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Photoelectron—photofragment coincidence spectroscopy was used to study dissociative
photodetachment of the doubly hydrated clusters of oxide and hydroxid&;1)®),—M +2H,0

+e”~ (M=0, OH). These experiments yield information on the energetics of the parent anion and
the dissociation dynamics of the photodetached neutral species. Photoelectron spectra and
photoelectron—photofragment coincidence spectra are presented and compared to datd o) O

and OH (H,0). Unlike the singly hydrated species, no evidence of vibrationally resolved product
translational energy distributions is observed. The second hydration energy it both H,0O

and D,O was also measured to be 0:80.08 and 0.810.08 eV, respectively. The three-body
dissociation dynamics of the neutral clusters produced by photodetachment were studied by
measuring the velocities and recoil angles of all the particles in coincidence. The observed
partitioning of momentum is consistent with a two-step mechanism or dissociation from a wide
range of starting geometries. @001 American Institute of Physic§DOI: 10.1063/1.1366332

I. INTRODUCTION structure and one composed of a central oxide symmetrically
bound to two water§Fig. 1(b)] imply that there may be two
low energy dissociative photodetachmelPD) channels

for this species,

Hydrated neutral and ionic clusters are known to be im
portant participants in the chemistry of the atmosphére
and are also present in combustion processgsecifically,

reactions of O and OH" and the corresponding neutral spe-  0~(H,0),—0+H,0+H,0+e ", 1)
cies O and OH with a single water molecule have received
considerable attention in the literature due to their impor- O~ (H,0),—~OH+OH+H,0+e". 2

tance in combustion and atmospheric modef$.The small
size of these clusters also makes them amenable to high-lev8thindleret al. calculated an incremental second hydration/
theoretical studies:™*3 Data on these clusters with two or dissociation enthalpy AH5%3 . ,(O™)) of 0.83 eV de-
more waters may provide insights into bulk solvationfined to be the enthalpy required to remove the second water
phenomend®**® Additionally, three-body association reac- molecule from O(H,0), according to the reaction
tions of hydroxide and oxide with water are possibly impor-O~(H,0),—0 (H,0)+H,O. The only other reported
tant reactions in the lower ionosphéfePhotoelectron— AHSS k12(07) is the range 0.65-0.87 eV, based on the
photofragment coincidencé€PPQ spectroscopy is a useful energetics of OH(H,0),.° These enthalpies are smaller
method for studying the energetics and dissociative photodghan those for addition of the first water to oxide which are in
tachment dynamics of small anionic clust&fs® and pro- the range 1.08-1.55 e¥:??* Deyerl et al. have recently
vides an approach to studying the three-body dynamics ofetermined AEgyﬁyoHl(O*)zl.ls eV using PPC
the neutral complexes produced by photodetachment of thgpectroscopy®
anions. In this paper, PPC spectroscopy is applied to The body of work available on OHH,0), is consider-
O (H,0),, OH (H,0),, and the deuterated analogs to ably larger. A number of studies have been performed on the
probe the energetics and three-body dynamics of these sysates of  OH(H,0), reactions  with small
tems. moleculest®29-21:233031complementing these experiments
Previous experimental studies on the hydrates of the oxare a number of theoretical studies of the structure and ener-
ide anion, O (H,0),(n=1), have focused on reaction rate getics of OH (H,0),.3?=3° Efforts have also been made to
constants with a variety of small molecufés2® There have provide a link between small cluster data and bulk aqueous
been few theoretical studies on the structure and energetis®lvation*>“°*'The most likely structure of OHH,0), has
of oxide bound to two or more waters. Using density func-a central OH solvated to two waters via hydrogen bonds in
tional theory(DFT) with a double zeta basis set including a bent, almost planar configuratiras shown in Fig. ().
polarization functions(DZVP2),>"?® Schindler et al. pro- ~ Experimental values oAH5%3 . ,(OH™) have been mea-
posed that the O(H,0), cluster is composed of an L-shaped sured in the range of 0.71—0.78 &é%2~*while most recent
dimer of hydroxide moieties solvated on one end by the adtheoretical values lie in the range 0.81-0.89 ‘gy}36:3841
ditional water moleculé} as seen in Fig. . Both this As with O, AHNI, . ,(OH") is smaller than
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FIG. 1. Ab initio geometries for(a)
O (H;0), (Ref. 24; (b) O (H;0),
(UHF/6-311++G**), and (c)
OHi(Hzo)z (Ref 34

AHDY o 1(OH7), with the most recent experimental val- €lectron detectors. The laser beam was focused to a 0.5 mm
ues of the latter quantity centered around 1.16diameter spot at the interaction region, providing a fluence of
eV 1319,32-34.3641-4F 1 this cluster, the only low energy dis- approximately 5-10 mJ/chper pulse.
sociative photodetachment pathway is Photodetached electrons were detected by one of two
_ _ opposed time- and position-sensitive electron detectors per-
OH"(H;0);—OH+H,0+H,0+e". ) pendicular to the ion and laser beams. Due to the use of a fast
Despite the large body of work available on these sysion beam and the large solid angle of acceptance of the de-
tems, there are still questions that remain to be answeretector, the photoelectron laboratory energy was subject to
There have been no studies of the three-body association &oppler broadening. Using the time- and position-of-arrival
dissociation dynamics of either the ionic clusters or the neuedata to make the kinematic correction for the fast ion beam,
trals produced by photodetachment. In addition, there are nthe center-of-mas€CM) frame photoelectron kinetic energy
previous measurementsmH*sz(O‘), nor have photoelec- (eKE) was obtained with a resolution &fE/E~5% at 1.3
tron spectra for the doubly hydrated clusters been reporte(sizv.47
This paper presents photoelectron spectra, photoelectron— Neutral photofragments recoiled out of the fast ion beam
photofragment kinetic energy correlation spectra, total enever a 104 cm flight path and impinged on a microchannel-
ergy spectra, and incremental hydration/dissociation energigdate-based time- and position-sensitive multiparticle detec-
for O"(H,0),, OH (H,0),, and the deuterated analogs. tor. The detector anode was composed of four independent
The three-body dissociation dynamics of the neutral clustersrossed-delay-line quadrants, each of which is capable of
are discussed in terms of the observed momentum partitiordetecting two particles per event. The number of neutral par-
ing. ticles analyzed was selected by gating on the total charge
observed, which is well-resolved for one, two, and three neu-
tral particles. If an ideal parent beam is centered on the de-
tector, momentum conservation dictates that no more than
two particles will hit a given quadrant in a three-body disso-
The experimental technique has been previously deciation. Monte Carlo simulation shows that for the current
scribed in detail and will only be briefly reviewed héfé’  systems, approximately 5% of valid events were not detected
PPC spectroscopy is carried out by intersecting a(fakeV) due to effects from the 10 ns dead time on each quadrant, the
negative ion beam with a linearly polarized laser beam. Phospatial and temporal resolution, and the finite beam size. The
todetached electrons and neutral photofragments are then daffected events are at low kinetic energy reled&eR), with
tected in coincidence, allowing complete kinematic characsignificant discrimination below 0.04 eV and essentially zero
terization of three-body dissociations. discrimination above 0.08 eV. This detector has been shown
lons were produced by intersecting a 1 keV electronto yield a photofragment translational energy resolution of
beam with a continuous supersonic expansion of the source15% AE/E at 0.7 eV using the photodissociation o @t
gas through a 5@m aperture. A pulsed beam running at 1 258 nm, and effectively has no dead area within the active
kHz yielded equivalent results, but the continuous sourceegion?®
was employed owing to higher ion intensities for the ions of ~ Kinematic analysis of dissociation events is straightfor-
interest. The source gas for Qlusters was 15% )0, 25%  ward since the three-dimensional recoil velocities of all three
Ne, and 60% He, while for OH clusters an expansion of 8% particles are measured directly. Details of the three-body
N,O in methane was used. In both cases the gas was pass#ata analysis were described in previous papet$Briefly,
over H,O or D,O at room temperature to form the hydrated for each event a CM reference frame is adopted with the
clusters. largest particle recoil vector as the positiv@xis and the
The continuous ion beam was accelerated and reether two recoil vectors lying in they-plane. Conservation
referenced to ground potential by a high-voltage switch rurof mass and momentum is used to calculate the mass of each
at a 1 kHz repetition rate. The ions were mass-selected bparticle, with an uncertainty dictated by the distribution of
time-of-flight and guided into the interaction region where CM (ion beam velocity vectors. Once these masses are cal-
they were photodetached by the linearly polarized third hareulated, each particle is assigned a mass given the assumed
monic (258 nm, 4.80 eV, 1.2 ps FWHMof the regenera- dissociation pathway by minimizing the root-mean-squared
tively amplified output of a Ti:Sapphire laséClark CPA-  error between the set of calculated fragment masses and the
2000. In these experiments, the linear polarization of thepossible set of product masses. The recoil velocities and the
laser was fixed along the ion beam, parallel to the face of thassigned masses are used to calculate the CM translational

Il. EXPERIMENT
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for O™ (D,0), at 4.8 eV. The contours represent the number of events with

FIG. 2. Photoelectron specti(eKE), of O (H,0), and O (D,0), at 4.8 a given correlated value'cET and eKE.,N(ET ,eKE). The dlggonal lines
eV, drawn represent the maximum translational energyy K& available to the

product channel$l) O(P)+2D,0+e~ and(ll) 20D+D,0+e".

energy releaseHr) for the three-body dissociation, given by and OD (D,0), spectra. At the lower electron kinetic ener-
the sum of the contributions from each particle. Examininggies, the dotted lines are a measure of the electron back-
two-particle charge-gated events, the data shows no evidenggound which is primarily a result of the laser beam gener-
of two-body dissociative photodetachment for any of the sysating electrons by striking surfaces inside the machine. The
tems. Therefore, all data presented are for three-body dissroad features observed in both systems are similar to fea-
ciations. The photofragment mass resolutom#fAm~2.5  tures in the spectra of @H,0) and OH (H,0),*>**except

at mass 32 am(Ref. 46 does not allow the O, OH, and,®  for a shift to lower eKE(higher electron binding energy

products to be distinguished. owing to the additional solvation energy.
Figures 4 and 5 show the photoelectron—photofragment
IIl. RESULTS kinetic energy correlation spectra for “@,0), and

OH™(H,0),, respectively. In these plots, theaxis repre-
Figure 2 shows the photoelectron spectra obtained fosents the total photofragment kinetic energy, ykaxis the
O™ (H,0), and O (D,0),. Figure 3 shows the OHH,0), electron kinetic energy, and the evenly spaced shaded con-
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FIG. 5. Photoelectron—photofragment kinetic energy correlation spectrum
Electron Kinetic Energy (eKE) / eV for OH™(H,0), at 4.8 eV. The contours represent the number of events with
a given correlated value d&; and eKE,N(E;,eKE). The diagonal line
FIG. 3. Photoelectron spectrid(eKE), of OH (H,0), and OD (D,0), at drawn represents the maximum translational energyy&E available to
4.8 eV. the product channel OH2H,O+e™.
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TABLE I. Peak positions for particle translational energy spe®(&), of

O™ (H,0)1,, OH (H,0); », and the deuterated analogs. Uncertainties in the i
peak positions are-0.01 eV. |
Molecule Er(eV) AE :@ -
c L
0 (H,0)? 0.11 oL
0~ (H,0), 0.19 0.08 oL
0 (D,0)? 0.14 0.07 gt

0 (D,0), 0.21 ‘ o
OH" (H,0)" 0.05 0.10 <[
OH™ (H,0), 0.15 : o L
0D (D,0)° 0.12 =B

OD(D,0), 0.18 0.06 S
O L
*Reference 29. |
PReference 13. B

0.0 0.5 1.0 1.5 2.0

tours represent the number of evert§E;,eKE), with a
given correlated electron kinetic energy and photofragment
kinetic energy. TheN(Ey) andN(eKE) plots are generated FIG. 6. Total kinetic energy release spectN{Eq7), for O™ (H,0),,

by integrating over the conjugate variable in H€E+,eKE)  o0-(p,0),, OH (H,0),, and OD (D,0), at 4.8 eV. The data is generated
spectrum. Spectra for @H,0), and OD (D,0O), are very by histogramming the surBi;or=E+ eKE for each event. The peak posi-

similar to the spectra shown and are not presented here. THans and spacings are listed in Table Il. The dotted vertical line represents
differences in the spectra are the isotope shiift§.02 e\j ~ KEwax for each cluster.

and a shift inE (see Table)l Unlike theN(E+,eKE) spec-

tra of the singly hydrated species, these spectra show no . , ) . o
signs of vibrationally resolved product state distributidhs. {1ONS with an approximate spacing given by the vibrational

H 13
Instead, they contain broad features correlated with the posfreduency of the asymmetric stretch of®™ In the current
tions of the broad features in the photoelectron spectra. ~ SPectra these peaks are not observed, presumably due to the
Using conservation of energy, diagonal lines can bdgher density of states in the products.

drawn on the correlation spectra corresponding to the maxi- _ Figure 7 shows the momentum-—space molecular frame
mum translational energy release (i) for different dis-  differential cross sectioiMF-DCS) for OH™(H;0),. The

sociation channels. The rightmost diagonal liiBsin both ~ 9eneration of these spectra has been described pre_zvi’(?usly.
Figs. 4 and 5 represent Kg, for reactions(1) and (3), The_ CM m(_)mentum of th_e lightest particle, OH, is con-
respectively, where the products are in the lowest quanturjir@ined to lie along the-axis. On an event-by-event basis,

states and all excess energy is in translation. Any events thH€ direction and magnitude of the momentum vectors of the
occur below this line are indicative of rovibronic excitation WO water molecules are plotted relative to the OH neutral,

in the products. KRy is drawn at the same contour level with the faster water molecule plotted in the lower half of the

(15% as for the singly hydrated system where the positiorSPECtrUm. Although thew/Am=2.5 mass resolution pre-
was known based on published thermochemical Hagy ven'ts an unambiguous assignment of' OH, Flg.. 7 uses the.
not including all data within KEy, the positioning as- assigned masses for each ever_1t as o!lscu_ssed in the experi-
sumes there are some vibrationally excited parent aniorid€ntal section.These plots provide insight into the dynamics
which are contributing to the spectrum. This is likely since©f the dissociation event by showing momentum vector cor-
for O; under similar conditions, vibrational hot bands were €lations between the products. The MF-DCS is only shown
seen consistent with vibrational temperatures of 458 K. for one f:luster because the spectra of all four clusters are

In Fig. 4 a diagonal line is drawfil) for KEy.y of Ve similar.
reaction (2). The difference in energy from Kkgx(I) is
given by the 0 K exoergicity of G-H,0—20H.*°® The ex- N _

BLE Il. Peak positions and spacing for total energy spe®&o7), of

pe_”mental setup does not hav_e the mas_s r_esplutlon to dete(T!)A’(HZO)Z, OH (H,0),, and the deuterated analogs. Uncertainties in the
mine whether events below this energetic limit are from re-peak positions are-0.04 ev.

action (1) or reaction (2). The ratio of events under

Total Kinetic Energy (E;or) / €V

KEyax (11) to the total number of events yields an upper limit Molecule Evor (eV) AE

for the branching ratio of reactiof?2) of 35% assuming all 0 (H,0), 0.67

events below(ll) result from reaction(2). 1.12 0.45
Figure 6 shows the total kinetic energ¥E+{or=E+ 07 (D0)," 0.75 0.40

+eKE) spectraN(Ero7), for all the clusters in this study. OH-(4,0) é‘ii

These spectra are generated by histogramming the sts of ze 0.77 0.33

and eKE for each event. Table Il lists the peak positions and  op-(p,0), 0.48 0.33

separations. In our previous studies of the singly hydrated 0.82 '

SpeCieS:_ a serie_s of peaks appeared inBhgr spectra COr- 3positions are only estimates due to the broad nature of the peaks in this
responding to vibrationally resolved product state distribu- spectrum.
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) L triangle represents momentum conservatiA. Dalitz plot

: is only shown for OH (H,0), because the plots do not differ
significantly for the other three complexes studied.
HO

IV. ANALYSIS AND DISCUSSION

The N(eKE) spectra for O(H,0), and O (D,0),
shown in Fig. 2 are qualitatively different from the spectra
for the singly hydrated clusters first recorded by Arnold, Xu,
and NeumarKk? All spectra consist of broad features which
I ] is expected for clusters with a range of starting geometries,
2k 4 significant internal degrees of freedom, and for molecules
: H,0 . which are undergoing dissociation. Lifetime broadening was

1 observed in O(H,0) and OH(H,O) photoelectron
spectrd? and may contribute to the lack of vibrational reso-
TR S R S S S S lution in the present spectra. In the singly hydrated clusters,
-4 Particle-ﬁllomentumo /108 amuzcm coc” 4 isotopic substitution produced a dramatic change in the po-
sitions and intensities of thd(eKE) features. In the present
FIG. 7. Momentum-space MF-DCS for @H,0),. The solid line curve is  case these changes are smaller in magnitude and more diffi-
the disc:”bmito“ of mome“tatf(t);;hZigg;gﬁifoﬁszifg%e;‘majng"o"f‘”;ir"z tg‘soe‘ﬁ;'é(r:ult to discern due to the broad features. The peak at 0.58
fnpsgiuI:s().nT%l:erSzaxr:iF\;\:sS[?;nt to the maxima in the distributions of each ofio'02 eV is prominent for O(D;0), while it is more of a
the three particles. shoulder for O(H,0),, obscured by a broad peak at 0.35
+0.02 eV. The deuterated spectrum also shows evidence of a
peak at 0.120.02 eV which is not prominent in the normal

Finally, Fig. 8 shows a Dalitz plot for OHH,0),. Dal-  spectrum. Using DFT methods Schindlet al. calculated
itz plots are commonly employed as a sensitive method t@hat the bond length between the H atom on water and the
present the dynamics of three-body dissociatin®’ The  central O atom in O(H,0),_ » increased significantly from
plotting method employed by Wiesa al. in their study of  the singly to the doubly hydrated clusteXR,,_o=0.13 A)2*

H3 is used to construct the figure.A set of coordinates Cajlculations at the UHF/6311++G** level using the
corresponding to the fractional square of the momenta argaussian 94 (Ref. 56 suite of programs yieldAR,_o
used. Each axis is given by =0.08 A. The reduced sensitivity to isotopic substitution in
f(pi):pizl(pierngpg), (4) the photpelectrqn spect.rum relative to 'the singly hydrated
clusters is consistent with this change in geometry. As the
wherep; is the momentum of théth particle. For a given \yater moves further from the central atom, the H-transfer
event, the location of the plotted point is determined by themode will not dominate the photoelectron spectrum. It is not
value off(p;) for each particle, plotted as the perpendicularopvious from the spectra what the active modes are. The
distance from the side of an equilateral trianﬁ'lé)ue to the many internal degrees of freedom and a wide range of start-
choice of Coordinates, all events lie inside the triangle Wthhng geometries may contribute Signiﬁcanﬂy to the widths of
represents conservation of energy. An inscribed circle in thene peaks.
The isotopic effects are more subtle in the hydroxide
~AO cluster spectra in Fig. 3. As with @H,0),, the spectra
consist of broad features. In the OH,0), spectrum the
peaks at 0.250.02 eV and 0.620.02 eV are better resolved
than in OD (D,0),, despite the greater width of the peaks
in the OH (H,0), spectrum. Perez del Valle and Novoa
calculated a relatively flat potential energy surface around
the minimum geometry of OHH,0),,% implying some
variation in the anionic starting geometry and therefore a
broadening ofN(eKE) features. Calculations also predict
AR,_o=0.12 A (Ref. 34 for OH (H,0),. As suggested
previously, the reduced sensitivity of tiN{eKE) spectra to
isotopic substitution is consistent with this geometry change.
Here as with the O(H,0), clusters there is a slight shift to
higher eKE upon deuteration. This shift must derive from a
P — larger zero point energy stabilization of the neutral products
Phzo (slow)/z pi over the anionic precursor upon deuteration.
F1G. 8. Dalitz blot representation of the nartitoning of the fractional r The larger isotopic dependence of the oxide cluster spec-
of -thé ;Io%gﬁtaepinesihea Ict)hrge-bce;dlc;a Idligslocgi;a?iveepsgtgodeiaiﬂ;aeﬁyum was also 'eV|dent I,n the singly hydra,ted cluster data
OH~(H,0),—OH-+2H,0+e". The arrows point to the centroid of the plot, Where the relative contributions of the assigned photoelec-
giving an average distribution among the three neutral fragments. tron peaks altered more significantly for”,0) than

Particle Momentum / 10° amu cm sec™

Il
H
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OH’(HZO),H These spectral changes were due to a shift irmentioned UHF calculations indicate that the geometry of
the harmonic frequencies upon isotopic substitution whicHO™ (H,0), is essentially linear, as shown in Figib], while
altered the Franck—Condon overlap between the anionic ar@Rlculations for OH(H,0), at the same level of theory
neutral wave functions. Franck—Condon fade€F calcu-  place theO—-O-Obond angle at 124.5°, similar to that in
lations could be employed to simulate the photoelectrorfig. 1(c). In a linear geometry, the water—water repulsion in
spectra and determine the active modes of the doubly hyQ (H;0), is expected to be smaller, yieldirg; distribu-
drated clusters. Owing to the difficult nature of accurate caltions peaked at lower energies relative to @H,0),. This
culations on these systems, especially on the open-shell oiend is not observed in the data, however. The changg in
ide clusters, FCF calculations are beyond the scope of thigpon addition of a second water to the @,0) is compa-
paper. rable to that of OH(H,O) (and their deuterated analggs
Additional information can be obtained concerning thewhich emphasizes the need for high-lewadl initio calcula-
charge distribution within the anion by comparing the speclions on this difficult open shell species to aid in explaining
tra of the oxide and hydroxide clusters. An energetic shift ofthe observed increase .
0.32 eV is found by extrapolating the trailing edges in the =~ The N(Er,eKE) spectra also provide information about
O™ (H,0), and OH (H,0), photoelectron spectra. The dif- the dynamics of dissociative photodetachment. In the singly
ference in the electron affinities of O and OH is 0.36 eV. Thehydrated clusters, these spectra revealed vibrationally re-
similarity of these values implies that most of the charge insolved translational energy distributions as diagonal bands in
the molecule resides on the central moiety, and is not signifithe spectra. Diagonal bands are not observed in the correla-
cantly transferred to the solvent molecules. For the sam#on spectra for the doubly hydrated species, nor is there any
type of extrapolation on the singly hydrated molecules, thecorrelation betweek; and eKE beyond conservation of en-
difference is only 0.23 eV. These observations imply that theergy as can be seen from the vertical shape of the spectra. A
features in the photoelectron spectra are more closely relatddck of correlation betweek; and eKE may imply that the
to the spectra of the central moiety than in the singly hy-photodetachment and dissociation events are occurring on
drated case and are consistent with the theoretical calculglifferent time scales due to a long-lived neutral intermediate
tions of Grimmet al. who reported increasing localization of allowing redistribution of energy after photodetachment. The
charge on the hydroxide center with increasing hydratfon. neutral intermediate lifetime will be discussed further when
Table 1 lists the peak positions in th§E) spectra for the MF-DCS and Dalitz plots of the three-body dynamics are
O~ (H,0)y-12, OH (H,0),-1,, and the deuterated analogs. discussed.
In all cases, the deuterated clusters showed a highéhan The maximum energy released in translation, s,
the normal clusters, and the doubly hydrated clusters showe@n be used to calculate previously undetermined values for
a higherE; than the singly hydrated clusters. In studies of AEQK 1. ,(O7) with both water and deuterated water.
OH (H,0) and OD (D,0), Deyerl et al. attributed the AHZQgKlHZ(OH ) for both the normal and deuterated spe-
former effect to the lower zero point energy of the deuterated:les are already known through several experimétté.**
species, which led to a contraction of the anion wave funcAEQK 1. ,(O") is determined by using the energetic relation-
tion and yielded a larger Franck—Condon overlap with moreships between Kf, the electron affinity of atomic oxygen
repulsive regions of the neutral potential surface uporlEA(O)], andAER . ,(O") as shown in Fig. @). For nor-
photodetachmerif For OH™, Er increases by 0.1 eV from mal and deuterated O and ONEBV,E 01 has been measured
the singly to the doubly hydrated cluster. Addition of a sec-in this laboratory:*% In order to compare this data with
ond water to O and OH might be expected to decreaSe  experimental values of hydration energiese t K value
since it is generally expected that additional degrees of freeneeds to be corrected to 298 K. This was done for the present
dom would lead to distribution of energy into these degreesystems by estimating the vibrational contribution to the heat
of freedom in the dissociation. capacity for the hydration reactioh yielding the values of
The counterintuitive increase iB; may be due to the AH%% k12 listed in Table Il along with several values
geometry of the cluster, however. As mentioned previouslyfrom previous experiments and theoretical calculations. The
OH™(H,0), is the only species which has been extensivelylow frequency modes of the clusters provide a significant
studied theoretically. The geometry of the cluster shown irportion of the vibrational heat capacity correction. Although
Fig. 1(c) is determined by the strong hydroxide ion—waterthe frequencies of these modes are difficult to calculate ac-
interaction and exhibits a marked water—water repulsion oturately, the direction of the correction is consistent with the
0.48 eV3* This large repulsion could account for the largerlarger number of low frequency vibrational modes in the
E+ observed in the two-water system. Immediately after phodimer clusters compared to the monomer clusters. The over-
todetachment, the neutral cluster is in the anion configuraall correction is on the order of the uncertainty in the 0 K
tion, and the water molecules may retain the large repulsmanergy and owing to this small magnitude, the uncertainty in
induced by the stronger intracluster bonding in the anion. AMH%S k.12 Should not be significantly affected
best, the neutral cluster is weakly bound in the van der Waals There are no experimental reports &H%3 k1 2(07)
geometry, and at the anionic geometry the large water—watdor comparison with the present results. The present value of
repulsion may force the cluster apart with a lafgge. 0.78+0.06 eV forAEgylij 1.2(OH7), temperature corrected
Since high-levehb initio geometries and energies do not to AHS k1 2(OH)=0.70+0.06 eV, compares favorably
exist for O (H,0),, it is difficult to make a direct compari- to the previous determinations of 0.71-0.78 @¥ 298 K).
son between O(H,0), and OH (H,O),. The previously At first glance, the trends found in the second hydration en-

Downloaded 02 May 2001 to 132.239.157.211. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



8442 J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 Clements et al.

OH (Ref. 43 and OD(Ref. 42 (corrected ® 0 K using the
KEyax OH-OH:+HO+ o 412 est_imate_d vibrationgl contribut_ions as discussed ab_ove
3.41 Y This gives a difference in heats of formation
O+HO+HO+e EA of A(AEq«)(OD (D,0),—OH™ (H,0),)=0.144+0.09 eV
© which yields AKEax =0.14+0.09 eV. The uncertainty in
Y 1.05 ! dsi I .
i o O+ H,0 + H,0 A(A¢Eq k) was estimated since uncertainties were not given
AEqk0e1(0) in the original papers. The estimatA&E,,x matches quite
0.80 : : H
(a) 0"-(H,0) + H,0 well with the egpenmentally o.bserved difference of 0.13 e\/,
thus the surprise lies more in the agreement of the oxide
0™(H0), energies rather than in the difference in the hydroxide ener-
gies. Similar incremental hydration energy data is not avail-
able for the oxide compound, and\&KE,,x estimation can-
not be made.
3.78 I - i i 1 i i
M+ RO HO+e Flne_llly, the _MF DC_:S in Fig. 7 _and the_Dahtz plot in Fig.
8 provide insights into the dissociation dynamics of
OH(H,0), and the other clusters studied here. Measurement
1.96 of the time- and position-of-arrival of all particles in coinci-
dence yields a kinematically complete description of the dis-
078 sociation. The nomenclature proposed by Maul and Gericke
(b) OH™(H,0) + H;0 for synchronous concerted, asynchronous concerted and se-
OH"-(H,0), quential reaction mechanisms is used in the following
discussior?? In the case of a synchronous concerted three-
FIG. 9. Energetics diagram f¢a) O™ (H,0), and(b) OH" (H,0), showing  hody breakup from a range of geometries, measurement of
the dissociative photodetachment and ionic dissociation processes relevekt th t Id id distinctly sh d ME
to determining the incremental hydration energies as discussed in the text. € lhree momenta would provide a |s.|nc y shape ol
DCS and would be represented on a Dalitz plot by a straight
line. In the case of the present clusters these signatures are

ergies are surprising. The normal and deuteratediOt observed, implying an asynchronous concerted or se-
AEDY | ,(0") differ by only 0.01 eV, while for hydroxide —quential mechanism. S

the difference is 0.13 eV. It is surprising to find a large  In Figs. 7 and 8, the data show a wide distribution of

difference in AEBV,E 1. (OH7) upon deuteration while momenta among the three particles. This is in contrast to

AEgyd,H(O_) remains essentially constant. Og , Where two of the particles carried most of the momen-
AESVKYOHl(OH*) also changed significantly upon deutera-tum, and the third particle acted as a spect3ftém.the three-
tion, primarily as a result of the difference in heats of forma-body  dissociative  photodetachment 5 (@®@,0)+hv
tion between the two aniors.In the present case, the dif- —O+0,+D,0O+e", it was found that the heaviest product,
ference in heats of formation can be calculated by using th®,, received most of the momentuthFrom the MF-DCS

0 K heat of formation of OH/OD? the electron affinity of for OH™(H,0),, on average two molecules receive approxi-
OH/OD?® and the incremental hydration energies ofmately 40% of the total momentum each and the third mol-

4.80 eV

v =

E

4.80 eV

hv —

OH" + H,0 + H,0

E

TABLE Ill. Second hydration energies forOand OH and the deuterated analogs.

Molecule Method Ref. AEq k12 (eV) AHygg k1.2 (€V)

O™ (HO)nn-1 PPC this work 0.8(:0.08 0.71-0.08
analogy to OH series 19 0.74
LSD+BP/DZVPZ 24 0.83

0 (DO)pn-1 PPC this work 0.8%0.08 0.710.08

OH (H,0)nn_1 PPC this work 0.780.06 0.70-0.08°
HPMS 43 0.78
HPMS 44 0.76
LDF+BP/DZVPZ 24 0.77
MP2/aug-cc-pvdz 34 0.87
BLYP/aug-cc-pvdz 36 0.81
MP4/6-311G(2df,2p) 38 0.87

OD ™ (D0)nn-1 PPC this work 0.9%0.06 0.82:0.08°
MS 45 1.00
HPMS 42 0.71
MP4/6-311G(2df,2p) 38 0.89

#PPC: Photoelectron—photofragment coincidence spectroscopy. HPMS: high-pressure mass spectrometry. MS:
mass spectrometry.

PCorrection of the measuled K erergy to the 298 K enthalpy was performed as discussed in the text.

‘See Ref. 24 for a description of these methods.
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ecule receives the remaining 20% of the momentum. Examlowed by the creation of an intermediate neutral cluster con-
ining the centroids of the distributions, the MF-DCS andsisting of an oxygen or hydroxyl radical and a water
Dalitz plots yield slightly different values for the average molecule which subsequently undergoes dissociation. The
momentum partitioning among the three particles. This is &inetic energy release of each of the doubly hydrated clusters
result of the lack of correlation in the MF-DCS; the three was found to exceed that of the singly hydrated. This obser-
centroids do not necessarily correspond to momentum partifation is consistent with a large water—water repulsion that
tioning in actual events, but are instead the average momeiftas been calculated for OkH,0), as well as a weakened
tum, independently determined for each particle. Howeverwater—hydroxide bond in the doubly hydrated cluster. High-
the single centroid of the distributions in the Dalitz plot cor- level ab initio calculations on O(H,0),, although difficult
responds directly to the most probable momentum distribudue to the open-shell nature of the clusters, would permit
tion for the three particles in an event. The three momentavaluation of the extent to which a geometry change in the
are also very broadly distributed, both in the total momentunanion effects the dissociative photodetachment dynamics.
transferred to each particle and in the angles between thEhe data provided by these experiments will be useful as a
momenta of the particles. Broad momentum partitioningtest for future high-level structural and dynamical calcula-
consistent with the MF-DCS is also seen in the Dalitz plot.tions.

In Fig. 8, the data covers half of the phase space of the plot,
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