoid
structure deformations. The computed A-X transition is nearly
converged when the QM region has about 19 H2O molecules
in either the ASW or the Ih models (Fig. 10). After the A-X
transition, the excited-state geometry in the Franck-Condon
region (FC) can be relaxed to the minimum of the second
excited state (D2), where the O(1)–H(1) bond is increased
(1.41 Å). Once the system approaches the D2 minimum,
the OH cannot desorb if radiative decay brings the system
into the ground state (D0). We do not exclude this radiative
decay without the desorption as one of relaxation channels.
However, starting from the geometry of the D2 minimum, we
have located a conical intersection (CI) between the second
and the third doublet excited-state potential energy surfaces,
which is energetically similar to the D2 minima. Thus, the
excited-state structure at the D2 minima can enter a dissoci-
ation channel through the CI, giving rise to the kinetic energy
(KE) of 0.24 eV for OH, which is qualitatively in agreement
with the translational energy of the faster component of the
experimental translational energy distribution. Thus, the pho-
todesorption of OH can be initiated by the A-X transition,
and the subsequent desorption process would occur through
a conical intersection near the D2 minimum.

Our experiments and calculations first indicate that the OH
desorption can be triggered by visible one-photon absorption
of the OH-(H2O)n complex at the ice surface. The photoab-
sorption would occur at specific binding sites, where an OH
radical interacts with three H2O molecules through hydrogen
bonding. In other words, there would be many binding sites
on ice from which OH cannot be detected by the PSD-REMPI
method using the 532-nm PSD laser. By changing the wave-
length of the PSD laser, we will obtain further insights into
the photoexcitation and photodesorption of OH in the visible
region. The developed method can be applied for the further
investigation on physicochemical processes of the surface
OH, which is closely related to chemical evolution on cosmic
ice dust.

FIG. 11. Proposed mechanism for the photodesorption of OH
radical on ice. D0 and D2 are local minima in the ground and
second lowest excited states, respectively. The labels FC, CI, and
KE denote Franck-Condon point, conical intersection, and kinetic
energy, respectively. The energies are in eV and those in parentheses
are relative to the D0 minimum. The optimized local structures for
D0, D2, and CI are shown with bond lengths in Å.
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