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Energetics and dissociative photodetachment dynamics
of superoxide–water clusters: O 2

À
„H2O…n , nÄ1 – 6

A. K. Luong, T. G. Clements, M. Sowa Resat,a) and R. E. Continetti
Department of Chemistry and Biochemistry, University of California, San Diego, 9500 Gilman Drive,
La Jolla, California 92093-0314

~Received 20 October 2000; accepted 29 November 2000!

The dissociative photodetachment of O2
2(H2O)n51 – 6 was studied at 388 and 258 nm using

photoelectron–multiple-photofragment coincidence spectroscopy. Photoelectron spectra for the
series indicate a significant change in the energetics of sequential solvation beyond the fourth water
of hydration. Photoelectron–photofragment kinetic energy correlation spectra were also obtained for
O2

2(H2O)1 – 2, permitting a determination of the first and second energies of hydration for O2
2 to be

0.8560.05 and 0.7060.05 eV, respectively. The correlation spectra show that the peak
photofragment kinetic energy release in the dissociative photodetachment of O2

2(H2O) and
O2

2(H2O)2 are 0.12 and 0.25 eV, respectively, independent of the photon and photoelectron kinetic
energies. The molecular frame differential cross section for the three-body dissociative
photodetachment: O2

2(H2O)21hn→O212H2O1e2 is also reported. The observed partitioning of
momentum is consistent with either a sequential dissociation or dissociation from a range of initial
geometries. ©2001 American Institute of Physics.@DOI: 10.1063/1.1342221#
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I. INTRODUCTION

Many important chemical reactions occur in solution, y
detailed information regarding the molecular level intera
tions between the solvent and solute remain difficult to
tain. Despite the difficulty in characterizing the many-bo
interactions in solution, important steps in this direction ha
been taken using a variety of time-resolved spectrosco
techniques.1–3 Another approach to understanding conden
phase phenomena is by the stepwise increase in solvent
ber densities, a technique taken in a large number of stu
of the energetics and dynamics of gas-phase clusters.4–8 Re-
cently there have also been considerable advances in th
frared spectroscopy of small clusters, providing more dir
information on the structures of these species.9–11 These
studies of homogenous and heterogeneous clusters have
vided direct insights into the effects of solvent–solvent a
solute–solvent interactions on solvation dynamics and re
information about the evolving energetics and geometrie
cluster sizes increase, providing a link between our und
standing of gas and condensed phase reaction dynam
Superoxide–water clusters are the subject of the cur
study and represent an important prototypical system inv
ing strong ion–dipole interactions. In the experiments
ported here, negative-ion photodetachment spectroscop
combined with the photoelectron–multiple-photofragme
coincidence technique to obtain information on the energ
ics of sequential solvation of O2

2 by up to six waters and on
the dissociative photodetachment~DPD! dynamics of
O2

2(H2O) and O2
2(H2O)2 .

There have been a number of studies of the O2
2(H2O)n

cluster ions. The earliest work by Kebarle and co-work
used high pressure mass spectrometry to study the hea

a!Permanent address: Environmental Molecular Science Laboratory,
Box 999, K8.88, Richland, WA 99352.
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formation of hydrated O2
2 clusters. By measuring the equ

librium constants,Kn21,n , for the forward and reverse reac
tions for

O2
2~H2O!n211H2O→O2

2~H2O!n , ~1!

Arshadi et al. determined theDH0
n21,n at 298 K for up to

n53 ~0.80, 0.75, and 0.67 eV forn51, 2, and 3,
respectively!.12 Yamdagniet al. later extended these studie
to determine the temperature and solvent dependence o
equilibrium constants.13 More recent high pressure mas
spectrometry experiments by Castleman and co-work
sought to understand how the reactions betwe
O2

2 ,CH3CN, and SO2 change as a function of an increasin
number of water solvent molecules.4,5

Further studies of the interactions between O2
2 and H2O

solvent molecules were carried out using photoelectron
photofragment translational spectroscopy to examine the
ergetics and dissociation branching ratios of O2

2(H2O)n clus-
ters. Johnson and co-workers used collision-induced dis
ciation, photodetachment, and photodissociation to probe
dependence of the photodissociation of O2

2 on cluster
size.7,14 Buntineet al. studied the dissociation pathways th
occur in the photodestruction of O2

2(H2O) in the 200–300
nm regime.14 These studies showed that while O2

2 remains
intact in the water cluster, vibrational structure in the pho
electron spectrum was lost. In photodissociation experime
at 266 nm,~0.57 eV above the O2

2 photodissociation thresh
old! ionic products were observed that could not be e
plained without invoking a geminate recombination proce
involving the dissociated O atom and a hot O-(H2O! inter-
mediate. Experiments by Lavrichet al. addressed the issu
of whether the anion is bound on the surface of the cluste
internally by studying the excess energy dependence of
photodissociation probability for O2

2 in the cluster.7

Previously in our laboratory, Sherwoodet al. used pho-
O.
9 © 2001 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3450 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Luong et al.
tofragment translational spectroscopy to study the dynam
of the dissociative photodetachment~DPD! in the
superoxide–water cluster, which was confirmed to be
predominant channel for photodestruction at 524, 349,
262 nm.15 These experiments were consistent with the p
vious measurements of Buntineet al., which indicated a
branching ratio of less than 5% ionic photodissociation v
sus photodetachment. The experiments by Sherwoodet al.
also showed that the photofragment translational energy
lease distribution is independent of the photon energy
peaks at a low value;0.10 eV, suggesting that transfer
the significant vibrational excitation induced in the O2 mol-
ecule upon photodetachment to the reaction coordinate in
neutral complex is highly inefficient. It was further con
cluded that the DPD of O2

2(H2O) can be characterized as
Franck/Condon excitation to a weakly repulsive neutral
tential energy surface.

The most recent work on these cluster systems by We
et al. using Ar-nanomatrix-isolation infrared spectrosco
demonstrated that four H2O molecules comprise the first so
vation shell around O2

2 .10 They observed a significan
change in the IR spectra from broad unstructured features
the smaller superoxide hydrates to well-defined peaks
O2

2(H2O)4 . Weberet al. reasoned that the sudden shift
due to the increased structural stability in the tetrahydr
when the first solvation shell is filled. In the smaller cluste
it was suggested that multiple conformers arising from
different possible arrangements of the H2O molecule~s!
around O2

2 lead to broadened features in the IR spectra.
Theoretically, the O2

2(H2O)n clusters have been the su
ject of severalab initio studies. At lower levels of theory, a
asymmetric singly hydrogen bonded structure for O2

2(H2O)
was determined to be the most stable species.16,17 However,
using UMP2 calculations with larger basis sets, Leeet al.
found the doubly hydrogen-bondedC2v structure to have the
minimum energy, although the difference in energy was v
small.18 There has been much less work on the lar
superoxide–water clusters. In a study by Curtisset al., the
stabilities of the singly- and doubly-hydrogen-bonded str
tures of O2

2(H2O)2,4 were determined to be very similar.16

The general conclusion drawn from these theoretical ca
lations is that the potential energy surfaces for these sm
superoxide–water clusters are relatively flat, with a num
of local minima.

In the experiments reported here, photoelectro
photofragment coincidence~PPC! spectroscopy is used t
examine photodetachment and DPD of the superoxide–w
clusters. These experiments use fast ion beam photode
ment techniques and high-efficiency photoelectron a
multiple-photofragment detectors to measure the photoe
tron and photofragments from a single DPD event in coin
dence. The time- and position-sensitive detectors provide
tailed information about the energy and angular distributio
of the photofragments resulting from photodetachment of
anion precursor, allowing insights into the energetics, dis
ciation dynamics, and possible structures of the neutral c
ter. In particular, the experiments on the O2

2(H2O)n clusters
presented here seek to further characterize the energeti
solvation for up to six water molecules, and extend our p
Downloaded 23 Apr 2001 to 132.239.68.46. Redistribution subjec
cs

e
d
-

-

e-
d

he

-

er

or
r

te
,
e

y
r

-

u-
ll
r

–

ter
ch-
d
c-
i-
e-
s
n
-

s-

of
-

vious study of the DPD of O2
2(H2O! to include PPC mea-

surements and to provide the first experimental insights
the three-body DPD process of O2

2(H2O)2 . In the next sec-
tions, a brief description of the experimental method is p
sented, followed by results for the dissociative photodeta
ment of superoxide–water cluster anions.

II. EXPERIMENT

In these experiments, PPC spectroscopy is applied
study the dissociation dynamics of transient neutral spe
by photodetachment of a mass-selected anion precursor.
energy of the neutral is determined by measurement of
photoelectron kinetic energy. The photofragments result
from any subsequent dissociation of the neutral complex
detected using a multiparticle detector, yielding the kine
energies and recoil angles of all the particles produced in
individual event. The experimental apparatus has been
scribed in detail in a previous publication,19 and is briefly
reviewed here.

The anion precursors were generated using a pulsed
personic expansion of pure O2 passed over room temperatu
H2O intersected by a 1 keV electron beam. The anion
passed through a skimmer were accelerated to 4 keV, m
selected by time-of-flight, and electrostatically guided in
the interaction region. Any neutrals generated before the
teraction region were removed from the ion beam in
time-of-flight region by use of a set of vertical deflectors a
a neutral beam blocker. A focused linearly polarized la
beam of the second~388 nm! or third ~258 nm! harmonic of
a pulsed Ti:sapphire fundamental@1.2 ps full width at half
maximum~FWHM!# then crossed the ion beam at 90°. Ph
toelectrons were detected using one of two opposed ti
and position-sensitive photoelectron detectors, perpendic
to the ion and laser beam paths. The measured labora
kinetic energies of the photoelectrons were corrected for
Doppler shift from the fast ion beam yielding the center-o
mass~CM! electron kinetic energy~eKE!, with a resolution
DE/E;5% at 1.3 eV. Measurement of the electron ene
defines the internal energy of the transient neutral spe
produced by photodetachment. If this neutral species dis
ciates, the resulting photofragments are detected in coi
dence by a multiparticle time- and position-sensitive detec
located 104 cm downstream of the interaction region. R
sidual ions leaving the laser interaction region are elec
statically deflected out of the beam into an ion detector. T
multiparticle detector consists of four quadrants, each
which is a crossed-delay-line anode detector with the ca
bility to detect thex,y positions and time-of-arrival of any
two photofragments that are at least 10 ns apart. This c
figuration permits the apparatus to directly record the nu
ber of photofragments generated in the dissociation proc
and to measure in coincidence the time and position of
pact of all the particles. By conservation of linear mome
tum, the photofragment masses and the CM kinetic ene
and recoil angles of all the photofragments are determi
for each event. The CM kinetic energy of each photofra
ment is then summed to yield the total photofragment tra
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lational energy release (ET) spectrum, givingDE/E;15%
at 0.7 eV.

III. RESULTS

A. Photoelectron spectra

The photoelectron spectra for O2
2(H2O)n for n50 – 2 at

388 nm are shown in Fig. 1. As previously demonstrated
Johnson and co-workers for O2

2(H2O), the vibrational struc-
ture present in the well-known photoelectron spectrum
bare O2

2 is absent for O2
2(H2O)n clusters.14 However, for

O2
2(H2O), two broad peaks ateKE51.1 and 0.4 eV are dis

tinguishable but shifted by;1.0 eV lower compared to O2
2 .

These features are consistent with dissociative photodet
ment to the ground and first excited electronic states of O2 :

O2
2~H2O!1hn→O2~X 3Sg

2!1H2O1e2

→O2~a 1Dg!1H2O1e2, ~2!

in agreement with previous work by Buntineet al. at 355
nm.14 For the n52 anion, the photoelectron spectrum
shifted to even lowereKE by ;0.8 eV relative to the singly
hydrated O2

2 , and only the peak for the ground electron
state is observable.

To study the larger superoxide–water clusters, pho
electron spectra of O2

2(H2O)n for n51 – 6 were measured a
258 nm as shown in Fig. 2. At this wavelength, photodeta
ment of O2

2(H2O) to O2(b 1Sg
1)1H2O1e- also becomes

accessible. The sharp peak near 0 eV present in the spec
this wavelength arises from electrons produced by the s
tering of the laser off surfaces in the spectrometer. The fo
of this background was measured in a separate experim
and is shown as the dotted line curve. As the number
water molecules increases from one to six, the features in
photoelectron spectra shift towards lowereKE, illustrating

FIG. 1. The photoelectron spectra for O2
2(H2O)n for n50 – 2 at 388 nm,

where the arrows indicate the approximate ADEs.
Downloaded 23 Apr 2001 to 132.239.68.46. Redistribution subjec
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the increase in the adiabatic detachment energy~ADE! of the
excess electron in the O2

2(H2O)n clusters. As discussed be
low, the photoelectron and photofragment kinetic ene
correlation spectra for O2

2(H2O)n51 – 2 can be used to obtain
values for the ADE for the singly and doubly hydrated clu
ter systems. These values are indicated with arrows in Fig
and 2. By analogy to the two smaller clusters, arrows sho
ing the approximate ADE for O2

2(H2O)n53 – 6 are also shown
in Fig. 2. It is interesting to note that the incremental d
crease in the ADE between sequentially larger clusters
significantly smaller forn54 – 6, as shown in Table I and
further discussed below.

B. Photoelectron–photofragment correlation spectra

The coincident measurement of the photoelectron
photofragments for each event allows acquisition of
photoelectron–photofragment translational energy corr
tion spectrum,N(ET ,eKE!. When clusters undergo DPD
this measurement provides a complete kinematic descrip
of the process by revealing the kinetic energy carried aw
by the photoelectron and the dissociating photofragment
coincidence. TheN(ET ,eKE) spectra for O2

2(H2O)n , n
51,2 at 388 nm are shown in Fig. 3. These spectra are t
dimensional histograms of the correlated events, witheKE
along they-axis, andET along thex-axis. Hence, the contou
features represent the distribution of events exhibiting a p
ticular partitioning of ET and eKE among the products
Given that the rate of false coincidences for detecting o
photoelectron and three photofragments is;4%,19 a diago-
nal line drawn at the 6% contour gives a conservative in
cation of the maximum kinetic energy (KEmax) for DPD.
This line provides a direct determination of the stability
O2

2(H2O)n relative to O21nH2O1e2, ~the DPD threshold!,

FIG. 2. The photoelectron spectra for O2
2(H2O)n , n51 – 6 at 258 nm are

shown as solid lines, with the ADEs discussed in the text indicated by
arrows. The dotted curves show the form of the laser-related photoelec
background. In all cases at loweKE there is expected to be real signal, s
the background curves are an overestimation of the actual background
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded
TABLE I. Summary of energetics in eV for O2
2(H2O)n , n50 – 6 clusters.

ADEa DADEn21,n VDE DVDEn21,n VDE-ADE DPD Threshold

O2
2 0.45b,c 0.82 0.37

O2
2(H2O) 1.42 0.97 2.03 1.21 0.61 1.30

O2
2(H2O)2 2.25 0.83 2.77 0.74 0.52 2.00

O2
2(H2O)3 3.03 0.78 ¯

d
¯

O2
2(H2O)4 3.45 0.42 ¯ ¯

O2
2(H2O)5 3.67 0.22 ¯ ¯

O2
2(H2O)6 3.77 0.10 ¯ ¯

aUncertainties in the ADE, VDE, and DPD threshold values are estimated to be60.05 eV.
bThe ADE for O2

2 is equal to the adiabatic electron affinity.
cReference 20.
dVDEs were not tabulated forn53 – 6 since the peak positions were not assignable.
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if it is assumed that some of the products are produced
their vibrational and rotational ground states and that
parent anions are internally cold. Since the cluster anions
produced in a pulsed supersonic expansion, they are
pected to be vibrationally cold: the O2

2 photoelectron spec
trum shown in Fig. 1 shows no hot bands. However, l
frequency modes in the clusters are likely to exhibit so
vibrational excitation. Thus, some events may be expecte
occur above theKEmax line drawn at 1.90 eV in the lef
frame of Fig. 3.

Energetic considerations indicate that the only chan
accessed in the DPD process is the production of2

1nH2O1e2. The photon energy of 3.20 eV at 388 nm i
dicates that O2

2(H2O) is stable by 1.30 eV relative to th
products. Given the electron affinity of O2

2 of 0.45 eV,20 this
yields the dissociation energy for O2

2(H2O)→O2
21H2O,

DD050.8560.05 eV. The stated error accounts for the e
ergy resolution in the photoelectron and photofragment
tectors. Likewise, an analogous diagonal line at 1.20 eV
be drawn in the right frame for theN(ET ,eKE! of
O2

2(H2O)2 . Consideration of the energetics indicates th
O2

2(H2O)2 is 2.00 eV more stable than O212H2O1e2, or
that DD050.7060.05 eV for the process O2

2(H2O)2

→O2
2(H2O)1H2O. In the absence of parent anion vibr

tional excitation, which is expected to be small in the puls
molecular beam ion source, these results represent upper
its to the true bond dissociation energy since the assump
is made that some products are produced with no inte
excitation.
 23 Apr 2001 to 132.239.68.46. Redistribution subjec
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At 258 nm, theN(ET ,eKE) spectra for O2
2(H2O)1,2 are

shown in Fig. 4. The correlation spectra are essentially id
tical to those obtained at 388 nm, except for the shift
energy along theeKE axis due to the difference in photo
energy. At both wavelengths, theET distribution of the sin-
gly hydrated O2

2 cluster peaks at;0.12 eV, while the doubly
hydrated cluster peaks at;0.25 eV. It is also observed fo
both clusters that there is not a significant correlation
tweenET and eKE at the two wavelengths, except for th
conservation of energy. The ADEs for O2

2(H2O) and
O2

2(H2O)2 , discussed above, were estimated in light of t
by subtracting the peakET from the DPD threshold deter
mined from theKEmax limits in the correlation spectra fo
each cluster. These results confirm that theET distributions
are independent of the initial available energy from the p
ton, consistent with Franck–Condon photodetachment t
repulsive region of the neutral surface.15

C. Molecular-frame differential cross section

Additional insights into the three-body dissociation
the O2(H2O)2 cluster that occurs after photodetachment m
be obtained by analysis of the relative angular distributio
of the fragments. One way to do this is by examination of
molecular-frame differential cross section~MF-DCS! in mo-
mentum space. The MF-DCS is a contour map in which
CM momentum distribution of the lightest particle lies alon
the positivex-axis, while the momentum vector distribution
for the other two fragments appear above and below
FIG. 3. TheN(ET ,eKE! spectra for the O2
2(H2O)n for

n51 and 2 at 388 nm.KEmax marks the DPD threshold
for these two systems as discussed in the text.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. TheN(ET ,eKE! spectra for O2
2(H2O)n for n

51 and 2 at 258 nm.KEmax marks the DPD threshold
for these two systems at this wavelength as discusse
the text.
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x-axis. This spectrum provides insights into both the mom
tum and relative angular distributions resulting from t
DPD process. If dissociation is rapid relative to the rotatio
period of the neutral complex, the centroids of the ani
tropic momentum vector distributions in the MF-DCS d
rectly map the instantaneous recoil directions of the pho
fragments. Thus, this method can provide valuable insig
into the structure of the species at the time of dissociatio21

However, if the dissociation is slow relative to the rotation
period of the transient neutral, the MF-DCS will show re
tively wide momentum vector distributions for the phot
fragments and structural inferences are limited. Another f
tor inhibiting an unambiguous interpretation of the MF-DC
spectra is the presence of multiple conformers leading to
same dissociation channels.

Figure 5 shows the MF-DCS for the DPD proce
O2

2(H2O)21hn→O212H2O1e2 at 388 and 258 nm in the
top and bottom frames, respectively. The one-dimensio
distribution curve along thex-axis shows the direction an
peak value of the momentum of the fast H2O product used as
the reference particle. The MF-DCS indicates that the
H2O product carries away the largest momentum, with
balance shared between O2 and the slow H2O product. The
O2 and slow H2O product momenta are distributed over
wide range of recoil angles relative to the fast H2O product.
The O2 distribution exhibits a sharp peak at low momentu
with a decreasing distribution towards larger momenta, si
lar to the slow H2O product. Both the O2 and H2O distribu-
tions show evidence for some bimodality in the distributio
i.e., a peak or plateau at larger momenta.

IV. DISCUSSION

The results reported here provide information on the
ergetics of the solvation of O2

2 by water and the dissociatio
dynamics of the energized neutral clusters produced by p
todetachment. A number of energetic quantities are de
mined in these experiments from the observed photoelec
and photoelectron-photofragment correlation spectra. Th
include thresholds for DPD of O2

2(H2O) and O2
2(H2O)2 ,

from which the ADE for these systems as well as the dis
ciation energies of the anions are determined. Based on
results for then51 and 2 clusters, the ADEs for then
53 – 6 clusters were estimated from the photoelectron sp
tra. The observed increase in ADE with addition of H2O
Downloaded 23 Apr 2001 to 132.239.68.46. Redistribution subjec
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shown in the photoelectron spectra in Fig. 2 and tabulate
Table I has been previously observed for other anions
vated by water.22 The large shift of the features in the PES
O2

2(H2O) relative to O2
2 is dominated by stabilization of the

anion by strong ion-dipole interactions in the cluster. As t
number of solvating water molecules goes from zero to s
there is an increase in the solvation energy~and the ADE!.
As more waters are added, the incremental increase in
ADE decreases, in accord with high pressure mass spect
etry experiments on O2

2(H2O)0 – 3 by Arshadiet al.12 As the
results in Table 1 show, the difference in ADE fromn52 to
n53 drops only slightly fromn51 to n52. It is interesting
to note that addition of a fifth water to O2

2(H2O)4 only in-
creases the ADE by 0.22 eV, a value which drops by m

FIG. 5. MF-DCS spectra of O2(H2O)2 at 258 and 388 nm. The referenc
particle for these spectra is the fast H2O product.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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than a factor of two as a sixth water is added. These in
mental changes in the ADE of less than 0.25 eV as additio
water molecules are added to the O2

2(H2O)4 cluster are con-
sistent with the spectroscopic observations by Weberet al.
that showed a significant sharpening of the features in the
spectrum of O2

2(H2O)4 assigned to completion of the firs
solvation shell.10

One of the most striking features of the O2
2~H2O)n pho-

toelectron spectra is the loss of the considerable vibratio
structure observed in photodetachment of the molecular
ions. TheN(ET ,eKE! spectra discussed below show that th
loss of vibrational structure is probably not the result of lif
time broadening as previously seen to be the case in ph
detachment of oxygen dimer anion, O4

2 .23 In the case of
O4

2 , photodetachment produced neutral O4 with 0.4 eV re-
pulsive energy, followed by a rapid, vibrationally adiaba
dissociation process to O2 products. As discussed by She
wood et al., the relatively long distance~2.8 Å! calculated
between O2

2 and H2O is not expected to lead to significa
repulsion on the neutral surface.15,18 In the case of the
O2

2(H2O)n clusters it is likely that broadening primaril
arises from spectral congestion due to a broad range of in
geometries with slightly different ADEs. A detailed analys
of the photoelectron spectra of the O2

2(H2O)n for structural
properties is beyond the scope of this work, but it is intere
ing to examine the trends in the vertical detachment ener
~VDEs! for O2

2(H2O)1,2 relative to free O2
2 as shown in

Table 1. Changes in the Franck–Condon distribution
photodetachment are expected to appear in the differe
between the ADE and the VDE. As noted in Table 1, t
difference is considerably larger for O2

2(H2O) and
O2

2(H2O)2 than it is for O2
2 . This implies that photodetach

ment of these clusters is producing excitation in degree
freedom other than the vibrational and electronic states o2

due to interactions with the solvating water molecules.
In addition to the photoelectron spectra, the present

perimental results yield theN(ET ,eKE! correlation spectra
of O2

2(H2O)1,2 at 388 and 258 nm, showing how energy
partitioned in the DPD of O2

2(H2O)1hn→O21H2O1e2,
and the three-body DPD of O2

2(H2O)21hn→O212H2O
1e2. The observation thateKE and ET are uncorrelated
beyond the conservation of energy, and the independenc
the ET distribution on the photon wavelength illustrates th
there is little coupling between the internal energy, in p
ticular the vibration or electronic state of the nascent O2 , and
the dissociation coordinate. Furthermore, the structurelesET

distribution peaks at only 0.12 eV for dissociation
O2(H2O), consistent with photodetachment to a weakly
pulsive region of the neutral potential energy surface, c
firming earlier results obtained in this laboratory and by th
oretical predictions.15,18 These results indicate tha
dissociation of excited O2(H2O) complexes produced b
photodetachment is likely to be both vibrationally and ele
tronically adiabatic.

The addition of another water molecule to the cluster
form O2

2(H2O)2 results in doubling of the peakET to 0.25
eV in the three-body DPD. The increase inET with the ad-
ditional water molecule appears nonintuitive since it mig
be expected that some of the energy released in the diss
Downloaded 23 Apr 2001 to 132.239.68.46. Redistribution subjec
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tion would be transferred into the now-increased numbe
internal degrees of freedom in the system. However, if
Franck–Condon overlap with the neutral surface
O2

2(H2O)2 leaves the nascent neutral O2(H2O)2 in a geom-
etry where each water experiences a repulsion similar to
in O2(H2O), this doubling of the kinetic energy release
not surprising. Alternatively, it is possible that owing to th
structure of the nascent O2(H2O)2 complex, transfer of in-
ternal energy~vibration of the O2 molecule! may be more
facile than in the singly hydrated O2(H2O). It is interesting
to note in this regard that the vibrational quantum of O2 is
approximately 0.2 eV, suggesting that transfer of one vib
tional quantum to translation in the O2(H2O)2 cluster could
explain the observed difference inET in the two systems.

The three-body DPD dynamics for O2
2(H2O)2 are re-

vealed in the MF-DCSs shown in Fig. 5. The MF-DCSs
both wavelengths are similar, and show that the fast wa
carries away a relatively narrow range of momenta while
slow H2O and O2 products have a broader momentum dist
bution and a broad angular distribution relative to the cen
of-mass of the system. The broad distribution in mome
for the slow H2O and O2 products suggests that this diss
ciation may be sequential, with the two H2O products leav-
ing the O2 at different times. It is also possible that the mu
tiple conformers of O2

2(H2O) that lead to the broadene
photoelectron spectra also lead to broadening in the M
DCS. A more detailed interpretation of the MF-DCS resu
will have to await further theoretical developments.

V. CONCLUSION

In these experiments, PPC spectroscopy was use
study the energetics and dissociation dynamics
O2

2(H2O)n , n51 – 6 clusters. A marked decrease in the
cremental change of the ADE as H2O is added to the cluster
suggests that the first solvation shell is comprised of f
water molecules complexed to O2

2 , in agreement with the
recent report by Weberet al.10 The first coincidence studie
of the dissociative photodetachment dynamics of O2

2(H2O)
and O2

2(H2O)2 were also carried out. The measure
N(ET ,eKE! spectra show that the dominant decay chan
produces O21nH2O1e2, and the first and second hydratio
energies of O2

2 were found to be 0.85 and 0.7060.05 eV,
respectively. The energy correlation spectra at 388 and
nm for both clusters show that theN~eKE! andN(ET! distri-
butions are uncorrelated except for conservation of ene
which is attributable to an inefficient transfer of the nasc
internal energy~vibrational and electronic! in the neutral O2
to the dissociation coordinate of the complex. At 258 nm,
three lowest-lying states of O2 , 3Sg

2 , 1Dg , 1Sg
1 are all pro-

duced in the DPD of O2
2(H2O), with no effect on the disso

ciation dynamics. Finally, the MF-DCS spectrum obtain
for O2

2(H2O)2 suggests that either the dissociation is a
quential process, where the primary dissociation produce
fast H2O product and a transient O2(H2O) cluster, or that the
presence of multiple conformers of O2

2(H2O)2 lead to the
observed broad momentum and angular distributions of
O212H2O products. These observations should provide
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



us

of
97
A
Sc
m

re
c

d

m

hy

k,

ys.

M.

ys.

n,

. A

A.

ut.

v.

y

3455J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Photodetachment dynamics of O2
2(H2O)n
critical test of future high-levelab initio structure and dy-
namics calculations on these prototypical ion–dipole cl
ters.
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