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In these experiments, the dynamics of the three-body dissociative photodetachment of O3
-(D2O) at 258 nm

are directly probed for the first time. Photodetachment of a negatively charged precursor, with coincident
energy analysis of the photoelectron, allows production of energy-selected excited-state O3(D2O) complexes.
By measurement of the laboratory velocities and recoil angles of the O+ O2 + D2O products simultaneously,
a kinematically complete description of the three-body dissociation dynamics of O3(D2O) is obtained. The
results show that clustering of D2O to O3

- stabilizes the system by 0.75( 0.09 eV. Photodetachment to the
triplet states of O3 in the complex results in three-body dissociation, with no clear evidence observed for
quenching or intracluster reaction in the complex. The molecular-frame differential cross section (MF-DCS),
showing how the three products scatter in the molecular frame, is presented and discussed in light of DFT
calculations of possible equilibrium geometries of the parent O3

-(D2O) anion.

1. Introduction

The chemistry of tropospheric and stratospheric ozone has
stimulated much research interest since the discovery of the
impact of ozone in our atmosphere. There remain, however,
puzzling issues to be resolved. Two such issues may involve
three-body reaction dynamics. Locker et al. and Anderson, et
al. suggested that the three-body recombination process O+
O2 + M f O3 + M involving low-lying excited states of ozone
may contribute to an understanding of the observed discrepan-
cies between measured and calculated rates of ozone production
in the atmosphere.1,2 In addition, Mauersberger et al. recently
proposed an explanation for isotopic fractionation of ozone in
the stratosphere based on how the atomic and molecular oxygen
collide in the three-body recombination reaction to form ozone,
rather than the symmetry of the different isotopomers of ozone
itself.3 The experiments discussed in this paper study the three-
body dissociation dynamics of the lowest excited states of O3

clustered to D2O. While the present work does not directly probe
the three-body recombination process on the ground-state sur-
face, it provides the first insights into the three-body dynamics
of the system.

The experimental results for the O3(D2O) system will be
compared with those for O3; hence, a brief discussion of relevant
O3 chemistry is in order. Extensive studies have been conducted
to understand the electronic spectrum of O3. At photon energies
below 3 eV, the Chappuis and Wulf absorption bands of neutral
O3 have been assigned to several low-lying excited states, three
of which are poorly characterized triplet states:3A2, 3B2, and
3B1. These states have been shown, experimentally and theoreti-
cally, to lie slightly above the dissociation asymptote of O3 to
form the ground states of O+ O2.4-8 In a previous experiment
in this laboratory, Garner, et al. implemented the photoelectron-
photofragment coincidence (PPC) technique to demonstrate that
the low-lying excited states of ozone promptly dissociate.9 In
these experiments, the dissociative photodetachment (DPD) of

O3
- that occurs when photodetachment produces an excited state

of O3 was studied by measuring the photoelectron and photo-
fragment kinetic energy and angular distributions in coincidence.
The results supported the suggestion that the dissociation
proceeds via the antisymmetric stretch, leading to a distortion
from C2V to Cs symmetry.9 A more recent optical spectroscopy
experiment conducted by Abel et al. shows lifetimes of 50-
100 ps for the lowest triplet excited state of O3.10

In the present experiments, the three-body dissociation of
O3(D2O) is studied by investigating DPD of the O3

-(D2O)
complex. Studies of three-body dissociation using the PPC
technique are now possible with a new apparatus capable of
multiparticle detection, enabling coincidence measurements of
a photodetached electron and three or more neutral fragments.11

This technique has been previously applied to the study of the
three-body dissociation dynamics of O6.12 When O3

-(D2O) is
photodetached at 258 nm, an electronically excited ozone-water
complex may be formed and undergo the following DPD
processes:

In reaction 1, photodetachment of the anion precursor yields
an excited O3(D2O) complex that undergoes dissociation to O
+ O2 + D2O. This is the analogue of the process studied by
Garner et al. in free O3.9 The dissociation of excited O3 is
quenched in reaction 2, producing stable O3 and D2O. Reaction
3 involves an intracluster reaction between the dissociating
ozone and water moieties to form two hydroxyl radicals, which
has been suggested to play a role in the formation of OH in the
troposphere.13,14

The PPC technique used in these experiments records the
kinetic energy, mass, and angular distributions of an electron
and three photofragments in coincidence. The complete kine-
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O3
-(D2O) + hν f O + O2 + D2O + e- (1)

f O3 + D2O + e- (2)

f 2OD + O2 + e- (3)
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matic characterization of a DPD event provided by this method
allows one to differentiate among the possible reaction channels.
Previous optical studies of the neutral ozone-water complex
used ultraviolet excitation of the higher-lying singlet excited
states to promote the intracluster reaction following optical
excitation and compared the results to the gas-phase O+ H2O
reaction.15-17 In the present investigation, photodetachment of
the O3

-(D2O) anion is used to prepare and study the dissociation
dynamics of the low-lying excited states of the neutral cluster,
providing the first direct insights into the three-body dissociation
dynamics of O3(D2O). In the following sections, the experi-
mental approach and results are presented. Density functional
theory calculations of the structure of O3

-(D2O) complex are
also reported to complement the experimental observations.

2. Experimental Section

The apparatus has been previously described in detail and
will only be briefly described here.11,12The spectrometer consists
of four differentially pumped regions: the source, acceleration,
time-of-flight, and interaction-detection regions. The apparatus
allows production of fast, mass-selected negative-ion beams and
photodetachment with electron energy analysis. An efficient
multiparticle detector is used to record kinetic energy and
angular distributions in three-body dissociation processes.

Ozone is generated using a commercial electric-discharge
ozonator and is stored on silica gel at-78 °C until use. During
the experiment, the temperature of the ozone trap is raised and
maintained at approximately-45 °C by use of an FTS Systems
chiller. Neat oxygen is flowed through the trap, and the source
and carrier gas mixture is passed over chilled D2O (5 °C) and
into a piezoelectric pulsed valve. O3

-(D2O) and other anions
are generated by intersecting a 1 kHz pulsed supersonic
expansion of the source gas with a 1 keV electron beam. The
ions are accelerated to 4 keV, mass-selected, guided into the
interaction region, and intersected by a focused, linearly
polarized laser beam. The 1 kHz laser pulse is taken from the
third harmonic (258 nm, 4.80 eV) of the Ti:sapphire fundamental
at 775 nm (1.2 ps fwhm) generated by a CPA2000 regenerative
amplifier (Clark-MXR, Inc.) and focused to a 0.5 mm diameter
spot at the interaction region to give a fluence of approximately
5-10 mJ/cm2 per pulse.

Photodetached electrons are detected by one of two time-
and position-sensitive wedge-and-strip-anode electron detectors,
which are placed opposite each other and perpendicular to the
ion beam path. The use of a fast ion beam and the large
distribution of flight paths in the large-solid-angle photoelectron
detector leads to a significant broadening in the laboratory
electron kinetic energy spectrum. To deal with this broadening,
the photoelectron detector measures the laboratory kinetic energy
by recording the recoil angle (by position of arrival at the
detector) and time of arrival of the electron. The component of
the electron kinetic energy due to the ion beam velocity is
subtracted from the measured laboratory kinetic energy, and a
correction for the actual flight path is then made during analysis
of the data. The center-of-mass (CM) electron kinetic energy
(eKE) determined in this way gives a resolution of∆E/E ≈
5% at 1.3 eV and peak position to about(0.01 eV.

Residual ions remaining in the beam after the interaction
region are electrostatically deflected from the beam path to an
ion detector, providing a means of monitoring the ion beam
intensity. Neutral photofragments leaving the interaction volume
continue to fly over a 1.04 m flight distance until they impinge
on a time- and position-sensitive multiparticle detector, allowing
determination of the recoil velocities of three or more (up to

eight) particles in coincidence. This heavy particle detector is
made up of four quadrants, each of which is a separate crossed-
delay-line detector. This detector has been demonstrated to yield
a photofragment translational energy resolution of∼15%∆E/E
at 0.7 eV in studies of the three-body dissociation of O6

- and
effectively has no dead regions within the active diameter of
the detector.11

2.1. Data Analysis.Since the electron and all photofragments
are measured in coincidence, the correlated kinetic energy and
angular distributions of all the products are recorded in one
experiment. During data analysis, events are sorted by the
number of particles detected. All recorded events that yield one
electron and at least one heavy particle are analyzed to obtain
the photoelectron spectrum,N(eKE), at a given wavelength.
Events that produce one electron and two neutral photofrag-
ments, and one electron and three neutral photofragments are
analyzed as correlated information for two- and three-body
dissociation events, respectively. Statistics based on spectrometer
efficiency and count rate of the experiment ensure that the
photoelectron and photofragments from each event are cor-
related. Under the conditions of this experiment, a typical rate
for correlated three-body dissociations of 0.13 events per laser
shot results in false coincidences of∼2%. Similarly, a typical
rate of 0.29 two-body dissociation events per laser shot yields
an estimated∼6.6% false coincidence rate.18

For analysis of three-body dissociation, the laboratory frame
velocities are determined from the known CM velocity of the
incident ion beam and the time- and position-of-arrival of the
detected particles. The calculated laboratory frame velocities
are then transformed into a CM frame with one of the particles
along the positivex-axis. By use of the known parent mass and
conservation of linear momentum, the masses of the three
photofragments can be calculated.11 The mass spectrum for
three-body dissociation events found for the O3(D2O) system
is shown in Figure 1A, which does not provide enough
resolution to differentiate between reaction channels 1 and 3.
Energetic considerations, discussed below, rule out any signifi-
cant contributions from reaction channel 3. The mass resolution
can be improved by narrowing the distribution of event centroids
accepted in the data analysis by a factor of 3 (from(3 mm to
(1 mm inx, y, andz about the nominal beam center), allowing
the O2 fragment to be cleanly resolved from the overlapping O
and D2O peaks as demonstrated in Figure 1B. Note that the
variation in the peak heights is due to a mass-dependent variation
in the peak widths. To remove any remaining ambiguity in the
data analysis, the lightest fragment is assigned to the O atom

Figure 1. The calculated raw mass spectrum for O3(D2O) is shown in
frame A. In frame B, the mass resolution is improved by narrowing
the centroid distributions of the events accepted in the data analysis as
discussed in the text.
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and the next lightest to D2O. The photofragment masses and
CM velocities are then used to determine the kinetic energy of
each fragment, which can then be simply summed to give the
CM translational energy (ET) released in the three-body dis-
sociation process.

To visualize the dynamics of the three-body decay process,
an image of the molecular-frame differential cross section (MF-
DCS) can be constructed. Hsieh et al. and Lavolle´e et al. have
implemented similar visualization schemes to study the dynam-
ics of three-body dissociation of doubly charged cations.19,20

The MF-DCS is obtained by transforming the data for each event
from the laboratory frame to a CM molecular breakup frame
such that the particle with the smallest mass recoils along the
positivex-axis. Because of the limited mass resolution shown
in Figure 1, this results in some mixing of the assignment of
the O and D2O fragments. Because of the similar masses of
these particles and the relatively low translational energy
resolution of the multiparticle detector, this has a negligible
effect on the measured productET distributions. It does have
an effect on the MF-DCS, however, and in the MF-DCS
presented here, the further assumption has been made that the
O atom is the fastest particle. This will be discussed further in
section 3.4 below.

3. Results and Discussion

3.1. Photoelectron Spectra.Figure 2 shows theN(eKE)
spectra of O3- and O3

-(D2O). These spectra were recorded at
258 nm, with the laser polarization parallel to the ion beam
path. The spectra are composed of events yielding one photo-
electron and at least one neutral particle. There are two broad
features in the photoelectron spectrum of O3

-, both of which
have been previously assigned.5 The higher kinetic energy
feature is due to photodetachment of O3

- X̃(2B1) to the O3 X̃-
(1A1) ground state, and the lower kinetic energy feature is from
photodetachment to the low-lying excited states of ozone as
noted in the figure. A sharp feature near 0 eV is due to an
electron background created from the scattering of the 258 nm
laser beam off detector surfaces, and a Gaussian fit of this
feature is shown in the figure as a dashed curve. In the lower
frame, the photoelectron spectrum of O3

-(D2O) exhibits two
similar features shifted to lower eKE. The second feature at
lower eKE is superimposed on the electron background noise
near 0 eV. The similarity of the features in the O3

- and

O3
-(D2O) photoelectron spectra suggests that the electron is

localized on O3 in the complex and that there are negligible
charge-transfer-to-solvent effects.

A Gaussian fit of the higher eKE feature in the O3
-(D2O)

spectrum, originating from photodetachment to the electronic
ground state of O3(D2O), shows a shift to lower eKE of 0.85(
0.04 eV. This is chiefly a measure of the significant stabilization
of O3

- through interaction with D2O and suggests that the
electron affinity (EA) of O3(D2O) is 2.95( 0.04 eV. Two-
body dissociation, with a small kinetic energy release of∼0.1
eV, was observed to occur predominantly in coincidence with
photodetachment to the ground electronic state of the O3(D2O)
complex. Approximately 3% of the two-body events are
observed to be correlated with photodetachment to the low-
lying excited states of O3(D2O). However, in light of the
estimated∼6.6% false coincidence rate for two-body dissocia-
tion, this is insignificant, leading to the conclusion that
quenching of the low-lying excited states of O3 by clustering
with D2O followed by two-body dissociation or formation of a
stable complex is a minor channel at best.

These observations show that vertical photodetachment of
the anion does not occur to a bound region of the potential
energy surface. This means that the location of the features in
the photoelectron spectra are shifted to lower eKE and that the
number quoted here thus represents an upper bound of the
adiabatic EA of O3(D2O). A second effect to be considered in
the evaluation of the adiabatic EA is the stabilization of
O3(D2O) relative to O3 + D2O. This has previously been
estimated to be in the range 0.03-0.10 eV.21,22 Taking into
account an average value for the stability of the neutral cluster
relative to ozone, the adiabatic EA found above can be adjusted
downward to give an upper bound of 2.88( 0.04 eV for
O3(D2O). This is consistent with a binding energy of O3

-(D2O)
relative to O3

- + D2O of ∼0.78 ( 0.04 eV.
3.2. Photoelectron-Photofragment Correlation Spectra.

Figure 3 illustrates the CM photoelectron-photofragment kinetic
energy correlation spectrum of O3

-(D2O). Integration over either
ET or eKE yields theN(eKE) andN(ET) spectra along they-

Figure 2. Photoelectron spectra,N(eKE), for O3
- and O3

-(D2O) are
shown in upper and lower frames, respectively. These spectra were
collected at 258 nm and represent all events producing one photoelec-
tron and at least one neutral particle. A fit to the laser-related
background signal at low eKE was obtained and is shown as a dashed
line in the spectra. The arrow in the lower frame shows the maximum
eKE used to calculate the electron affinity of O3(D2O).

Figure 3. N(ET,eKE) correlation spectrum for O3-(D2O) at 258 nm.
The evenly spaced contours represent the number of events with the
specified values ofET and eKE. The three diagonal lines from top to
bottom are the maximum translational energy available to the products
O(3P) + O2(3Σg

-,V)0,1) + D2O + e- and 2OH+ O2(3Σg
-,ν)0) + e-

(labeled C).
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andx-axes, respectively. The contours in the spectrum represent
the number of events,N(ET,eKE), exhibiting that particular
distribution of energy among the photoproducts. As discussed
above, no three-body dissociation events correlated with the
ground state of the O3(D2O) complex were observed. Thus, the
N(ET,eKE) spectrum for O3-(D2O) is only shown up to 1.2 eV
along the eKE andET axes.

The shape of theN(ET,eKE) spectrum of O3-(D2O) is similar
to that previously observed for O3-,9 with the exception of
the large shift in eKE discussed above. For comparison, the
N(ET,eKE) spectrum of O3- at 258 nm is shown in Figure 4.
The two diagonal lines drawn at higher energies in Figure 4
indicate the maximum amount of translational energy available
(KEmax) for formation of an electron and ground-state O+ O2

(V ) 0 or 1), given the photon energy, the known bond
dissociation energy,23 and the EA of O3.24 As noted by Garner
et al.,9 the features in the contour map near the KEmax line in
Figure 4 indicate that photodetachment of O3

- to the3A2 and
3B2 excited states of O3 produces fragments with most of the
available energy deposited into translational rather than internal
degrees of freedom. However, photodetachment of O3

- to the
next higher excited states of O3, 3B1, and 1A2 leads to
photofragments with more rotational and/or vibrational energy
in the O2. Assuming that vibrational excitation in the parent
O3

-(D2O) is negligible and that the partitioning of energy in
the dissociation is similar to O3-, a value of KEmax ) 0.90(
0.09 eV can be found from the diagonal line in Figure 3. The
uncertainty is estimated from the measured energy resolution
of the photofragment and photoelectron detectors. Owing to the
absence of resolved features in the photoelectron spectrum of
O3

-(D2O), the structure observed in the O3
- N(ET,eKE)

spectrum is not observed in Figure 3.
Examination of theN(ET) spectra for O3- and O3

-(D2O) in
Figure 5 shows that the partitioning of energy into product
translation is remarkably similar, providing further justification
for the location of the KEmax line in the O3

-(D2O) N(ET,eKE)
spectrum. In fact, theN(ET) spectrum for O3-(D2O) peaks at
∼0.40 eV, 0.05 eV higher than the spectrum for O3

-. Examina-
tion of the photoelectron and correlation spectra show that this
shift is due to a diminished contribution from photodetachment
to the lowest-lying excited states,3A2 and 3B2, of O3 in the
cluster. Energy conservation and the observed partitioning of

energy in O3
- dictates that photodetachment to these states

yields higher eKE photoelectrons and lowerET photofragments.
The photoelectron spectrum of O3

-(D2O) in Figure 2 shows
that no resolved features attributable to these states are present
in the photoelectron spectrum and that the photoelectron
spectrum rises relatively slowly in the region where these states
should contribute. This may be due to a shift in the Franck-
Condon overlap between the anion cluster and the lowest triplet
excited states of O3(D2O) compared to O3.

3.3. Energetics of O3
-(D2O) and O3(D2O). The results

presented here allow construction of an energetics diagram for
the O3

-(D2O) system as shown in Figure 6. When the value of
KEmax is subtracted from the photon energy at 258 nm (4.80
eV), a value of 3.90( 0.09 eV is obtained for the minimum
energy for DPD of O3-(D2O). Combining this number with the
known dissociation energy23 and EA for O3

24 yields a value of
0.75( 0.09 eV for the bond dissociation energy of O3

-(D2O)
f O3

- + D2O. This value is in good agreement with the upper
bound determined from the comparison between theN(eKE)
spectra of O3- and O3

-(D2O) (0.78( 0.04 eV). The energetics
dictate that if an intracluster reaction were to occur after
photodetachment at 258 nm, the maximum translational energy
available to the OD+ OD + O2 products would be 0.18 eV.25

In Figure 3, this line is labeled C, below which no features are
observed. Thus, photodetachment of O3

-(D2O) to the low-lying
excited states of O3 in the neutral cluster at 258 nm yields only
ground-state atomic and molecular oxygen and water as a three-
body dissociation:

3.4. Molecular-Frame Differential Cross Section. As
discussed in section 2.1, to show the relative scattering of the
three photofragments in the molecular frame, the MF-DCS for
three-body dissociation is generated by transforming the mo-
mentum vectors of all three particles from the laboratory to a

Figure 4. N(ET,eKE) spectrum for O3- at 258 nm. From top to bottom,
the two diagonal lines represent the maximum translational energy
available to the products O(3P) + O2(3Σg

-,V)0,1) + D2O + e-.

Figure 5. N(ET) spectra for O3- and O3
-(D2O).

Figure 6. Energetics of the DPD of O3-(D2O) at 258 nm. The
energetics of the OD+ OD + O2 + e- channel is determined using
∆fH°(0K) for OD, O2, and D2O.

O3
-(D2O) + hν f O(3P) + O2(

3Σg
-) + D2O + e- (4)
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CM molecular frame. Because of the limited mass resolution,
O and D2O cannot be fully resolved in this experiment, so the
further assumption is made in generation of the MF-DCS that
the O atom is the fastest particle. Because all three momentum
vectors lie in one plane, a two-dimensional histogram of all the
events can be generated such that the perpendicular component
of the momentum of each particle is along they-axis and the
parallel component along thex-axis. Figure 7 shows the
histogram of the MF-DCS in momentum space for O3(D2O),
where the arrows represent the momentum vectors from the CM
of the molecular breakup frame to the centroids of each feature.
These vectors show that the centroid of the O2 distribution
recoils backward relative to the O atom, while the centroid of
the D2O feature is actually observed to be slightly forward-
scattered relative to the recoiling O atom. The striking result
from the MF-DCS is that the product momenta are partitioned
such that the heaviest fragment, O2, carries away most of the
momentum, with the lighter O and D2O fragments recoiling in
the other direction in the CM. This observation is unaffected
by the assumption that the O atom is the fastest particle. If this
assumption is not used, the only significant change observed is
that the O and D2O distributions become bimodal. It should be
noted that the MF-DCS plot in Figure 7 is not selected for total
energy available to the neutral particles by gating on the eKE.
In cases when theN(eKE) or N(ET) spectra are more resolved
to show distinctive features for the different electronic states
accessed by photodetachment, selective eKE orET gating in
the MF-DCS may provide additional insights into the dissocia-
tion dynamics.

3.5. Structure of O3
-(D2O) and Three-Body Dissociation

Dynamics of O3(D2O). Given the weak interaction between D2O
and neutral O3, once the O-O2 bond begins to break after
excitation to the excited states of O3, the subsequent dissociation

is expected to occur rapidly relative to the time scale of
molecular rotation. Thus, the observed anisotropy in the MF-
DCS may be correlated with the geometry of the nascent neutral
cluster produced by photodetachment. To gain further insights
into the meaning of the observed partitioning of momentum
among O2, O, and D2O in the MF-DCS, it is valuable to consider
possible structures for O3-(D2O) that would dictate the Franck-
Condon region accessed in the neutral complex by photode-
tachment. By use of density functional theory (DFT) as
implemented in Gaussian 94,26 a geometry search for the
possible structures of the O3

-(H2O) complex was conducted.
Since the theoretical calculations are based on the Born-
Oppenheimer approximation, there are only negligible differ-
ences in using hydrogen or deuterium to determine the geometry
of the complex. The method and basis set used, B3PW91/
6-311++G(d,p), was chosen on the basis of successful calcula-
tions of small oxygen cluster anions by Chertihin and An-
drews.27 Table 1 is a tabulation of the energies and optimized
geometries for O3, O3

-, and H2O at this level of theory. The
calculations do not perform well for determining the EA of O3,
finding EA ) 2.597 eV, which is significantly larger than the
experimental value of 2.103 eV.24 The bond lengths and bond
angles, however, are reasonable.28 Since the primary goal is to
determine the possible structures of the anionic cluster, this DFT
method provides a reasonable approach. Figure 8 illustrates two
calculated minima on the O3-(H2O) potential energy surface.
The Cs complex is lower in energy by 0.1 eV and is found to
be stabilized relative to O3- + D2O by 0.8 eV, in surprising
agreement with the experimental value. However, given the poor
performance of the calculations to determine the EA of O3

-,
the small difference in energies between theCs and C2V
complexes is insignificant and cannot be used to determine
which structure is more likely to occur.

By use of the MF-DCS in conjunction with the DFT
calculations, the most likely geometry of the complex at the
time of the molecular breakup may be deduced. In the structure
with Cs symmetry, the cluster only forms one hydrogen-oxygen
interaction between the two monomers. The calculatedCs

geometry indicates that the O-H bond in the water moiety and
the O-O2 bond nearest the intracluster interaction are both
longer than their respective ground-state bond lengths, consistent
with an ion-dipole interaction between the two moieties. The
observed breaking of theC2V symmetry of O3 in the cluster may

Figure 7. MF-DCS for O3(D2O) at 258 nm, represented in a two-
dimensional histogram of the number of particles scattered with a
specific CM recoil momentum. The contours are evenly spaced. The
O atom is chosen to lie along thex-axis, the O2 photofragments are
plotted above thex-axis, and the coincident D2O photofragments are
plotted below thex-axis. The curve above the vector drawn for the O
atom shows the distribution of the O atom recoil momenta along the
x-axis.

TABLE 1: Parameters for the Calculated Minimum Energy
Structures for H2O, O3, and O3

- Using
B3PW91/6-311++G(d,p)a

energy (hartree) bond length (Å) bond angle (deg)

H2O -76.428 0.960 (0.957) 104.82 (104.51)
O3 -225.39 1.247 (1.272) 118.53 (116.7)
O3

- -225.485 1.340 (1.342) 115.68(112.6)

a The numbers in parentheses are experimental values.24,28

Figure 8. Calculated minimum energy geometries using DFT for
O3

-(H2O) were found to have (A)Cs and (B) C2V symmetries. This
figure was prepared using MacMolPlt: Bode, B. M.; Gordon, M. S.J.
Mol. Graphics Model., in press.
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be expected to promote the antisymmetric stretch dissociation
of the lengthened O-O2 bond. Furthermore, Garner, et al.
previously observed that in the DPD of O3

-, nearly all the
available energy appears in translation of the photofragments,
particularly for the lowest excited states of O3.9 On the basis of
this result, which is also observed for O3(D2O) in the present
study, it was suggested that the transition state for ozone
dissociation has a nearly linear configuration. A hypothetical
transition-state geometry consistent with the observed dynamics
would have a more linear dissociating O3 moiety pointed toward
the O atom in D2O. In this scenario, D2O lies in the path of the
O atom recoil when the O-O2 bond that was lengthened in the
cluster breaks. A significant fraction of the momentum imparted
to the O atom is then transferred to D2O because of the similar
masses of these two products, with the heavier O2 carrying away
most of the momentum as it recoils in the other direction. The
fact that the partitioning of energy into translation for the three-
body dissociation is very similar to free O3 indicates that the
interaction between O and D2O must be predominantly elastic.

A similar qualitative analysis of theC2V symmetry complex
shown in Figure 8 with respect to the observed MF-DCS
suggests that this is an unlikely structure for the complex at the
time of three-body decay. Assuming once again that the O3

molecule evolves to a more linear configuration prior to
dissociation, recoiling O and O2 would be expected to have very
little interaction with the “spectator” D2O. It is difficult to
imagine how dissociation of the ozone moiety in this structure
could result in significant momentum transfer to D2O or lead
to the observed partitioning of momentum with O2 carrying
away the largest fraction. Further assessment of the three-body
dynamics, using either classical trajectories or quantum me-
chanical wave packet calculations, is desirable. A study of this
type was recently published by Woywod et al. in an examination
of the role of the singlet excited states of O3 in the Chappuis
absorption band.29 Carrying out such dynamics calculations on
the triplet states of O3 and O3(D2O) complexes will require a
significant effort to characterize the triplet state potential energy
surfaces.

In light of the observed dynamics, the proposed mechanism
for dissociation of the complex involving antisymmetric stretch
dissociation of a more linear O3 transition state appears
reasonable. Zittel et al.30 and Takahashi et al.31 demonstrated
that the photodissociation cross section for production of O(1D)
from higher-lying singlet states in the Huggins and Hartley bands
is highly correlated with theν3 antisymmetric stretch mode.
Additionally, Garner, et al. suggested that the bond angle of
the low-lying 3A2 and 3B2 excited states increases to form a
nearly linear geometry before dissociation.9 The DFT calcula-
tions presented here show that theC2V symmetry of O3 is broken
in the most stable anion cluster, leading to a lengthening of
one of the O-O bonds. Thus, in photodetachment of the anion
complex, the interaction with D2O shifts the resulting neutral
cluster to a geometry closer to the transition state for dissociation
of O3 via the antisymmetric stretch. This may promote a more
rapid dissociation of O3 in the neutral complex relative to free
O3. It will be of interest to obtain higher-resolution photoelec-
tron spectra of the complex to assess if the lack of vibrational
resolution in photodetachment to excited states of the complex
is in fact governed by the reduction in excited-state lifetime
from this perturbation of O3.

4. Conclusion

These experiments on the DPD of O3
-(D2O) provide insights

into the energetics of the anion and the three-body dissociation

dynamics of excited electronic states of the neutral complex.
The results indicate that the clustering of a water molecule to
O3

- stabilizes the system by approximately 0.75( 0.09 eV,
with an upper bound to the electron affinity of O3(D2O) of
2.88( 0.04 eV. Photodetachment to the triplet states of O3 in
the complex leads to three-body dissociation, with no clear
evidence observed for intracluster reaction or quenching of
the excited states in the complex at the level of excitation used
in this experiment. In addition, the MF-DCS shows that the
partitioning of momentum among the products leads to most
of the momentum carried away by O2, with O and D2O re-
coiling in the opposite direction in the CM. When the observa-
tions made from the MF-DCS and theoretical calculations are
combined, it is possible to make structural inferences on the
dissociating neutral complex and the precursor anion. The re-
sults are most consistent with an O3

-(D2O) complex of Cs

symmetry found by DFT calculations. Examination of iso-
tope effects in the three-body dissociation dynamics of ozone-
water clusters will be pursued in future experiments in this
laboratory.
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