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ABSTRACT: Ozone−water complex has been thought to
play a role in producing atmospheric OH radicals through its
photolysis. Here, we re-examined the absorption cross-section
of the ozone−water complex with a new method to tell
whether the above speculation is valid. With argon solvation
and photoionization by tunable vacuum ultraviolet light, we
were able to selectively probe the ozone−water 1:1 complex.
The measured cross-section of the complex is only similar to
the sum of the cross-sections of ozone and water monomers at
157.6, 248.4, and 308.4 nm. In addition, we did not observe
any absorption of the complex at 351.8 nm. The results indicate that the OH production through the photolysis of the ozone−
water complex is much slower than previously thought.

■ INTRODUCTION
Hydroxyl radicals (OH) are the most important oxidant in the
atmosphere. They are often called the detergent of the
atmosphere because they react with major atmospheric
pollutants. In addition, OH chemistry is linked with a number
of important atmospheric species, like volatile organic
compounds, CO and NOx, and leads to ozone and aerosol
formation. The primary source of atmospheric OH radicals is
through the ultraviolet (UV) photolysis of ozone and
subsequent reaction with water (eqs 1 and 2).

ν+ → +hO O( D) O3
1

2 (1)

+ →O( D) H O 2OH1
2 (2)

Recently, there has been growing interest in various
unconventional photochemical sources of atmospheric OH
radicals,1−5 arising from the need to explain the discrepancy
between measurements and models.6−9 Among them, the
photolysis of ozone−water complex has been speculated to be
an additional OH source in the troposphere.10−12

ν· + → +hO H O 2OH O3 2 2 (3)

Frost et al.10 suggested this source (eq 3) is significant at the
Earth’s surface with a contribution up to 15% of the available
OH. Given the importance of water in atmospheric and
environmental chemistry10−15 and that not all OH sources have
been well quantified yet,2,6−9 it would be important to re-
examine the validity of this contribution. The main idea of this
unconventional OH source is that the long-wavelength
absorption of ozone may be enhanced upon being complexed
with water.10−12,16 This makes the process of eq 3 become

important in comparison with the conventional OH source
(eqs 1 and 2) because the stratospheric ozone layer absorbs
most of the UV light at wavelengths (λ) shorter than 300 nm
and this self-shielding effect limits the photolysis rates of low
altitude ozone, especially at large solar zenith angles. As a result,
the red-shifted absorption of the ozone−water complex would
have a greater spectral overlap with the incoming solar flux and
may produce a significant amount of OH radicals despite its
low concentration. Furthermore, there is experimental evidence
to support this OH source (eq 3) in which Hurwitz and
Naaman16 reported detection of OH radicals in a molecular
beam containing ozone and water after UV laser photolysis.
They claimed that the absorption of ozone at 355 nm is
enhanced by 2 orders of magnitude when ozone is complexed
with water and further suggested that the Hartley absorption
band of ozone will be red-shifted when ozone interacts with a
single water molecule. Consequently, Frost et al.10 estimated
the atmospheric OH production rate of eq 3 and concluded
that it can be significant.10−12

However, it is difficult to either support or refute the above
speculation. The contribution of the complex photolysis (eq 3)
to the atmospheric OH production would depend on the
following factors:17 (i) the concentration of the ozone−water
complex in the atmosphere, (ii) its atmospheric photolysis rate,
and (iii) the quantum yield of the OH production. Because the
binding energy of the ozone−water complex is small, its
concentration would be low (∼2 × 106−4 × 107 cm−3)10
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compared to the typical concentrations of ozone (∼8 × 1011

cm−3) and water (∼4 × 1017 cm−3) near the earth’s surface.10

However, as mentioned above, the photolysis rate may be
greatly enhanced if the complex absorption spectrum is red-
shifted. Regarding the third factor, the OH quantum yield of eq
3 is difficult to know, but it has an upper limit of 2. Frankly
speaking, it is a challenge to determine any one of the above 3
factors unambiguously. In this article, we examine the second
factor through measuring the complex absorption cross-section,
which is directly related to its photolysis rate.
There have been a number of investigations on the ozone−

water complex and its photochemistry.16−23 Gillies et al.18

studied the high-resolution microwave spectrum of the ozone−
water complex. Their result indicates that the complex has a Cs
symmetry with water and that the center oxygen atom of ozone
lies in the symmetry plane. On the basis of the determined
complex structure, Gillies et al.18 reported the calculated
binding energy to be 0.7 kcal mol−1 at the MP4(SDTQ)/6-
31G(d,p) level of theory after correction of basis set
superposition error (BSSE), while the value of 2.4 kcal mol−1

was obtained at the same level of theory without BSSE
correction. Schriver et al.19 prepared a few ozone−water
complexes with various O3 and H2O compositions, such as 1:1,
2:1, and 1:2, in an argon matrix and studied their infrared
absorption spectra. From the frequency shift of the water
moiety, they postulated that the O3·H2O 1:1 complex has a
binding energy of less than 1 kcal mol−1.19 Recently, Tsuge et
al.17 studied the ozone−water complex with neon matrix-
isolation infrared spectroscopy and ab initio calculations. Their
calculation gives a binding energy of 1.9 kcal mol−1 at
CCSD(T)/6-311++G(3df,3pd)//CCSD/6-311++G(d,p) level
of theory (with BSSE correction), and they estimated about 4 ×
10−5 of tropospheric ozone would exist as the water complex
form.17 In addition, Tachikawa et al.20 reported their theoretical
binding energy to be 1.5 kcal mol−1 at the level of QCISD(T)/
6-311++G(3df,3pd)//QCISD/6-311++G(d,p) after BSSE cor-
rection.
For the UV photolysis of the ozone−water complex in the

gas phase, King et al.21 investigated the dynamics of the OH
production from the complex photolysis at 266 and 281.5 nm
with laser induced fluorescence (LIF) detection and isotope
labeling. Hurwitz and Naaman16 extended the investigation to
355 nm also with LIF detection and suggested a red-shifted
spectrum for the Hartley band of ozone after being complexed
with water. Very recently, Axson et al.22 attempted to probe the
absorption of the ozone−water complex by measuring the
spectrum of a humidified ozone gas (90% relative humidity)
with a highly sensitive cavity-enhanced method, but because the
concentration ratio of the complex to the ozone monomer was
very low in their sample, they could not observe any change in
absorption due to the complex.
Buckley and Birks23 have investigated the visible-light

photolysis of ozone/water mixtures at ambient temperature
and concluded that the visible-light photolysis to form OH
radicals may be ruled out as an atmospherically significant
process, but they offered no information regarding the UV
photolysis.
To tell whether the speculation by Frost et al.10−12 is valid or

not, we chose to investigate the absorption cross-section of the
ozone−water complex. Recently, our laboratory developed a
method24−28 that is able to measure the absorption cross-
section of an unstable species. One great advantage of our
method is that it does not require the knowledge of

concentrations of the absorbing species. Simply speaking, we
detected the target species selectively in a molecular beam by
mass spectrometry; before the molecule reached the detector,
we crossed the molecular beam with an intense laser beam; if
the molecule absorbs a photon and dissociates, its number
reaching the detector would be reduced. By comparing this
laser depletion signal with that of a reference molecule having a
known cross-section, we can quantify the cross-section of the
target species. This method has been proven to be of high
specificity and good accuracy.24−28

■ EXPERIMENTAL SECTION

The experimental method24−28 and apparatus29,30 have been
described elsewhere. Thus, only the relevant details are given
here. An experimental schematic is shown in Supplementary
Figure S1.
To generate a molecular beam containing ozone−water

complexes, we used two pulsed valves (Even−Lavie valve31,32),
one for ozone/argon gas and the other for water/argon gas.
Both gases were mixed together (after their own pulsed valves)
in a small volume of ∼1.5 mm3 and expanded into a vacuum
chamber to form a molecular beam. The reason to use two
pulsed valves was that the ozone/water mixture is quite
corrosive. The steel spring of the pulsed valve became rusted
after being exposed to ozone/water mixture in an earlier (single
valve) design and caused the pulsed valve to malfunction. The
delay time between two pulsed valves was adjusted to optimize
the intensity of the desired ozone−water complex. The nozzle
temperature was kept at about 302 K. The backing pressures
were 4.1 and 4.8 bar for the ozone and water pulsed valves,
respectively.
The molecular beam size was defined by a slit (4 mm wide ×

0.5 mm height) before it was intersected by a laser beam (6−10
mm wide × 0.5−2 mm height, depending on the wavelength),
which was 280 mm away from the molecular beam nozzle; the
molecular beam was photoionized by a vacuum UV photon
beam (1 mm × 1 mm, from synchrotron radiation, Beamline
21A1 of the Taiwan Light Source),29,30 which was another 100
mm downstream from the laser crossing point. The ions were
mass-selected with a quadrupole mass filter and detected with a
Daly detector, which was coupled to a multichannel scalar to
perform ion counting. In this experiment, the molecular beam,
laser beam, and synchrotron-radiation photon beam were in the
same horizontal plane.
Both pulsed valves were operated at 100 Hz repetition rate,

and the photolysis laser was fired at 50 Hz. Thus, half of the
molecular beam pulses did not interact with the laser beam and
served as a reference signal. The laser delay time was adjusted
such that the laser pulse overlapped with the peak of the
molecular beam pulse. Because of the two-valve design, ozone,
water, and their complexes did not have the same arrival time
profiles (because only a certain portion of the gas pulse had
good mixing, which is required for complex formation), such
that the photolysis laser was fired at different delay times when
detecting different species. In all the presented data, the time
zero was set to the time of the photolysis laser pulse.
Under our experimental conditions, the photodepletion

process (absorption and dissociation) can be described as24−28

σϕ= −
⎛
⎝⎜

⎞
⎠⎟

N
N

Iln
0 (4)
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where N0 and N are the numbers of the molecules in the laser
interaction volume before and after laser irradiation,
respectively; I is the laser fluence in number of photons per
unit area; σ is the absorption cross-section, and ϕ is the
dissociation quantum yield. After absorbing a UV photon, the
molecules in this study (O3, H2O, and Cl2) are excited to
repulsive states or states well above their dissociation
thresholds, leading to complete dissociation (ϕ = 1). For a
van der Waals cluster, the dissociation quantum yield would
also be unity because the photon energy is much greater than
the cluster binding energy (our detection time scale was in the
order of 10−4 seconds). By comparing the laser depletion signal
to that of a reference molecule having a known cross-section,
we can obtain the cross-section of the target species.

■ RESULTS AND DISCUSSION
Detecting the Ozone−Water Complex. The ozone−

water complexes were detected with soft ionization using
tunable vacuum UV photons from synchrotron radiation.
Figure 1 shows the photoionization efficiency (PIE) spectrum

of a complex detected at m/z = 66 (O3H2O)
+. The PIE spectra

of ozone and water are also shown for comparison. The most
pronounced feature in Figure 1 is a strong resonance peak in
the PIE spectrum of m/z = 66 at about 12 eV. A similar
resonance has been observed in the case of water−argon
complexes.33 Analogous to ref 33, the resonance peak in Figure
1 indicates that the ozone−water complex observed at m/z =
66 is solvated by Ar atoms. After photoexcitation, the Ar
exciton (excited state of Ar) transfers its electronic energy to
the ozone−water solute and causes ionization of the solute;
evaporation of Ar solvent carries away the excess energy of the
ionization process and stabilizes the ionic solute.33 It is
noteworthy that the Ar resonance energy of 12 eV is lower
than the ionization energies (IE) of H2O and O3 monomers
(12.6 and 12.5 eV, respectively) but is sufficient to ionize their
complex. This low-energy ionization further reduces the chance
of fragmentation of the cation. More importantly, the
experimental results of ozone/water concentration depend-

ences (see below) indicate that the complex observed at m/z =
66 contains one ozone and one water molecule.

Photolysis Cross-Section. Figure 2 shows the molecular
beam intensity profile and laser depletion signal at 248.4 nm for

the ozone−water complex (m/z = 66). The absorption cross-
section of ozone is quite large (∼1 × 10−17 cm2) at this
wavelength,34 such that the transition could be saturated under
this high laser fluence and that most of the molecules in the
laser interaction volume were depleted (Supplementary Figure
S7). Figure 2 indicates that the ozone−water complex also has a
large cross-section at 248.4 nm. Figure 3A shows the
photodepletion fraction (the number of surviving molecules
after laser irradiation divided by the number of molecules
without laser irradiation) at an attenuated laser fluence at 248.4
nm. We can see that the ozone−water complex and ozone
monomer have similar magnitudes of the photodepletion
fractions. Since the probability of photodepletion is propor-
tional to the product of absorption cross-section and quantum
yield of the photolysis (the quantum yield is unity in the
studied species, see experimental section), similar photo-
depletion fractions indicate similar absorption cross-sections
for the complex and monomer. Further data analysis (see
Supporting Information) shows that the cross-section ratio of
the ozone−water complex to ozone monomer is 0.99 ± 0.09.
This result may be well expected, considering that 248.4 nm is
near the peak (∼250 nm) of the broad and intense Hartley
band of ozone, and even if there is some spectral shift, it will
not cause a large change in the absorption cross-section.
Then, we performed the cross-section measurement at 308.4

nm, which is at the red edge of the Hartley band. Typically,
spectral shift would be more obvious at the band edges, but as
shown in Figure 3B, we only observed similar photodepletion
fractions for the ozone−water complex and ozone monomer,
indicating, again, similar cross-sections. Detailed data analysis
(see Supporting Information) gives that the cross-section ratio
of the complex to ozone is 0.98 ± 0.10.
The more important data is the cross-section of the ozone−

water complex at 351.8 nm, which lies in the atmospheric
window of λ > 300 nm, where most tropospheric photo-
chemistry occurs. At 351.8 nm, both ozone and water
monomers do not absorb light. To have a comparison base,

Figure 1. Photoionization efficiency (PIE) spectra of ozone (m/z =
48), water (m/z = 18), and an ozone−water complex detected at m/z
= 66. The ionizing photons were from an undulator beamline of
synchrotron radiation. The spectral width is mostly due to the energy
resolution of the beamline. The intensities of ozone and water ions
have been multiplied by factors of 0.004 and 0.005, respectively.

Figure 2. Laser depletion signal of the ozone−water complex (m/z =
66) at a high laser fluence at 248.4 nm. The thin black line is the
molecular beam intensity profile without laser irradiation; the thick
gray line is that with laser irradiation.
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we performed the measurement for the ozone−water complex
and Cl2 (σCl2 ≈ 1.8 × 10−19 cm2).34 While more than 50% of
the Cl2 molecules could be depleted by the 351.8 nm laser
(Figure 3C), we did not observe any depletion of the ozone−
water complex under a similar laser fluence, indicating that the
absorption cross-section of the ozone−water complex is much
smaller than that of Cl2. Considering the signal-to-noise ratio of
our data, we set an upper limit of 0.3 × 10−20 cm2 for the
complex cross-section at 351.8 nm (see the Supporting
Information). A summary of the measured cross-section ratios
is listed in Table 1.
Since water does not have any significant absorption at the

above wavelengths, to probe the water in the complex, we
switched the laser wavelength to 157.6 nm where water has a
significant cross-section of 3.55 × 10−18 cm2 (σO3 = 1.6 × 10−18

cm2 at 157.6 nm).35,36 In Figure 3D, we can see that the
photodepletion fraction of ozone is about half of that of water
under similar laser fluences. In the small signal range, the
photodepletion fraction is proportional to the cross-section.
Thus, this observation is consistent with the cross-section ratio
of ozone/water, which is about 1:2. Remarkably, the photo-
depletion fraction of m/z = 66 is about 1.5 times that of water,
indicating that the cross-section of the ozone−water complex is
similar to the sum of the cross-sections of ozone and water.
Ozone/Water Concentration Dependences. We per-

formed cross-section measurements at various ozone concen-
trations (0.5−2%, v/v) and water concentrations (0.16−0.88%,
v/v). Within the studied concentration range, the cross-sections

of the ozone−water complex (m/z = 66) at 248.4 and 157.6
nm do not show any significant change with concentration (see
Supporting Information). If both small and large complexes
contributed to the observed signal at m/z = 66, we should see
an increase in the cross-section at higher concentrations
because larger complexes that have larger cross-sections
would be preferably formed at higher concentrations.25

Therefore, the experimental results indicate that the species
observed at m/z = 66 contains only one ozone and one water
molecule. Moreover, larger complexes that were detected at

Figure 3. Photodepletion fractions of ozone (m/z = 48), water (m/z = 18), Cl2 (m/z = 70), and the ozone−water complex (m/z = 66) at (A) 248.4,
(B) 308.4, (C) 351.8, and (D) 157.6 nm. At a given laser wavelength, the laser spot size was the same when detecting different masses.

Table 1. Summary of the Cross-Section Measurements of the
Ozone−Water Complex (m/z = 66)

wavelength (nm) reference molecule
σref (temp)
(10−20 cm2)

σcomplex/
σref

157.6 H2O 355 (250 K)a 1.5e

O3 160 (298 K)b

248.4 O3 1074 (218 K)c 0.99 ± 0.09f

308.4 O3 11.5 (218 K)c 0.98 ± 0.10
351.8 Cl2 17.95 (218 K)c <0.018g

O3 0.0364 (298 K)d

aRef 35. bRef 36. cRef 34. dRef 37. eTentative value. fThe error bar is
for ±1σ (one standard deviation) including possible systematic errors.
gThe upper limit of the complex cross-section at 351.8 nm is (17.95 ×
10−20 cm2) × 0.018 = 0.3 × 10−20 cm2. A significant temperature
dependence has been reported for the ozone Huggins bands between
310 and 380 nm.38 Our data is referenced to the cross-section of Cl2,
which has a much smaller temperature effect.34
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other masses like m/z = 52 and 82 did show larger cross-
sections. As mentioned above, the observed ozone−water
complex was solvated with Ar atoms, but the number of the Ar
atoms cannot be probed in the present experiment because Ar
has no absorption at the above laser wavelengths. Nonetheless,
the number of the Ar atoms could be increased by increasing
the backing pressure, by increasing the valve opening, or by
decreasing the ozone concentration (a lower concentration
often results in a better cooling). Although we did not perform
a systematic investigation on the number of the Ar atoms, we
did not observe any change in the complex cross-section due to
various degrees of Ar solvation.
Comparison with Previous Work. In Table 1, we can see

that the ozone−water complex and ozone have very similar
cross-sections at 248.4 and 308.4 nm. This observation
indicates that the interaction between ozone and water is not
strong enough to affect the absorption process of the complex,
similar to the case of ozone dimer.25 It also indicates that the Ar
solvation does not perturb the absorption of the solute.
Remarkably, we did not observe any absorption of the complex
at 351.8 nm, contrary to previous suggestions.10−12,16 Even our
upper limit of 0.3 × 10−20 cm2 for the complex cross-section at
351.8 nm is still 30 times smaller than the previously estimated
value (∼1 × 10−19 cm2 at 355 nm).16 The source of this
discrepancy is not clear. One possible problem in the previous
experiment16 might be from the interference of impurity.
Ozone aqueous solution is a very strong oxidant, and it might
convert some residue chloride salts to chlorine and other
chlorine compounds, which might produce OH radicals after
the laser photolysis. However, our results are in line with the
experimental absorption spectrum of ozone in aqueous
solution,39,40 which shows only minor enhancement of the
ozone absorption.
With a highly sensitive cavity-enhanced method, Axson et

al.22 reported the absolute absorption cross-section of ozone at
wavelengths of 350−470 nm. They also tried to probe the
absorption of the ozone−water complex by comparing the
spectra of humidified and dry ozone gases, but they did not
observe any change in the absorption spectra. If there is
enhancement for the complex absorption in the above
wavelength range, they estimated that this enhancement factor
should be less than 1 × 104 or 5 × 102, assuming the complex
binding energy is 0.7 or 2.4 kcal mol−1, respectively.22 Our
result at 351.8 nm, however, indicates that the range of the
enhancement factor is much smaller, offering a much tighter
constraint.
Comparison with Theory. The structure of the ozone−

water complex is quite floppy. Recent ab initio calculation17 at
MP4(SDQ), QCISD, and CCSD(T) levels indicates the
existence of only one stable conformer (double-decker form),
while other previously reported conformers (cis, trans, and
dipole forms) may be transition states. Nevertheless, the
isomerization barriers through the transition states are
extremely low, and the authors17 also mentioned that the
complex will exhibit large amplitude motions and isomerize
easily.
For the UV absorption, there are a few theoretical

investigations on the electronic excitations of the ozone−
water complex, mostly by calculating the vertical excitation
energies and oscillator strengths.20,41−43 The most recent
calculation we found is by Tachikawa and Abe20 using the
symmetry adapted cluster and configuration interaction (SAC-
CI) method. Their results suggest that the excitation energy

and the oscillator strength for the third excitation (Hartley
band) of the complex decrease by a small amount. That is, the
absorption spectrum of the ozone−water complex may be
slightly red-shifted, but the intensity may be somewhat lower.
However, it is hard to obtain any information about the
absorption at the band edges with only the vertical excitation
energy and oscillator strength. While the theoretical findings of
Tachikawa and Abe20 are consistent with this work within
possible error bars, we think more complete theoretical
treatments including considering the excited-state potential
energy surfaces to give a quantitative spectrum may be
necessary to provide more insights about this interesting
system. It is also important to calculate the effect of
conformational structures in the UV absorption spectrum of
the ozone−water complex.
Ozone has a significant electron affinity of 2.1 eV.44 Thus, it

is expected that its hydrated complex may have a charge-
transfer transition at much shorter wavelengths (<225 nm).
Although this charge-transfer transition can be strong, it has no
relevance to the tropospheric production of OH radicals from
the complex.

Atmospheric Implication. Now we are at a position to re-
examine the atmospheric OH production through the UV
photolysis of the ozone−water complex. We may estimate the
relative contribution of OH radicals from the complex UV
photolysis (eq 3) versus the conventional OH source (eq 1 and
2) by assuming the following conditions. First, we take the
concentrations of ozone, water, and the complex from a typical
condition of ref 10 (altitude = 0 km). Second, in the
conventional OH source, the ozone photolysis rate coefficient
J can be deduced from the solar flux I and the absorption cross-
section of ozone σ; the O(1D) production rate coefficient can
be obtained by further considering the O(1D) quantum yield
ϕ(1D) of the ozone photolysis [J = Iσ; J(1D) = Iσϕ(1D)].
Similarly, we can estimate the photolysis rate coefficient of the
ozone−water complex by assuming that the complex and the
ozone monomer have the same absorption spectra. The
resulted wavelength-dependent photolysis and O(1D) produc-
tion rate coefficients are shown in Figure 4. Third, we further

Figure 4. Exemplified wavelength-dependent photolysis and O(1D)
production rate coefficients of ozone. The absorption cross-section
and the O(1D) quantum yield of ozone are from the JPL evaluated
data.34 The solar flux was obtained by using the online NCAR TUV
calculator.45 Conditions: solar zenith angle = 60°, altitude = 0 km, and
stratospheric ozone column density = 300 Dobson units.
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consider that the O(1D) atoms may be quenched by other
species (mostly by N2 and O2; kq(N2) = 3.1 × 10−11 cm3 s−1

and kq(O2) = 4 × 10−11 cm3 s−1)34 before reacting with water
(k2 = 2 × 10−10 cm3 s−1).34 Under ambient conditions, the
probability of converting O(1D) atoms to OH radicals (eq 2)
largely depends on the humidity; it ranges roughly from 4% to
18% (for H2O partial pressure = 5−25 Torr; total pressure =
760 Torr). However, we assume that the OH quantum yield of
the complex photolysis is 2 at wavelengths between 200−400
nm. It is important to note that this value may be reduced if
O(3P) atom is produced from the complex photolysis (O3·H2O
+ hν → O(3P) + O2 + H2O), which is quite likely especially at
longer wavelengths.
The parameters and calculated OH production rates are

given in Table 2. Under the chosen condition, the estimated
OH production rate from the complex photolysis is
insignificant. At larger solar zenith angles, the relative OH
contribution from the complex photolysis may increase slightly
because the OH production from the conventional source
would be reduced by a larger amount (mainly due to the
decrease of ϕ(1D) beyond 310 nm and the more red-shifted
solar spectra), but the maximum complex contribution is still
less than one percent in comparison with the conventional OH
source. Finally, we like to emphasize that the OH quantum
yield of the complex photolysis is unknown and should be
wavelength dependent (that is, it is possible that the OH
quantum yield is smaller than 2).

■ CONCLUDING REMARKS

The absorption cross-section of the ozone−water complex has
been determined at a few wavelengths relevant to the
atmosphere. This complex was selectively probed by means
of argon solvation, tunable vacuum UV photoionization, and
mass-resolved detection. At 248.4 and 308.4 nm, the complex
and ozone monomer have similar absorption cross-sections. At
351.8 nm, the complex cross-section is too small to be
measured; a much tighter upper limit of 0.3 × 10−20 cm2 has
been determined for the complex absorption cross-section.
The atmospheric OH production through the complex

photolysis can be reevaluated based on the new information
about the absorption cross-section of the ozone−water
complex. Even under favorable situations, the contribution of
OH from the complex photolysis would be insignificant with
respect to the conventional OH source.
Finally, it is worth mentioning that the methods we made use

of in this study are not limited to the ozone−water complex.
The Ar resonance at 12 eV lies just in a suitable energy range
for sof t ionizing water-related complexes (considering IEH2O =
12.6 eV, if the energy is too high, dissociative ionization
becomes very probable; if the energy is too low, the ionization
yield may be low). In summary, we have demonstrated an
efficient method to selectively probe the ozone−water complex

and have determined its UV absorption cross-sections, which
would provide a new constraint on the atmospheric photolysis
rates of the ozone−water complex.
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