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We havecalculatedotal andarrangement-selectgrhotodetachmenntensitiesfor the H;O™ anion
(andits deuteratedorm, D;O™) usinga Green’sfunctionin a discretevariablerepresentatiomvith
absorbingboundaryconditions.A multiply-shifted quasiminimalresidualmethodis usedto obtain
the Green’sfunction for many energiesat once.We presentspectraobtainedby explicitly treating
two andfour degreef freedom.Comparisorwith experimenindicatesthatthe bendinganglesin
the anionandneutralaremoresimilar thanin the currentpotentialenergysurfacesThe calculated

spectraare also consistentwith the suggestionthat the barrier should be “earlier.”
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I. INTRODUCTION

Photoelectrorspectroscopyf negativeions hasproven
to be a powerful tool for probingthe reactiondynamicsand
the potentialenergysurfaceof the correspondingneutralmo-
lecular systent In a typical experiment,the stable anion
ABC™ is photodetachedby a fixed fregencylaser and the
kinetic energydistribution (spectrum)of the detachecklec-
tron measuredin a fortuitouscase the equilibriumgeometry
of the anionlies directly below the transitionstateregion of
the neutral potential energy surface.Then, in the spirit of
transition statetheory, one would predictthat the spectrum
consistof a seriesof peaksgachcorrespondingo a stateof
the activatedcomplexof the AB C neutralandwith aninten-
sity proportionalto the Franck—Condoroverlapof that state
with the anionwavefunction.Sincethe activatedcomplexis
not a stablespecies(decayingto produceeitherthe neutral
products or reactants these stateshave a finite lifetime
which givesrise to broadeningof the peaksin the spectrum.
Thusthe kinetic energydistribution of the detachedelectron
givesdetailedinformationaboutthe transientactivatedcom-
plex which is the gatewayto reaction. Comparisonwith
theoreticalpredictionsof the spectrumconstitutesa stringent
testof anabinitio surfaceandprovidesfor a detailedassess-
ment of the crucial featuresof the transition state region
which cannotbe obtainedby a comparisornof reactivescat-
tering results.

Calculationsfor this processwere first carried out by
Schat? to study the hydrogenatom exchangereactionbe-
tween halogen atoms, X +HX'—XH+X'. More recently
comparisorof theoreticalandexperimentaresultswereused
to greateffectfor the F+H, reaction leadingto the accurate
characterizatiorof the transitionstatefor that reaction.The
reaction

OH+H,—H,0+H (1.1)

hasbecomethe benchmarlof choicefor quantumtreatments
of a four-atom reaction?~** and de Beer etal.’® have re-
cently carriedout photodetachmergxperimentsand simula-
tions of H;O™ and D;O™ providing information on the po-
tential energysurfaceof reaction(1.1). Despitethe flurry of
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recentexperimentabndtheoreticalwork on the OH+H, re-

action, the best available potential surfacé® still contains
multiple flaws. For example the surfacegivesthe transition
stategeometryasa trans configurationthoughab initio cal-

culationspredictit to be cis; it alsocontainsa spuriouswell

just beforethe barrier on the OH+H, side,which hasbeen
partially correctedby Clary?*

The photodetachmenspectroscopyf H;O~, however,
has some aspectswhich make it a difficult problem. The
anion hastwo stablegeometriesH™---H,0 and HO ---H,
structurespeitherof which lies closeto the geometryof the
neutral transition state'>!’” The two anion specieslead to
distinctly different spectraat different laser polarizations®
and furthermore,excited vibrational statesof the anion are
delocalized over both geometriesand can give Franck—
Condonoverlapwith the transitionstate.An additional dif-
ficulty is thelack of knowledgeof boththe anionandneutral
surfacesThe interpretatiorof the spectras simplifiedif one
surfaceis known well (or alternatively,if the spectraare
insensitiveto one surface),but if both surfacesare not well
determined,one is limited to making statementsaboutthe
similarities and differenceshetweenthe surfaces.

Sectionll first reviewsthe formalism usedfor calculat-
ing total and arrangement-selectgzhotodetachmennhtensi-
ties. Sectionlll discusseshe detailsof the calculations,in-
cluding the two and four degreeof freedomHamiltonians,
the basisset,the neutralandanionpotentialenergysurfaces,
the absorbingpotentials,and the iterative methodsusedto
obtainthe Green’sfunction andthe anion boundstate.Sec-
tion IV presentanddiscussesheresultsof the photodetach-
mentcalculationsand SectionV concludes.

Il. REVIEW OF RELEVANT FORMULAS

The discretevariable representatiofi—2° (DVR) — ab-
sorbingboundaryconditions(ABC) approacHor calculating
photodetachmentntensities has been presentedin detail
previously?! Herewe wish only to give a brief reviewof the
relevantformulas.

It was previouslyshowrf! that the photodetachmerin-
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tensitycanbe obtainedin the DVR-ABC formulationwithin

the Franck—Condorapproximationby
1 +

I(E)=—;Im ¢y G (E)- ¢y, (2.1

where ¢, is the DVR vectorof the boundstateof the anion,
andthe matrix

G'(E)=(E—H+ie ! (2.2)

is the scatteringGreen’sfunctionwith outgoingwavebound-
ary conditions.In the DVR-ABC approachthe“ie,” which
is addedto the energyto enforcethe outgoingwave bound-
ary conditions,is allowedto be a function of position. That
is, €(q) is zeroin the interactionregionand “turns on” in
the reactantand productvalleys. Theseabsorbingboundary
conditionsallow the useof anL? basiswhich is localizedin
the interactionregionto representhe Green’sfunction.

Arrangement-selecteghhotodetachmenintensities can
also be obtainedwithin the DVR-ABC formulation?! The
contributionto the photodetachmernttensitydueto the neu-
tral dissociatinginto the arrangementy=r or p is given by

1

| (E)= — - G*(E)- €, G(E)- b, (2.3)
where € (€,) is the part of the absorbingpotentialin the
reactant(produciirrangementThetotal intensityis given by
a sumover all arrangements:

|(E)=E7 | (E). (2.4)

Note that both methodsrequire essentiallythe same
amount of computationalwork since the action of the
Green'sfunction onto the vector ¢y, is the primary compu-
tationaltask. Thus,the directand arrangement-selectgiho-
todetachmenintensitiescan be computedby Egs.(2.1) and
(2.3) simultaneouslywith no extra work. Additionally, the
intensity obtainedfrom Eg. (2.4) can be comparedto that
from Eq. (2.1) as a test of the convergenceof the Green'’s
function.

I1l. DETAILS OF CALCULATION
A. Jacobi coordinates

We have chosento use the Jacobicoordinatesof the
reactantasshownin Fig. 1; r, andr, denotetheH, andOH
bonddistancesrespectively R the distancebetweenthe H.,
and OH centers-of-massy; the angle betweenr; and R,
v, the anglebetweenr, andR, and ¢ the torsionalangle.

The calculationgtreateithertwo or four degreeof free-
dom explicitly. In all casesthe OH bonddistanceis frozen
at its equilibrium value, r9=1.8633 a.u. and the torsional
angleis fixed at ¢°=0, i.e., the planarconfiguration.These
valuesgive the propertransitionstategeometryfor the reac-
tion. It waspreviouslyobservedhat calculationsof reaction
probabilitieswith thesecoordinatedixed gaveall the quali-
tative featuresof a full six degreeof freedomtreatment!
Herewe makeno attemptto incorporatethe effectsof these
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FIG. 1. Thereactantlacobicoordinatesystemusedfor the calculationsThe
dihedralangle,¢, (notshown)is the out of planeanglebetweerthe OH and
H, bonds.

two coordinatesunder the assumptionthat the zero point
energiesarethe samein the anionand neutral.

B. Neutral and Anion Potentials

Our calculationshave usedthe WDSE potentialenergy
surfacefor the neutral. This surfaceis a fit by Schatzand
Elgersma® to the ab initio resultsof Walch and Dunning??
and it alsoincludesa modification by Clary* to removea
spuriouswell on the OH+H, side of the barrier.

For the anion surfacewe have usedthe surfaceof de
Beeret al.’® which providesa global anharmonialescription
of thetwo coordinates ; andR. This anionsurfacehastwo
minima. The global minimumis anH™---H,O structureun-
der the H+H,0O (product)valley of the neutralsurface.The
otherlocal minimumlies underthe OH+H, (reactantyalley
atanHO™ ---H, structure.The energyof the local minimum
with the HO™---H, geometryis 0.085eV higherthanthat of
H™---H,0.'® The groundstatewavefunctionon this potential
energysurfaceis localizedin the H™---H,0 well, while ex-
cited stateswith »=2 are delocalizedacrossboth wells.
Very little informationis availableaboutthe potentialin the
angular (bending) coordinates Consequentlywe use sepa-
rableharmonicoscillatorbendingpotentials Thefrequencies
are taken from the ab initio calculationsof Xantheasand
Dunning!’ The equilibrium bendinganglesare varied, and
the effectson the resultingspectraare discussedelow.

No fit existsfor the anionsurface,only the value of the
potentialon a grid of pointsin ther, andR coordinatesWe
have used interpolation to obtain the potential at points
within the boundaryof the grid. Pointsoutsidethe boundary
aresetto a large (constantyvalue.

C. Absorbing potential

The absorbingpotentialis takento be a function of the
translationalJacobicoordinatein the reactantarrangement,
€,= ¢(R), andthe H, bonddistancen the productarrange-
ment e,= €,(r1). Thereare severalsatisfactorychoicesfor
the functionalform of the absorbingpotential. Howeverany
choice mustturn on slowly enoughnot to causereflection,
yet be strongenoughto absorball outgoingflux. We have
found the quartic potentialto work well,
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where y=p,r is the arrangementindex and R,=r,
R =R. Ry, andR,, arethe startingandendingpoints of
the absorbingpotentialin the y arrangement is a strength
parameterepresentinghe maximumvalue of the absorbing
potential,generallyit is takento be about2 eV. The begin-
ning of the absorbingstrip is chosensuchthatthe imaginary
potentialhassignificantvalue only wherethe interactionpo-
tential is small.

D. Two degrees of freedom

The simplestmeaningfulcalculationtreatsr, andR ex-
plicitly while the other four coordinatesare fixed. In this
case the Hamiltonianis given by

S A S
__ _ n .0 .0 _0 0
" e VR0,

(3.2)

wherer), 9, 3, and¢° representhe fixed valuesof these
coordinates.This Hamiltonian represent$oth the OH+H,
and H,O+H arrangementsi-rom thesecalculationsthe ef-
fect of the H, andHO —H stretcheson the photodetachment
spectrumis obtained.

We have usedthe sinc-function DVR of Colbert and
Miller?® for ther,; andR coordinatesThe DVR basig® has
the advantagethatthe potentialenergyis approximatedhsa
diagonalmatrix and the Hamiltonian matrix is sparsefor a
multidimensionalproblem. The former meansthat no inte-
grals needto be evaluatednumericallyto obtainthe matrix
elementsof the potential- the diagonalelementsare simply
the potential evaluatedat the DVR grid point. The DVR
matrix elementsf the absorbingpotentialare also diagonal
and similarly evaluatedThe sparsityallows the linear alge-
brato be solvedusing iterative methods(see Sectionlll F)
which makeslargedimensionaproblemstractablewhenone
cannotstorethe entireHamiltonianmatrix. The radialkinetic
energymatrix elementscanbe expressedh closedform?® as

2

T) ., =—_(—1)@(i~i"
(TR)I,I ZMRARZ( l)

1!

m213—1/2i%,
X 2 2 i [

(i—i"? (i+i")*
for the R coordinate,and similarly for r;. In practice,a
direct product(raw) grid is first laid down in thesecoordi-
nates.The “refined” grid is thenobtainedby truncatingthe
raw grid accordingto two criterion: (1) an energy cuttoff,
i.e., if the potential at a given DVR point is greaterthan
somevalue V., then that point is discarded,and (2) the
boundariesof the absorbingpotential in the reactantand
product valleys. Then the matrix elementsof the Hamil-
tonianare computedin the DVR. Finally, the linear system

(ElI-H+i€) -x= ¢y, (3.4)

(3.3)
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is solvedfor
x=G"(E)- ¢y,
which is usedto evaluateEgs.(2.1) and(2.3).

(3.5

E. Four degrees of freedom

The four degreeof freedomHamiltonianexplicitly treats
ther,, R, y,, andy, coordinatesandis given by

R [ L 1 1 \s
=53 5 ot ot it
2uR IR 2ugry  2prR

J%+V(r1!R’71172-r(2)1990);

1
He——st—=
(Zﬂzrg 2ugR?
(3.6)

whereji andj% arethe angularmomentumoperatordor the
H, and OH bonds, respectively. The radial sinc-function
DVR is used as describedin Section [l D. A Gauss-
LegendreDVR is usedfor the y, angle. The 1D kinetic
energymatrix elementdor the angularDVR of thejg opera-
tor arethengiven by a sumover Legendrepolynomials:
N—-1
(D)= 2 \WiPj(cos vz)j(j + 1)h?

X AW Pj(c0s ¥5i1), 3.7

whereN is the numberof angularDVR points. A symme-
trized Gauss-Legendr®VR is usedfor the y, angle.Ex-
ploiting the exchangesymmetryof H, meansonly half the
angularDVR pointsareneededor vy, for agivenparity. The
symmetrizedmatrix elementsare given by

N-1

(B0 = 3, \wiPj(cos yy)i(i+ 182

X\%[H(—l)(p*“]WP,—(cos Y1), (3.8)

wherep is the parity quantumnumberwhich is eithereven
or odd.

As mentionedabove,the r, and ¢ coordinatesare not
expectedto have a significantimpact on the photodetach-
ment spectrum. Thus the spectrum calculated with this
Hamiltonianshouldrepresenthe besttheoreticalprediction
of the experimentaspectrum(at leastfor the purpose®f this
paper).The comparisonof the calculatedspectrumwith the
experimentalresult then gives information about the accu-
racy (or inaccuracypf the neutralandanionpotentialenergy
surfaces.

F. Iterative Methods
1. Acting the Green'’s function

To calculatethe photodetachmergpectraone needsto
evaluatethe actionof a Green’soperatoronto ¢y, the anion
boundstate,

G*(E)- dp=x

which canbe doneby solving the linear system

(3.9
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(E—H+ie€)-X= . (3.10)

For multi-dimensionalproblemsthe size of the Hamiltonian
is too large to be storedin core memory,the only practical
operationbeing matrix-vector multiplication. We have had
good experienceusing Krylov subspacenethods.especially
the generalizedninimal residuaf* (GMRES) and the quasi-
minimal residuaf® (QMR) methods.The GMRES method,
which is basedon the Arnoldi algorithm, explicitly orthogo-
nalizesthe generatedKrylov vectors,leadingto a storage
needandcomputationatime growing linearly with the num-
ber of iterations.In practiceGMRES hasto be restartedev-
ery mth iteration, which may slow down the convergence
rate. The QMR methodis basedon the Lanczosalgorithm,
with a constantcomputationakost and storageneedper it-
eration.Only aboutsix vectorsneedto be stored.The draw-
backis thatorthogonalityis lost betweerthe Lanczosvectors
and the convergencewill slow down. Both GMRES and
QMR have shownto be of greatusefor photodetachment
and reactive scatteringproblemswith complex symmetric
Hamiltonians:*2°

A drawbackis that the linear system(3.10) hasto be
solved for severalenergies,or shifts, E. An optimal ap-
proachwould be if we were ableto use methodssimilar to
GMRESandQMR, andmodify themto handleseveralshifts
at once.This is indeedpossible.Here we have usedQMR
(Refs. 25, 27) dueto its more favorablescalingfor storage
and computationalcost, allowing for the study of a very
largesystem put the mainideais valid alsofor GMRES?428

An importantpropertyof the Krylov space

Km(Ab)={b,Ab,A%, ... A" 1p} (3.11)
is thatit is invariantundershifts, i.e.
Kn(Ab)=K,(A-Elb), (3.12)

wherel is a unit matrix and E a scalarshift. By using this
propertyin conjunctionwith QMR a multiply-shifted qua-
siminimal residuat’ (MSQMR) can be derived. Eachitera-
tion in MSQMR consistsof two typesof calculations:com-
putationsthat build commonKrylov spaceinformation and
“private” computationgor the s different shifts. Computa-
tions of the first kind, essentiallythe Lanczosalgorithm, in-

creaseghe dimensionof the Krylov spacewith one per it-

eration and consistsof a matrix-vector multiplication, two

dot productsandthreevectorupdatesFor eachshift we need
to updatefour vectorsand a small numberof scalarquanti-
ties. Note that the computationallynostdemandingpart, the
matrix-vectormultiplication, is doneonly oncefor all shifts.
A sketchof the MSQMR for solvinga systemwith s shiftsis

asfollows:?’

(O)Forj =1,2, ...ssetx = 0andry = b.

Setv; = b/||b].
Forn=1,2, ... ,do:

(1) Perform the nth iteration of the Lanczos algorithm.
This gives matrices V,,V,,; and T, with
AV .=V ,.1T,, whereV, is a matrix of Lanczosvectors
andT, is the tri-diagonalLanczosmatrix;
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Forallj = 1,2, ... ,sfor which xgj) hasnot converged
yet:

(2) Updatethe QR factorization
0]
o=

n
of the upperHessenbergnatrix

0

In
L 0 .
(3) Updatethe vector
b
0

TO=T,—E,

A

= QH)

D)

0
(4) Updatethe vector
0

P =Va(RD) |

(5) Compute
K=y )
(6) If all xgj) haveconvergedSTOP.

Convergencés checkedusingan upperresidualbound,
which is a good upper bound to the true error?® Usually
iterative Krylov subspacemethodsare combinedwith pre-
conditionergo improvethe convergenceate.Unfortunately,
standardpreconditionersiestroythe specialstructureof the
shifted system,and canthus not be used(with the probable
exceptionof polynomial preconditioning. This is normally
of little concernsincethe speedumainedby solving s prob-
lems with an un-preconditionedMSQMR is by far larger
thansolving s individual preconditionedinear systems.

The two degreeof freedomphotodetachmenhtensities
shown were calculatedfor 300 energiesat one time. The
CPU time on a RISC/6000Model 590 was approximately2
min. This represents reductionby a factor of at least40 in
CPU time as comparedto running each energy indepen-
dently. The four degreeof freedomintensitieswere calcu-
latedat about130 energiesThe total energyrangewasbro-
kenup into four or five segmentgor which up to 50 energies
were computedat one time. Thesesmaller energy ranges
wererequiredby the largerspectralrangeof the 4D Hamil-
tonianwhich slows convergence.

2. Obtaining the anion bound state

We have useda Lanczosschemeapplicableto a fully
coupledpotentialto obtainthe boundstatewavefunction.A
new Hamiltonianis formed, H a0, Which hasthe sameki-
netic energyas H but the neutral potential is replacedby
VanioF1.R. ¥1,72; 75, 75). Herey? and v arethe equilib-
rium bendinganglesfor the anion. Note that this Hamil-
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tonian is real symmetric. A Krylov spaceis formed with

reorthogonalizatiorto all previousvectors.The Lanczosal-

gorithm is usedto obtainthe lowesteigenvaluesand eigen-
vectors.(Typically the numberof Lanczositerationsneeded
is between100 and 140.) The eigenvectorsare examinecdto

determinethe vibrational statein the coupledr; andR co-

ordinates.

IV. RESULTS AND DISCUSSION

Recently,de Beeret al.'® presentedxperimentaphoto-
detachmenspectraof H;O™ andD3;O~ aswell astwo degree
of freedomsimulationresults.The experimentakpectravere
taken at two laser polarizations #=0° and #=90°. The
0=0° spectrawvasattributedto theH™---H,O anionstructure
and consistof three peaksat electronbinding energiesof
1.53,2.00,and2.38eV. (For D™---D,0 the peaksoccur at
1.53,1.88,and2.17 eV.) Thesepeakswere assignedo the
stretchingprogressiorof the OH(OD) local modestretchin
the neutral and denoted(000),(001), and (002), respec-
tively. [This is the notationfor H,O vibrations: (v,,v,,v3)
where v, is the symmetricstretch,v, the bend,and v; the
antisymmetric stretch quantum number] The peak line-
shapeshave someasymmetryindicating possibleexcitation
of the v, bendingmode.The 6=90° spectraarequalitatively
differentwith broadpeaksat 1.53and2.05eV. Thesepeaks
are not shifted upondeuteration.

The simulationsof de Beeret al.X® explicitly treatedthe
HO-H and H-H bonds.They performedab initio calcula-
tionsto obtainthe anion potentialasa function of thesetwo
coordinatesTheir simulatedspectrareproducehe main fea-
turesof the experimentalresults.The #=0° spectracorre-
spondto the photodetachmenfrom the v =0 stateof the
anionwhich is completelylocalizedin theH™---H,O well. In
contrast,the 6=90° spectraare attributedto the v =2 state
of the anion; this is the first state delocalizedacrossboth
geometrie®f the anion. The peakat 2.05eV is dueto exci-
tation from the HO™---H, structure. In this section we
presentthe theoretical photodetachmenspectra obtained
from explicitly treatingtwo and four degreesf freedomas
describedn Sectionslll D andlll E.

A. Two degrees of freedom

We haveperformedthe two degreeof freedomcalcula-
tions describedin Sectionlll D for the few lowest eigen-
statesof the anion. The purposeof presentingwo degreeof
freedomresultshereis twofold: (1) to showthat, thoughthe
coordinatesand methodare different, our resultsare consis-
tent with thoseof de Beer etal.,*®> and (2) to illustrate the
basicfeaturesof the photodetachmergpectrawhich canbe
comparedwith higherdimensionakesults.

Figure 2 showsthe 2D total and arrangement-selected
photodetachmergpectrarom the v= 0 stateof theanionfor
(a) H;07, and (b) D;O™. Note that the energyof the sepa-
ratedreactantOH+H, is the zero of energyon the neutral
potentialenergysurface.The lowest possiblescatteringen-
ergy is then —0.64 eV which is the exoergicity of the
reaction’® For thesecalculationghe OH andH, angleswere
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FIG. 2. Two degreeof freedom photodetachmentntensities from the
v=0 stateof the anionfor (a) H;O™ and (b) D;O™. The solid line is the
total intensity, the dashedline is the product-selectedntensity, and the
dot-dashedine is the reactant-selecteithtensity.

setequalto the equilibrium valuesfor the H™---H,O struc-
ture, y)=175.9°and y5=104.8°.

Recall that the =0 anion stateis localized underthe
H+H,0 valley. Thesespectrashow the three peaksattrib-
utedto the local mode OH (OD) stretchin the neutralH,O
(D,0O). The experimentally observed (000)— (001) and
(001)—(002) peakspacingsare0.47and0.38eV (0.35and
0.29eV) for theH3;0™ (deuterated$pectrumOur calculated
spectraare in good agreemengiving spacingsof 0.46 and
0.30eV (0.36 and0.25 eV deuterated).

These spectraare in reasonableagreementwith the
simulationsof de Beeret al.>® indicatingour choiceof some-
whatdifferentcoordinatess not significant.The primary dif-
ferenceis the relative intensity of the (001) peakin the
H;O™ spectrumis largerthanthey observed(Both simula-
tions showa largerrelative intensity for this peakthanseen
in the experiment.) Another difference is the dip in the
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(002) peakof the H;O™ spectrum.This dip appearsat the
energyof the H,(v =1) vibrationallevel.

The arrangement-selectadtensitiesshow that most of
theintensityleadsto the formationof H+H,O products.This
would be expectedrom the position of the Franck—Condon
region. However,we do seesomeintensity leadingto the
formation of the OH+H, reactants.Since there is no
Franck—Condomverlapon the reactanside of the barrierin
this casethis mustoccurby passingover the barrier.For the
deuterateatasevirtually noreactantareformed.This canbe
explainedby the fact thatthe energylocal OD stretchlevels
arelower in energythusmostof theintensityis energetically
forbiddenfrom passingover the barrier.

The resultsof the experimentaregivenin electronbind-
ing energy(e BE). The conversiorto the e BE from the scat-
tering energy,E, is given by

eBE=E+E+D,—E;, (4.1)

whereE, is the electronaffinity of OH, D, is the dissocia-
tion energyof H™ (H,0) to obtainHO™ +H,, andE, is the
vibrational energy of the anion. de Beer etal.’® give
E,=1.83eV andD.,=0.325eV. Alternatively,theeBE can
also be calculatedby using the electronaffinity of H, 0.75
eV, and the dissociation energy of H™(H,O) to give
H,O+H™, calculatedto be 0.79 eV. This gives a slightly
different numberby about0.03 eV. (We haveusedthe first
method.)The uncertaintylies in the dissociationenergiesas
discussedby de Beeret al..® We will addresghisin Section
IV B. As seenfrom Fig. 2, our calculationsgive the first
peak centeredat 1.95 eV and 1.97 eV for H;O™ and
D;0O7, respectivelyThis comparedo the experimental/alue
of 1.53 eV for both. We will discussthis discrepancyin
SectionlV B.

The photodetachmenspectrafor (a) H;O™ and (b)
D50~ areshownin Figure3 for the v=1 stateof the anion.
Thebendinganglesarethe sameasin Fig. 2. Thespectraare
similar to thosewith v=0 exceptthe (000) peakis split into
two. The (001) peaknow leadsto a greaterfraction of reac-
tantsformed in the caseof H;O™~, and someformation of
reactantdor D;O™ . In addition,we seesharpfeaturesin the
reactantspectrumat the energythat the reactantsbecome
energeticallyaccessibleand at the energyof Hy(v=1).

Figure 4 is the sameasFigs. 2 and 3 for the v=2 state
of the anion. Thesespectraare significantly different from
thosefor v=0 and »=1. This anion wavefunctionis delo-
calized over both the H™---H,0 and HO™ ---H, wells. The
product-selectedspectraresemble somewhatthat for the
v=1 statein Fig. 3. The spectra’sdominatingfeaturesare
sharpandleadto the formationof reactantsThis is in quali-
tative agreementvith the resultsof de Beeretal.'® The pri-
mary differenceis the relative heightsof the sharppeakat
0.29 eV andthe broaderpeakcenteredaround0.4 eV. This
sharppeakwas attributedby de Beer et al. to the spurious
well on the reactantside of the barrier. The featureat 0.75
eV (the energyof H,(v=1)) is observedin both calcula-
tions. We note that the broad peakis centeredaround2.20
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FIG. 3. SameasFig. 2 but for the v=1 stateof the anion.

and 2.30 eV electronbinding energyfor H;O™ and D;O™,
respectively,comparedwith 2.05eV asobservedn the ex-
periment.

B. Four degrees of freedom

Herewe presentcalculationsof the photodetachmenn-
tensity explicitly treatingfour degreesf freedomincluding
the H, and OH bendinganglesy,; and vy, as describedin
Sectionlll E. The equilibrium bendinganglesusedfor the
anion potentialare varied and we discussthe effect on the
spectrumAll calculationsweredonefor evenparity (p=0).

Figure 5 shows the=0 photodetachment spectra for (a)
H,O~ and (b) D3O~ with anion equilibrium angles
y9=175.9° and y5=104.8°. The spectraare significantly
differentfrom the correspondin@D results.The H;O™ spec-
trum consistsof the (000) and(001) peakswith a spacingof
0.45 eV but the peaksare much broaderthan in the 2D
spectrum(Fig. 2) andthereis superimposedtructuredueto
excitation of the bending degreesof freedom. The (002)
peak may be hidden by the bending progressionoff the
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FIG. 4. SameasFig. 2 but for the v=2 stateof the anion.

(001) peak. The relative peak intensitiesare virtually the
sameasin the 2D casethe (000) peakis only slightly higher
thanthe (001) peak.The reactant-selecteuhtensityis small
asin the 2D spectrumbut is now a single broadfeature.In
the deuteratedspectrumall three peaksare observedwith
(000)— (001) peakspacingsof 0.39 and 0.32 eV, respec-
tively. Thesepeakspacingsarelargerthanthosefoundin the
2D calculationsAs in the caseof H;O™ the peaksarebroad-
enedwith superimposedtructurenot seenin the 2D spec-
trum. The relative intensity of the (001) peakto the (000)
peakis largerthanthat seenin the 2D results.Only a small
fraction of the intensity leadsto the formation of the reac-
tants.

In Fig. 6 we showthe »=0 spectrumwith equilibrium
angles y9=169.0° and y5=122.0° for (a) H;O0~ and (b)
D;O™. Theseanglescorrespondo the transitionstategeom-
etry of theneutral. Thethreepeaksareobservedasin the 2D
spectrawith (000)— (001) and(001)— (002) peakspacings
of 0.45and 0.33 eV for H;O™ and 0.34 and 0.29 eV for
D;O7, in excellentagreementwith experiment.The peak
spacingsaresomewhadifferentthanthosein the 2D spectra
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FIG. 5. Four degreeof freedom photodetachmenintensities from the
v=0 stateof the anionfor (a) H;O™ and(b) D;O™. The anionequilibrium
bendinganglesare y?=175.9°and y3=104.8°. The solid line is the total
intensity, the dashedline is the product-selectedntensity, and the dot-
dashedine is the reactant-selecteithitensity.

andthe 4D spectran Fig. 5 indicatingthatthey aresensitive
to the constrainto two degree®f freedomandthe choiceof
anion equilibrium angles. The bending progressionand
broadenedpeaksseenin the spectraof Fig. 5 have disap-
pearedout thereis someasymmetnyin the (001) peakin Fig.
6(a) which may be attributed to OH bending excitation.
Asymmetry is not easily discernedin the other peaksand
thereis not the samedegreeof asymmetryasobservedn the
experiment.In these spectrathe relative intensity of the
(001) peakto the (000) peakis significantly reducedfrom
the 2D spectraandthe 4D spectraof Fig. 5. A smallamount
of reactantds formedin the H;O™ casewhile no reactants
areseenfor D;O™. Again adip attheenergyof Hy(v=1) is
observed.

The anion equilibrium angles were chosento give
greaterFranck—Condomverlapwith the neutralequilibrium
geometriesThe resultingdecreasen bendingexcitation of
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FIG. 6. Sameas Fig. 5 exceptthe anion equilibrium bendinganglesare
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the neutralgives betteragreementvith the observedexperi-
mentalspectraThis indicatesthattheseanglesmay be more
similar in the neutraland anionthanis given by the current
potentialenergysurfacesComparisorof Figs.5 and6 indi-

catesthat the relative intensitiesof the peaksare also af-

fectedby a changein the equilibrium angles.If the equilib-
rium anglesfor the anion are not nearthosefor the neutral,
thenthe regionof Franck—Condomverlapsits higherup on
the repulsivewall of the neutralpotentialwherethe excited
vibrational stateshavegreateramplitude.

The spectralfeaturesappearat lower electronbinding
energieghanin the 2D calculations.The (000) peakoccurs
at1.80and1.82eV eBEfor H;O™ andD3O™, respectively.
Thisis 0.27and0.29eV higherthanseenin the experiment.
(We shouldnote that this effectis seenin Fig. 5(a) aswell
with the first peakat 1.83 eV eBE.) A differencebetween
the neutraland anion zero point energiesn the bendingde-
greesof freedomleadsto theselower electronbinding ener-
giesthanseenin the 2D case.

Figure7 showsthe v=2 spectrumfor (a) H;O™ and(b)
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FIG. 7. SameasFig. 5 but for the v=2 stateof the anion.

D;O™ with the anion equilibrium angles y2=175.9° and
yg= 104.8°.The samebasicstructureis seenasin Fig. 4: a
narrow peak followed by a very broad feature. There are
however largedifferencesbetweernthesespectraandthe 2D
results. The narrow peakis muchlessdominantandin the
deuteratedspectrumis not identifiableas a separatdeature.
The broadpeakhasa bendingprogressiorsuperimposean
it. Asin the 2D casethe majority of theintensityleadsto the
formation of reactantsThis anion statehasthe majority of
its Franck—Condomverlapwith the OH+H, sideof the neu-
tral surface leading to these reactant-dominatedeatures.
Thereis still someFranck—Condoroverlapon the product
side of the neutral surfacewhich is seenas a small back-
groundin the spectrum.We note that the broad featureis
centeredat an electronbinding energyof about2.09eV for
H;O™ and2.17eV for D;O™. Thesevaluesare0.04and0.12
eV higherthanobservedn the experiment.

As discussedy deBeeret al.,'® the differencesin elec-
tron binding energiesmay in partbe attributedto the differ-
encebetweerthe calculatedvalue of the dissociationenergy
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of H™---H,0 to give H,O+H™ (0.79eV) andthe experimen-
tally measuredralue (0.62 = 0.04 eV). This would put the
(000) peakin the v=0 spectraas0.10 eV higherthan ob-
servedin the experiment.The broadpeakin the v=2 spec-
trum would be 0.13eV lower thanis seenin the experiment.
[We notethat the calculatedspectrahavelarger peakwidths
thanthosein the experiment.Thusthe electronbinding en-
ergiesof the onsetsof the spectraare closerto the experi-
mentthanthe peakpositions] deBeeret al. have suggested
that the barrier is too “late” in the WDSE surface,and
shouldbe movedearlierinto the OH+H, valley. Our results
are consistentwith this conclusion.Moving the barrierlater
would reducethe zero point energyof the H,O---H neutral
thus shifting the peak positions to lower energy in the
v=_0 spectralt might alsoincreasethe zeropoint energyof
the HO---H, neutral thus shifting the broad peak in the
v=2 spectrumto higherenergies.

V. CONCLUDING REMARKS

We have presentedhe resultsof two and (planar)four
degreeof freedomcalculationsof the photodetachmergpec-
tra of H;O™ andD3O ™. The spectrawere computedusinga
DVR-ABC Green's function which enabledthe total and
arrangement-selectethtensities to be obtained simulta-
neously. In addition a multiply-shifted quasi-minimal re-
sidual (MSQMR) methodwas usedto obtain the Green'’s
function for many energiesat once, producinga significant
savingsin computationatime.

The H;O™ anionhastwo local minima, one of the form
H,0---H™ (the global minimum) which lies underthe prod-
uct side of the neutral surface,and the other of the form
HO™---H, lying underthe reactantside of the neutral sur-
face.As aresultthe photodetachmergpectraarehighly sen-
sitive to theinitial vibrational stateof H;O™; the »=0 state
is localizedin the H,O---H™ well andresultsprimarily in the
formation of productswhile the v=2 stateis delocalized
over both wells and results primarily in the formation of
reactants.

We haveperformedthe two degreeof freedomcalcula-
tionsto illustratethe basicnatureof the spectraandto dem-
onstrateagreementvith 2D calculationsby de Beeretal.®
Our 2D spectraarein goodagreementith thoseof de Beer
et al. despitethe useof somewhatifferentcoordinatesThe
four degreeof freedomcalculationsrepresenbur bestpre-
diction of the experimentakpectra.That s, if the potential
energysurfaceswe usedwere the “true” ones,we would
expectthe 4D spectrato be in excellentagreementvith the
experimentSincethe spectraarenotin excellentagreement,
we can analyzethe differencesto obtain information about
the “true” potentialenergysurfaces.

The v=0 spectrumconsistsof three peakswhich are
assignedo the local mode OH stretchin the neutralH,O of
theproductst® Our calculatedour degreeof freedomspectra
havethis samebasicstructure.However,in the casewhere
the anion equilibrium bending anglesfor OH and H, are
given the valuesobtainedfrom ab initio resultsby de Beer
etal. the spectrumshowssignificant bending excitation of
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the neutral. In addition the relative intensity of the (001)
peakto the (000) peakis nearlyone.Changingthe anglesto
that of the transitionstategeometryof the neutraleliminates
mostof the bendingexcitationandlowerstheintensityof the
(001) peakrelativeto the (000) peak.Sinceneitherthe neu-
tral nor anion potentialare accuratelyknown, it is not pos-
sible to statewhetherit is the anion or the neutralbending
potentialwhich s in error. The conclusionthatcanbe drawn
is that the anglesare more similar in the two potentialsthan
given by the currentsurfaces.

The v=2 spectrumis dominatedby a broadpeaklead-
ing to the formation of reactants.The large narrow peak
which was observedin the (2D) calculations,is much less
dominantin the (4D) spectra.The calculatedintensitiesare
in goodagreementvith the experimentakpectraassignedo
the HO™---H, anion minimum. The theoretical spectrum
doeshavea smallbackgroundeadingto productsdueto the
delocalizednatureof the v=2 eigenstateacrossboth anion
minima.

Finally, the theoretical calculationsgive the electron
bindingenergyof the v=0 spectraastoo high relativeto the
experimentatesults.While for the v=2 spectratheelectron
binding energyis too low comparedo experimentThis dis-
agreemenbetweenthe theoreticaland experimentalresults
is consistenwith the suggestiorby de Beeretal.’® thatthe
barrieron the neutral WDSE potentialenergysurfaceis too
“late” andshouldbe movedearlierinto the OH+H, valley.

Note addedin proof. Sincethe submissiorof this paper
we havebecomeawareof new ab initio calculationson the
H;O~ potential. Results at the CCSDT) aug-cc-pVTZ
leveF® give equilibrium geometriesn good agreementvith
thoseof de Beeretal.'® This indicatesthatit is the equilib-
rium anglesin the neutralpotential(particularlythe H—O—H
angle)thatarein error.
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