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Bimolecular Reaction Dynamics from Photoelectron

Spectroscopy of Negative Ions

by

Stephen Edmund Bradforth

Abstract

The transition state region of a neutral bimolecular reaction may be

experimentally investigated by photoelectron spectroscopy of an appropriate negative

ion. The photoelectron spectrum provides information on the spectroscopy and

dynamics of the short lived transition state and may be used to develop model

potential energy surfaces that are semi-quantitative in this important region.

The principles of bound _ bound negative ion photoelectron __ectroscopy are

illustrated by way of an example: a full analysis of the photoelectron bands of CN",

NCO- and NCS-. Transition state photoelectron spectra are presented for the

following systems Br + HI, C1 + HI, F + HI, F + CH3OH, F + C2HsOH, F + OH and F

+ I-I2.A time dependent framework for the simulation and interpretation of the bound

free transition state photoelectron spectra is subsequently developed and applied

to the hydrogen transfer reactions Br + HI, F + OH -_ O(sP, lD) + HF and F + I-Iz.

The theoretical approach for the simulations is a fully quantum-mechanical wave

packet propagation on a co°Uinear model reaction potential surface. The connection

between the wavepacket time evolution and the photoelectron spectrum is given by

the time autocorrelation function. For the benchmark F + _ system, comparisons

with three-dimensional quantum calculations are made.
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Each system investigated also reveals information on electronically excited _

potential energy surfaces in addition to the ground reaction surface. Transitions to

different electronic surfaces may be distinguished and assigned by photoelectron

anisotropy measurements. Upper potential energy surfaces are evaluated for the

excitedstateinteractionscorrelatingtoO(_D)+ HF and F(2P_)+ I-Iswithreference

totheOHF-and FI-Lz-experimentalphotoelectronspectra
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Chapter 1. Introduction

1. Spectroscopy of the Transition State

The fundamental question we wish to address in this research is the detailed

description of a chemical reaction, and, in particular, of the chemical transition state.

We undertake this from a microscopic, or molecular, viewpoint trying to uncover the

forces and interactions experienced by the individual atoms involved in the

transformation from reactants to products. This research builds upon the wealth of

work in the field of reaction dynamics, and is essentially a pursuit of a complete

' understanding of chemical mechanism. _

The key to the description of a chemical reaction lies in the transition state.

For a bimolecular reaction, e.g. A + HB _ AH + B, this is where bonds are forming

and being broken at the same time: [A..H..B]*. This was recognized by Arrhenius and

elaborated by Eyring; it has been the linchpin to many theories of chemical reactivity.
t

The transition state is the geometrical configuration of the reaction partners where

there is a bottleneck on the free energy surface describing the reaction. Therefore, the

intermolecular forces at play at or around the transition state are the most important

in the dynamics of the reactive encounter.

The goal of reaction dynamics is then to characterize precisely the potential

energy surface(s) governing a reaction particularly in the region of the transition

state. This should, in turn, lead to a complete understanding of the electronic

interactions determining the microscopic mechanism for branching and energy

disposal in a reaction. Unfortunately, the transition state is the hardest part of the

potential energy surface to characterize because of its very nature as an extremely
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shortlivedtransient.A kineticsexperiment,whichdeterminesthereactionrateas

a functionof temperature,providessome informationin thisrespect:thederived

activationenergygivesa crudeestimateofthebarrierheightatthetransitionstate.

However,much morediscriminatingexperimentsarerequiredtouncoverquantitative

informationaboutthepotentialenergysurface.

Thisthesisdescribestheapplicationofphotoelectronspectroscopyofnegative

ionstotheinvestigationofthetransitionstatein a chemicalreaction.By using

appropriatenegativeionsas precursorsforour experimentwe have developeda

techniquethatisa directspectroscopicprobewhich isuniquelysensitivetothis

extremelyshortlivedreactiontransientspecies.Thus thiswork istermed,alongwith

othersin a new generationof reactiondynamicsexperiments,"transitionstate

spectroscopy.._,3

The chemicalreactionsfbrwhichthistechniqueprovesusefularetheso-called

"elementary"bimolecularr_ _:,c_,_- thosenormallyassociatedwiththe simplest

individualstepsina chemicalprocess.As such,theseareubiquitousinchemistry,

but theirstudyisparticularlyimportantinatmosphericand combustionprocesses.

Historically,thesereactionshavebeenexperimentallyinvestigatedinthegasphase

by measuringenergy disposaland/orangulardistributionsamong the reaction

productswith variousdegreesofcontroloverreactantinitialconditions.I'4,s,e

Under singlecollisionconditionstheseexperimentscan providefairlydetailed

evidencefortheshapesofthepotentialsurfacesintheinteractionregion.However, T

theirhandleon thedynamicsisfirmlyconnectedtothe asymptoticdistributionof

products.More ambitiousscatteringexperimentswhere rovibrationalstateresolved

differentialcrosssectionsaremeasured,eitherincrossedbeam instruments,7orvia
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laserbased vectorcorrelationmethods,8 willprovidemore rigoroustestsofthe

potentialenergysurfacesthroughcomparisonswithquantum scatteringcalculations.

Van derWaals clusterinitiatedreactionshavemorerecentlyintroduceda new flavor
J

tofullcollisiondynamicsexperiments,s'10as have alignedand orientedmolecular

, beam experiments.I_

The resultsoftheseexperimentsprovidedifferentand complementarypieces

ofinformationabouttheimportanttransitionstateregionforthereaction.Although

thedifferentialcrosssectionsanddetailedmicroscopicstate-to-statecrosssectionsare

sensitivetothe entirereactionpotentialsurface,thereisnot a straightforwardor

intuitiveconnectionbetweenthe dataand thepotentialatthetransitionstate.In

contrast,ourtechnique,beinga halfcollisionratherthana fullcollisionexperiment,

probesthetransitionstateregiondirectly.By preparinganegativeion, HB-, which

isgeometricallysimilartothesupposedneutraltransitionstatestructure[AHB]*,and

removing an electronfrom the ion,we accessthe transitionstateregionof the

potentialenergysurfacedescribingthe reactionA + HB _ AH + B. The electron

energyspectrumisa probeofthequantum statesatthetransitionstateratherthan

a mapping ontotheasymptoticproductstates.

As we shallsee,photoelectronspectroscopyprovidesan experimentalroute

fromwhich thespectrumofaninternallycold,mass-selectedspeciesyieldsdetailed

informationon thegroundstatedynamicsofa neutralreaction.The experimentis

describedinChapter2. Mass selectionisan importantfeatureofourexperimentas

we can be surethatthereisno backgroundsignaldu_ tootherchemicalpathways;

suchsecondaryreactionsoftenmake theresultsoffullcollisionexperimentshardto

interpret.Inaddition,becausetheanionprecursorisrotationallycold,thedynamics
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of the half collision are restricted to only a few angular momentum states. This

facilitates comparison with theory.

In many respects our half collision technique is conceptually similar to

molecular beam photodissociation experiments, particularly those that monitor the

photodissociation cross section as a function of excitation wavelength (action

spectroscopy).!o. 12 However, these latter experiments normally measure the

photodissociation cross section by detecting products. The closest analog to our

experimental "transition state" spectrum is the absorption spectrum of a molecule to

a dissociative upper state, such as the first absorption band of I-I20.13 Such

absorption experiments have not, to date, been recorded in a molecular beam

environment. The use of negative ions as precursors in our experiments is important

as this half colli,Aon technique is directly applicable to reactions that normally occur

via bimolecular gas phase collisions (i.e. thermal rather than photochemical

processes), in contrast to photodissociation studies on neutrals. Thus half collision

data (the negative ion photoelectron spectrum) and complementary full collision

kinetic, cross-beam, and product state data may be compared for a single reaction

system. Tb_s allows, for the first time, something of a full picture for a bimolecular

reaction to emerge. Many of the advantages of negative ion transition state

spectroscopy as a probe of the chemical transition state are detailed in a recent review

paper. 14

Although transition state dissociation occurs on a femtosecond time scale, the

activated complex can vibrate one or more times before complete fragmentation: it is

this motion that leads to structure in the observed photoelectron spectrum. In some

special circumstances long lived states, called scattering resonances, which live for
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many tensofvibrationalperiods,may be observedin thephotoelectronspectrum.

Zewailhas pioneeredeffortstoobservethefemtoseconddynamicsofthetransition

statein realtime using femtosecondlasers.Is The clockingof the dissociation

dynamicsby an internalvibration,however,suggestsa timedomainanalysisofour

photoelectronspectra,and we have indeedpursued thisrouteforan alternate

understandingoftheinformationrevealedinthephotoelectronspectra.

2. Principles of Photoelectron Spectroscopy

Photoelectron spectroscopy is a weU developed branch of molecular
i

spectroscopy. The interaction of light with a molecule to form a molecular ion and an

electron (photoionization) is the most common form of photoelectron spectroscopy. If

the precursor is instead a negative ion, the process is termed photodetachment and

a neutral molecule and an electron result. Negative ion photoelectron spectroscopy,

developed in the last 20 years and made possible by the appearance of high power

visible and UV lasers, can be represented as follows:

M-(n11,v11)+ hv - M (nl,vI)+ e-(Ek). (1)

hv isthephotonenergy,and isconstantinthisexperiment,i.e.thelightsourcehas

a fixedwavelength. Ek, the kineticenergy of the electronsresultingfrom

" n' v'photodetachment, is the experimental observable, n", v , and describe the

electronic and vibrational states of the anion and neutral molecule respectively. By

the relationship
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Ek = hv - F_A(M)- El(ni,W) + E11(n11,WI) (2)

theobservedelectronkineticenergydistribution,I(Ek),may be associatedwiththe

internalenergies,vibrationaland electronic,ofthenegativeionand neutral.As the

energyresolutionofcurrentelectrondetectionsystems(-5 -10 meV, thatis- 40 -

80 cm"I)isinadequateto resolvethe rotationalspacingsofmost molecules,the

rotationalstatelabelsareomittedand we shallseldomconcernourselveswiththe

rotationalbehavioroftheionorneutral.

Inourexperiments,thenegativeionsareformedina freejetexpansion.This

means thattheyarecreatedwitha restrictedrangeofinternalenergies;typicallythe

vastmajorityoftheionsarepresentintheirgroundvibrationaland electronicstate.

Hence,E" inequation(2)isusuallyzero.Therefore,thephotoelectronspectrumI(Ek)

isa directmeasureoftheenergylevelsoftheneutralspeciesM. The peaksinthe

spectrumat highestelectronkineticenergycorrespondto transitionstoneutral

stateswithlowestinternalenergy.

Ifwe considerthe distributionofelectronsin a moleculein terms of a

molecularorbitalmodel,thenEquation(1)impliestheremovalofan electronfroma

singlen_lecularorbital.This"one-electron"pictureisoftenused inphotoelectron

spectroscopyand characterizesthe only,electronicselectionrule: any transition

betweenionand neutralisallowedthatoccursbyremovalofan electronfroma single

orbitalwithoutrearrangementofthe electronoccupationof theotherorbitals.If f,

severalelectronicstatesoftheneutralareaccessibleenergeticallyfromtheanionwith

the photon energy employed,those that are relatedto the anion electronic

configurationby a one-electronprocesswillbeseeninthephotoelectronspectrum.
i

i
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The photoelectron process for a diatomic negative ion is illustrated

schematically in Figure 1-1. The potential energy curve for the anion and for the

ground and first excited states of the neutral are shown. The expected photoelectron

spectrum is shown on the right hand side. The spectrum shows two bands due to the

two electronic states of the neutral; each band exhibits a vibrational progression. The

spacings of peaks in the spectrum directly yields the separations of eigenstates in the

neutral. The length of the progression and the exact intensities of the peaks in each

band are governed by the Franck Condon Principle. This principle states that

electronic transitions are fast compared to nuclear motion; _6 for example, a

photoelectron departs its parent negative ion in - l0 le s. Therefore, the neutral is

born on the upper state potential surface in the configuration of the precursor anion.

Quantum mechanically speaking the resulting distribution of neutral states is given

by the projection of"the anion wave function V" over the neutral vibrational wave

functions V,.17 The intensities are given by the so called Franck Condon Factors

(FCFs)

FCF(¢-¢')= 1 c3)

Therefore, if the anion and neutral have very different equilibrium geometries, there

is a correspondingly long vibrational progression in the photoelectron spectrum, and

vice versa. The theoretical evaluation of the Franck Condon factor, for the purposes
1

of simulating the photoelectron spectra, is discussed in detail in Chapter 4.

The above description and schematic pertains to case where the upper neutral

state has a bound potential. Chapter 3, which reports the photoelectron spectra of
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CN. NCO- and NCS. provides a complete example of this bound _ bound

spectroscopy and shows the straightforward generalization of the above rules to

polyatomics. This chapter lays much of the groundwork and language for the more

complex transition state spectroscopy results that follows. The bound _ free

formalism required to describe the transition state experiments is detailed in

Chapter 4.

3. Relationship of the photoelectron spectrum to short time chemical

dynamics.

An alternative picture for the interpretation of a photoelectron spectrum is to

consider the relationship between spectral structure and the short time dynamics of

the neutral species formed by photodetachment. TM A simple Fourier transformation

relates the photoelectron spectrum, I(Ek),with the time autocorrelation function, C(t).

C(t) describes the time evolution of a wave packet prepared on the neutral potential

surface. TM The time resolution of the autocorrelation function constructed in this way

is given by the overall spectral bandwidth. Likewise, the window in time allowed

from Fourier transformation of the experimental spectrum depends on the

instrumental energy resolution. Assuming a typical bandwidth of 1 - 2 eV and the

energy resolution of our spectrometer (ca. 10 meV), the autocorrelation function could

be constructed with a time resolution of 0.5 fs for a Lorentzian time window with a

half-width at half-maximum (HWHM) of 66 femtoseconds. '

This time dependent picture is developed in Chapter 4, where a derivation of

the photoelectron spectrum couched in the time-depe.ndent formulation is also given.

We will, in the main, use the connection between the time dynamics, expressed by
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C(t),and thespectrumintheoppositesense,i.e.wavepacketpropagationwillbeused

' totheoreticallysimulatethedissociationdynamicsofthetransitionstatespecies,and

theFouriert,_ansformationofthecalculatedautocorrelationiscomparedwiththe

experimentalphotoelectronspectrum.The quantum wave packetmethod isalso

describedinChapter4.

The theoreticalsimulationswillproveinvaluableinassigningandinterpreting

the structurein the transitionstatephotoelectronspectra. Once qualitatively

assigned,we may modifythe potentialenergysurfaceon which thewave packet

propagationtakesplace,totryandimprovethefitbetweentheoreticalsimulationand

experiment.In most casesab initiocalculationstoestimatethepropertiesofthe

anion are necessaryas a precursorto the dynamics simulationbecausedataof

spectroscopicqualityisscarcefornegativeions.This,unfortunately,limitstheextent

towhichtheneutralreactionsurfacemay befitfromtheexperimentalspectrumand

thesimulationprocess.

4. PhotoelectronAngular Distribution

The photoelectrondepartingtheneutralmoleculecarrieswithitaweildefined,

quantized,angularmomentum. For atomicanionphotoelectronspectroscopythe

angularmomentum oftheleavingelectronisrestrictedby selectionrulesrelatingto

theorbitalangularmomentum oftheparentionand detachedneutral.The nature

oftheallowedangularmomentum statesofthedepartingelectron,and theirmutual

interference,alongwith the polarizationofthe detachmentlaser,determinesthe

angulardistributionofelectronsinthelaboratoryframe. Iftheelectronleavesthe

neutralcomplexasan "s-wave"(l= 0)only,asforthethresholdphotodetachmentof
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an electron from a p atomic orbital of a halide ion, the angular distribution is

isotropic, z° For all other waves, and for a superposition of various waves, the

distribution of electrons is anisotropic. To first order, the differential

photodetachment cross section is given by

do o_=/

- +p(._cose-y)) (4)d_ 4n (1 3 2 1

where a_i is the total photodetachment cross section and _ is the asymmetry

parameter (-1 _<_ < 2, _ = 0 implies an isotropic distribution) and is a function of

electron kinetic energy, d_ is the solid angle subtended by an imaginary infinitesimal

detector and 0 is the angle the detector position vector makes with the laser

polarization axis. Notice that the effect of the asymmetry parameter is removed ff the

direction of electron collection is chosen to be at the "magic angle", 0 = 54.7 °.

For molecular photoelectron spectroscopy, _ parameters are often hard to

rigorously relate to the symmetry of the molecular orbital in the ion from which the

electron was removed. 21 However, qualitative information is available from

polarization measurements. Although _ may vary weakly over a vibrational

progression in transitions to a single electronic state of the neutral, transitions to

different electronic states of the neutral are expected to have quite different _ values,

particularly ff the neutral states arise by the removal of an electron from molecular

orbitals of different symmetry in the anion. Therefore it is often useful, particularly

fJ
in cases where the spectrum has overlapping electronic bands, to record photoelectron

spectra at both extreme laser polarizations (0 = 0° and 0 = 90 °) to facilitate

assignment of peaks to the different states. The actual value of _ for a photoelectron
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reaction, where to some extent the energy release for the reaction is decided.

' Photodetachment of FI-_-, on the other hand, lands to the entrance valley side of a

very early barrier, and finally OHF- has an anion geometry which coincides with the

anticipated saddle point geometry.

In allcases,the structureinthephotoelectronspectracontainsinformation

aboutthegroundreactionpotentialenergysurfaceinthevicinityofthetransition

state,orequivalentlythefemtoseconddynamicsofthetransitionstatecomplex.In

eachofthethreechapterswe make strongconnectionswiththeoreticalsimulations

and explorepossibleelectronicallyexcitedBorn-Oppenheimersurfacesthatmay also

contributeto the spectra.The assignmentof spectralfeaturesto theseexcited

' electronicsurfacesissupportedby photoelectronanisotropymeasurements.

6. The Future

The extensionofthetechniquetoreactionsystemswithmuch highermolecular

complexity,e.g.F + ROH, and the successoftransitionstatestudiesin solvated

complexes_ isvery encouraging.This representsa significantnew avenue for

exploration.Diatom-diatomreactionsremainanimportanttarget,especiallyasthese

presenta challengetofullquantum scatteringtheory.For themore esotericgoalof

usingourspectroscopictechniquetoquantitativelydeterminea reaction'spotentialr

energysurface,much new work remainstobe donebutisachievable.

The negativeions,whichprovidesucha usefulspringboardtolearningabout

theneutralreaction,needtobe much more quantitativelycharacterized.Although

ab initiocalculationscan providehelpfulestimatesof theirproperties,full

spectroscopicinvestigationoftheirequilibriumgeometries,vibrationalenergylevels
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band can often be useful in adding weight to the assignment of that band to a

particularelectronicstate._ ThisisexploredinAppendixA.

5. Transition state spectroscopy by negative ion photodetachment

The remaining chapters of this thesis demonstrate the application of negative

ion photodetachment as a transition state spectroscopy for a number of reaction

systems. Ali are hydrogen transfer reactions of the type A + HB --, AH + B. This is,

however, a very important class of reaction systems, _ in terms of both fundamental

reactiondynamics in,rest and in applicationssuch as chemicallasersand

atmosphericprocesses.Chapter5 reportsthephotoelectronspectraofFHI-,CIHI-

and BrHI- and describestheirrelationshiptothebimolscularreactionsX + HI --,HX

+ I(X=F,Cl,Br).InChapter6 theseriesofreactionsF + OH -_HF + O,F + CHsOH

-,HF + CI-I_Oand F + C_-IsOH_ HF + C2H50 areinvestigated.Finally,inChapter

7 thebenchmarkF + i_ reactionisstudiedby transitionstatespectroscopyofFI-I__

The systems featured in the three chapters turn out to illustrate three

experimentalscenarios.Photodetachmentof BrHI, OHF- and FI-I_-accesses

differentpartsoftheirrespectiveground neutralreactionsurface.Thisisshown

pictoriallyinFigure1-2.Letus divideup thetransitionstate(orinteraction)region

ofthepotentialsurfacedescribinga directreactionarbitrarilyintothreeparts:the

saddleand theentranceand exitvalleystoeithersideofthesaddle.The latterare

not,however,thesame astheasymptoticreactantorproductregions.Further,we

adopttheusualchemicaldynamicsconventionand talkabouta reactionproceeding

from reacts (entrance)toproducts(exit)inthe exothemic direction.In this

language,we seethatBrHI-photodetachmentprobestheexitvalleyfortheBr + HI
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and dissociationenergiesisurgentlyrequired.Usingthisinformation,experiments

thatcontroltheregionoftheneutralpotentialenergysurfaceprobedintheanion

photodetachmentcan be devised. In much the same way as collisionbased

experimentscan userovibrationalstateselectedreactantstoprobehigherdetailin

the reactivecollisiondynamics,e somay we vibrationallypump the anionpriorto

photodetachmenttochoosethepartofthereactiontransitionstateregionwe wishto

learnabout.ThisisnotunlikeCrim'sphotodissociationexcitationspectroscopyfrom

O-H overtonepumped I-I_O.2s

Figure1-3showsthisselectivitywitha schematicofsuchanexperimentusing

the negativeion BrHI- as an example. The vibrationallyexcitedion has

substantiallybetteroverlap(lightlyshaded)withthesaddlepointthan theground

stateion (darkershading).Vibrationalexcitationof a singlequantum in this

hydrogenstretchingmode v3requiresaround 920 cre"ofenergytobe resonantly

depositedintheion._ Two possibleopticalexcitationschemestoachievethisare

shown inthelowerhalfofFigure1-3.Tunableinfraredsourcesofradiation,required

forscheme (i),inthisrangearefew:differencefrequencymixingofvisiblelightin

non-linearmedia orlinetunableCO2 lasersarepossibilities.Free-electronlasers,

whichcanprovidetunable,highpower,Icm" bandwidthradiationinthisregionlook

particularlysuitable,and ifsucha sourcebecomesavailable2sthismay wellbethe

optimalphotonsource.AnotherattractivepossibilityisstimulatedRaman pumping,

as shown in scheme (ii),using two visiblephotonsfrom a YAG/ dye or YAG/

Ti:sapphirelasersystem.2s

The resultsof suchan experimentare simulatedin the closingsectionof

Chapter 5. The simulationsindicatethatthe restrictionimposed by the anion



14

equilibrium geometry may be lifted by the proposed vibrational pumping scheme.

Preliminary experiments to investigate the feasibility of such an approach have

demonstrated that a line tunable CO2 laser, despite its high fluence, is inappropriate

for two reasons. It is not continuously tunable and the linewidth is too narrow to

move a large population of rotational substates. Prior to a new effort in this direction,

the exact gas phase anion fundamental frequency needs to be determined.

It is perhaps evident that spectroscopic approaches to the characterization of

reaction transient species are becoming increasingly important in the experimental

armory of the reaction dynamics field. The recent introduction of commercially

available femtosecond laser systems will surely bring an explosion of time-domain

measurements of reaction transients in the gas phase. 15'27 The advance of

theoretical methods to describe the quantum dynamics of a reaction, and the

development of electronic structure methods that are accurate enough to compute

reaction potential energy surfaces to chemical accuracy, are driven by the quality of

experimental information available. Transition state spectroscopy experiments can

provide the sort of high quality data on the part of a chemical transformation that

is most important in this respect.
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Figure Captions for Chapter 1.

Figure 1-1. Schematic of the photodetachment process for a diatomic negative ion.

The photoelectron spectrum expected for the hypothetical potential

energy curves is shown on the right hand side of the Figure.

Figure 1-2. Photodetachment of the anions (a) BrHI-, (b) OHF- and (c) FH2-

access different regions on their respective neutral surface. Contours

of the neutral potential and the approximate extent of the Franck

Condon region (shaded) are shown. The region probed is, in all three

cases, in the three atom interaction region of the potential energy

surface, however each case is sensitive to a different segment of the

transition state region. Assumptions for anion and neutral potential

surfaces for each system detailed in chapters 5, 6 and 7.

Figure 1-3. Schematic of a vibrationally-pumped photodetachment experiment.

(Top) BrHI- anion and Br + HI --, HBt + I neutral potential curves

along an idealized reaction coordinate. The anion v3 = 0 and v3 - 1

wave functions are shown, and the upward shaded regions indicate the

section of neutral reaction curve detachment from each vibrational state

would access. (Bottom) Excitation schemes with anion levels shown in

solid lines and detachment continuum shaded; (i) direct infra-red

excitation of negative ion with tunable lR laser, (ii) stimulated Raman

pumping of negative ion with two-color scheme where hvl is "pump" and

hv 2 "Stokes"laser.
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Chapter 2. Experimental: modifications and improvements to the negative

ion photoelectron spectrometer

The experimental apparatus employed for all work presented in this thesis, a

pulsed time-of-flight negative ion photoelectron spectrometer, was constructed by Theo

Kitsopoulos, Ricardo Metz, Alex Weaver and Dan Neumark in 1986-7. The machine

i;_ described in detail in the Ph. D. thesis of Alex Weaver. 1 The computer program

used to control the apparatus and to perform some of the data manipulation is

likewise described in the thesis of Ricardo Metz. 2 A brief description of the apparatus

appears here and also in each of chapters 3, 5, 6 and 7 with emphasis on the

particular features important to those individual studies.

In this chapter, I will describe in de_dl the major modifications to the

apparatus hardware and enhancements to the data collection program, that have been

made in the last few years. A full description of the calibration and background

subtraction procedures applied to the raw data is given. As these two processes are

routinely applied as a first step in analyzing virtually all data recorded on the

photoelectron spectrometer, it seems appropriate to detail their correct usage.

The apparatus is a dual time-of-flight spectrometer. Ions are created in a free-

jet/electron impact source of Johnson and Lineberger design. 3 The ion for study is

selected in a Wiley-McLaren type mass spectrometer, 4 and the electrons liberated

from the ion on irradiation with the photodetachment laser are energy analyzed by

time-of-flight. A schematic of the experimental apparatus is shown in Figure 2-1. The

experiment reliesheavily on the advances in negative ion sources in recent years. The

source region is shown on the left hand side. A pulsed molecular beam valve (1)
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introducesthereagentgasesintothesourcechamber. A freejetexpansionensues
f_

which,when crossedby a fastelectronbeam (2),generatescoldmolecularions

suitableforspectroscopicstudy. The ion sourceisdescribedin greaterdetailin

section1.2.The negativeionsproducedinthefreejetareinjectedintoa time-of-flight

mass spectrometer(3)which separatesthem intopacketsaccordingtotheirmass.

The ionsignalcanbe monitoredatthemicrochannelplatedetector(4).The timing

ofa pulsedfixed-frequencylaser,whichintersectstheionbeam at(5),ischosenso

thatonlytheionpacketcorrespondingtothemass ofinterestisphotodetached.The

resultingneutralscan alsobe monitoredatthedetector(4)when a retardationfield
f

isappliedtothefrontofthedetectortoblockundetachedions.

The polarizationofthelaserradiationisvariedby means ofa halfwave plate.

The anglebetween the electricvectorofthe radiationfieldand the directionof

electrondetection,denotedby 0,may thereforebe controlled.Photodetachment

produceselectronsthattravelaway fromthecenterofmass overall4_ steradians.

Onlyelectronsthatarereleasedintothesmallsolidanglesubtendedby theelectron

detector(6)atthe end ofa 1 meterflighttube aredetected.The energyofeach

electronisdeterminedbyitsflighttimeinthefield-freeflighttube(6).The resultant I

electronenergydistributiongivesinformationaboutthevibrationaleigenstates,or

scatteringstates,oftheneutral.

1. Enhancements to the apparatus

1.1 Electron Detection

A simple but significant improvement to the apparatus was the installation,

in July 1991, of a new electron detector _dth a set of larger diameter microchannel
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plates (at position (6) on Figure 2-1). The original 40 mm diameter plates (the quoted

diameter refers to plate active area) were replaced by two new 75 mm diameter plates

(Galileo), and a new detector mount was constructed. The channel plates are, as

usual, mounted in chevron configuration. An identical circuit to that used previously

is employed to bias each of the detector elements. 1 The electron collection efficiency

is improved by a factor of- 3.5 because of the increased solid angle subtended by the

electron detector at the laser interaction region. Now about 0.04% of the total

photoelectrons are collected yielding a three- to four-fold signal-to-noise improvement

in the photoelectron spectra. One would expect a small degradation in the electron

energy resolution because of this change; there is now a greater uncertainty in the

lab to center-of-mass correction term (see section 2.1 below) for the electron energy

due tothe increasedacceptanceangleofthe detector,s Calculationsindicatean

expectedresolutionof11-12meV fora 0.65eV electron,photodetachedfromI-,with

thisnew detector.Indeed,we experimentallyobservethepeakwidthoftheI(_PI_)<---

I-transitioninthe266nm photoelectronspectrumofI,whichoccursatthiselectron

kineticenergy,broadensfrom 8 -9 meV withthe40 mm platesto12-13meV with

thenew plates.
i

Despitetheincreasedelectroncollectionefficiency,thebackgroundelectron

signal,whichisduetoelectronsreleasedfrommetalsurfacesinthedetectorchamber

by scatteredlight,hasbeenreduced.Thishasbeenachievedby new laserbaffles,to

reducethe amount of scatteredlight,and a realignmentof the electronbaffles

(marked(7)on Figure2-1)in the electronflighttube,Iwhich blockmany ofthe

backgroundelectrons.Together,theimprovementstothedetectorand tothebaffling
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haveincreasedthesignal-to-backgroundratiofor213 nm photoelectronspectraby a

factoroffour.

These signalcollectionimprovementsmake a significantdifferenceto the

experimentin severalways. Clearly,ittakeslesstimetoaccumulatespectraof

comparablequalitytoearlierwork,but alsoitallowsspectratobe recordedfor

systemsthatwere impossiblebeforethechange.For example,spectracan now be

recordedforsystemsatbothparalleland perpendicularpolarizationsofthelaser,

wherecollectingdataononeofthepolarizationsmay havebeenimpossibleearlierdue

toverylow signal.Thisisdemonstratedinresultspresentedbyway ofpostscriptsto

chapters5 and 6,and in allthe new datain chapter7. The most persuasive

demonstrationofthepowerofa "factoroffour"istherecentsuccessfulobservationof

resonancesinthe213 nm photoelectronspectrumofCIHCI,ewhich had eludedus

inmany previousattempts!v

1.2 Ion Source

The operationofourionsourceisdescribedinWeaver'sthesis._ Synthesisof

a largevarietyofnegativeionshasbeenachievedinthissource.The modifications

to our basic source,necessaryto make variousions,and some of the more

unconventionalmodes ofoperationofthesource,aredescribedbelow.Forexample,

a smallmixingchambercan be added tothefrontofthemain pulsedvalveforthe

purposeofmixinga secondarygasintotheexpansion.A more complicatedversion

ofthisarrangementinvolvestwopulsedvalves.Toimprovethecoolingandclustering

propertiesofthepulsedexpansion,a piezo-electricvalvehasbeen incorporatedinto
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our source. An important piece of diagnostic equipment for this work is the Fast Ion

Gauge s (FIG) for testing the gas pulses from each valve arrangement.

The two main components of the source are the pulsed valve, or the device that

introduces the gaseous sample into the vacuum system, and the electron beam that

crosses the free jet and induces various fragmentation, ionization and electron capture

events which in turn generate the desired negative ions. The continuous electron

beam, produced from an electron gun of a Tektronix scope, is easy to manipulate;

consequently this component of our source is seldom altered. The pulsed valve in

contrast has seen numerous changes. The basic' arrangement is a small pulsed

commercial solenoid valve, a General Valve Series 9 (General Valve Corporation,

Fairfield N.J.), which is backed by 2 - 5 atmospheres of a dilute gas mixture. The

operation of this valve and the pulsing circuits used to drive it are described in detail

elsewhere. 1'9 Synthesis of many of the negative ions described in this thesis have

been achieved with this basic arrangement.

Oi'ten, a precursor required as a reagent in the jet exists in the liquid state

under standard conditions. If the liquid is volatile at room temperature, the liquid

may be entrained into a carrier gas by bubbling the carrier through the liquid and
J

then pulsed successfully into the vacuum chamber. All valves will seize up after a

period of time in this mode of operation, and need some serious maintenance work.

An advantage of the simple solenoid valve, over a more advanced valve like the piezo-

electric valve, is the General valve has only a few internal parts, which may be

cleaned, or if necessary, cheaply replaced in a few minutes. Moreover, it is often hard

to get sufficient liquid entrained into the carrier gas, i.e the liquid does not have a

sufficiently large vapor pressure at room temperature. The General Valve is robust
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enough that the liquid sample may be physically dropped into the body of the valve,

while it is hangin_ i.n vacuum, and then the valve pulsed a few times to flow some of

the liquid,n-._rthe surfacesinsidethevalve. Once thisinitialcyclinghas been

completed,a fairlystablebeam oftheprecursor,entrainedinthe carrieratmuch

higherdensity,can be achieved.This'shortcut'has beenemployedfortheliquids

benzylisocyanate,benzylthioisocyanate,formicacidand methanoltopreparetheions

NCO-, NCS-, HCO_- and CI-I3OH..F-respectively.

Further experimentationwith pulsed nozzledesignhowever has been

necessitatedby thequestforothernegativeions.A common requirementisfortwo

differentreagentgasestobepresentinan expansioninordertoperformthedesired

ion-moleculechemistryinthe electronbeam interactionregion.One gas may be

requiredtoproducetheseedion,sayNsO toprod _ O';and thesecondasthetarget

moleculeforreactionorclustering,e.g.methane orhydrogenfortheprocessesO- +

CH 4 -_ OH- + CHs or O- + I-Is _ O-(H_). In many cases,the two gasescan be

premixedthoroughlyina stainlesssteelcylinder,folexampleN_O and HCI usedin

thesourceclusteringreactionofO- _dthHCI. However,inthesetwo examplesthe

reagentgasesdefinitelycannotbepremixedathighpressurebeforeintroductionto

thepulsedvalve.Othersuchcombinationsofactivegases,e.g.oxidizingandreducing

agentsoracid/basegaseousmixtures,would oftenbe desirableforproducingsome

interestingions,butareimpossibletopremixand thustousewiththesinglevalve

inletarrangement.Instead,eachactivegasneedstobeintroducedseparatelyintothe

jetexpansion.Anotherpowerfuluseofsucha doubleinletarrangementwouldbefor

varyingtheratiooftwo activegasesatruntime,ratherthanfindingtheoptimalratio
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for premixing by trial and error - each trial mix needs to stand for several hours. For

some of the more exotic AHB- ions (where A _ B) this would be extremely useful.

The basic General valve is ideal for designing hybrid gas inlet assemblies as

it is small and it is easy to attach add-ons to its flat faceplate. We have experimented

with both continuous and pulsed secondary gas inlets. The idea is to merge the

secondary reagent gas with the main pulsed beam after the pulsed valve but prior to

the free jet expansion. The gas through the main valve carries one reagent and the

carrier gas fo_ the expansion, and the secondary reagent gas is introduced via a small

mixing chamber (see Figure 2-2) attached to the exterior of the pulsed nozzle orifice.

Ideally, the mixing is optimized by creating maximum turbulence in the main flow

within the mixing chamber. This is how we arrived at the triple-injector design of

Figure 2-2. A free jet expansion, albeit somewhat weaker than that from the

unimpeded pulsed valve, then takes piace from the front aperture of this mixing

chamber. This approach has been successful for producing good den,_ties of OH-by

the reaction of O-(from N20) with NI-I3introduced continuously through the "mixing

chamber". The flow of ammonia is controlled by a leak valve outside the chamber.

OH-is surprisingly difficult to make from any simple dissociative attachment process;

neither I-I20or H2Ozproduces OH- in our source! Clusters based on OH- are in fact

highly desirable targets for future transition state studies in our laboratory.

A pulsed design for the secondary gas inlet would clearly be advantageous over

the above continuous scheme so as to reduce the gas load on the pumping system and

to increase the density of the secondary gas present during the main valve pulse cycle.

An in-line General Valve (Series 9, two way) has successfully been incorporated into

the secondary gas supply line to the mixing chamber. Instead of the mix chamber
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design of Figure 2-2, we use a similar, but simpler, single injector (0.070" diameter)

chamber; the central hole, for the main flow, has the same 0.080" diameter as before.

Unfortunately the secondary gas pulses are not limited by the in-line valve's open

time, but rather by the small conductance of the 1/8 "tubing (inner diameter is only

0.052") attaching the second valve to the mix chamber. Even so, the --2 ms duration

pulses reduce the pumping load by a factor of ca. 25 when running at 20 Hz, allowing

much higher concentrations of the secondary gas in the expansion at reasonable total

source chamber pressures. The yield of FHCI-in the mass spectrometer, when

running NF3 behind the main valve and 5% HCF He behind the second in-line pulsed

valve, can be varied over an order of magnitude by adjusting the pulsing delay and

duration of the in-line valve driving circuit.

Despite the flexibility of the Genera] valve, the fast ion gauge clearly shows

that the gas pulses produced by this valve are not limited only by the flow through the

faceplate aperture ('choke' flow). The internal armature of the valve, which withdraws

the poppet sealing the valve when the solenoid is activated, does not respond very fast

compared to the overall pulse duration. This problem' is compounded by the wedge

tip design of the poppet in the General Valve, and so choke flow is achieved only very

late in the gas pulse. The properties of a free jet expansion that make its use

attractive to spectroscopists are the high degree of internal cooling achieved in the jet

and the high local molecular densities that accompany this dramatic cooling. Pulsed

valves are used to reduce the overall load on the vacuum system. Thus a pulsed valve

that delivers a high gas intensity in a short pulse, with choked flow during the large

part of that pulse, is optimal. The above two problems of the General valve in this

respect are mostly removed in the piezo-electric valve. 8'I° This valve has a fast rise
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time - the motion of the piezo-electric crystal keeps up with the high voltage driving

pulse - and uses a flat o-ring, rather than a wedge, seal against the faceplate aperture.

We have therefore recently built 1_and used a piezoelectric valve in our experiments

on FI-I2- and other clusters. TM

2. Procedures for improved data collection

2.1 Calibration description

The calibration procedure has been described briefly in the thesis of Alex

Weaver. _ Here we outline the procedure in full, detailing several new aspects of this

important part of the photoelectron experiment. The calibration of 213 nm

photoelectron spectra is dealt with; hitherto there were no good calibrant ions to

anchor the electron energy scale for this laser photon energy (5.822 eV) in the region

of principal use (0.5 - 1.5 eV). This work has indicated a more serious problem in the

calibration process itself. The linear calibration procedure used by our group up until

now proves inadequate to accurately calibrate over a 2 eV range of electron energies.

A quadratic scheme, similar to one used in the Zare group for their multiphoton

ionization photoelectron spectrometer (MPI-PES) apparatus, TMhas been implemented,

and yields a much more useful and accurate energy scale. This is important for the

precise determination of electron affinities and electronic state separations from

spectra recorded on our apparatus.

Conversion of the electron flight time, t, measured on our apparatus, to the

electron center-of-mass kinetic energy, Ee_'com,is given, in the absence of any electric

or magnetic fields, by
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1 12 (1)
E..m-AE = _m, (t-to) 2

where AE is the correction term to the electron energy from the laboratory to center-

of-mass frame. For electron detection at right angles to the ion beam, AE is given by

AE -- m___. va
m_ (Vr + --_-) (2)

and m. and mion are the mass of the electron and the mass of the ion from which the

electron was photodetached, x Vf and Vextare the experimental float and extraction

voltages, which have been set up in the experiment to yield a stable and focussed ion

packet at the interaction region for the particular ion of mass mion. The parameters

1 and to, respectively, describe the zero of time and the distance from the laser

interaction region to microchannel plate detector. To find these parameters, which in

fact do vary from day to day, it is necessary to record photoelectron spectra of several

atomic ions, to calibrate the energy scale. The energies for the transitions of these

calibrant ions are well known to fractions of meV.

To perform this calibration we invert equation (1) to yield

mo 12 1 "t (3)
t=t0+ . +

2 _/E-AE E-AE

where we have dropped the e-, com label for the electron energy, and we have

included an extra term, 7 / (E - AE), for flexibility. For the moment, we shall assume

7 = 0, however later we will see it is necessary in some cases to include a non-zero 7

to yield a reasonable calibration fit. The introduction of this term physically

corresponds to recognition that there is some acceleration of the electron over its flight
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path, and therefore not all fields have been eliminated. One important field that

should not be neglected is the interaction of the electron with the residual charge

cloud due to the undetached ions.

The calibration takes place as follows. A set of photoelectron spectra are

recorded at the lowest possible ion levels, or at least below the "space charge limit"

for that ion. The Coulomb repulsion of the residual ion cloud on the departing

electron shifts the peaks in the ion's photoelectron spectrum to higher electron kinetic

energy. The space charge limit is the highest ion density at which the peaks in the

ion's photoelectron spectrum are unshifted due to this Coulomb repulsion. This

varies for ion to ion, and to some extent on the nature of the ion's spectrum. For

example, a molecular, rather than atomic, calibraut's photoelectron spectrum will have

broader peaks and so the onset of Coulomb shifting will seem to appear at a higher

ion level. For cases where it proves impossible to obtain spectra at the space charge

limit (usually around 10 mV ion level, with ion detector stack voltage set at 1650 V,

see Table 2-1), because of signal-to-noise considerations, extrapolation down to "zero-

space-charge" will be necessary. This should occur only for CN-calibration at 213 nm

because of the high background level for the low electron energy lines. In my

experience this calibrant ion may be satisfactorily run at 80 mV ion level, and a "zero-

space-charge" extrapolation (of the order of 5 meV for 80 mV CN- ion level), with

care, can be carried out to good accuracy. _1 These more tedious measures are

_i Thisassumesthatthespacechargeshiftisconstantforallpeaksintheion's

photoelectronspectrum.Recentworkshows thatthereisa dependenceon the

electron'skineticenergy,butthatthisissmallforoverallshiftslessthan 10

meV.
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unfortunately necessary as the calibration fit for 213 nm can be poor without lines at

low electron kinetic energies.

Table 2-I. Estimatedspacechargeshift(inmeV) forcalibrantlines,asa function
ofionlevel.Ionlevelsareheightofionpeak measuredon scopetrace
(inmV) when iondetectorstackvoltagesetat1650V.

IonLevel 100 mV 50 mV 30mV 10mV

Ion mass

F- 19 4.5 3.0 1.5 0.0

CN- 26 5.0 3.0 1.5 0.0

C1- 35 6.0 4.0 2.5 0.0

Br- 79 4.5 1.0

I- 127 10.0 4.0 1.0

For eachcalibrantphotoelectronspectrum,thetime-of-flightforeachspectral

lineand theextractionand floatvoltagessetwhileobtainingthation'sspectrmn,Vext

and Vr,arerecorded.Note,inordertoachievezero-space-chargeconditionsforeach

calibrantionthe extractionvoltagemay varywidely.Itisthereforeimportantto

record,tothenearest10V,theextractionvoltageusedforeachionsoastocompute

accuratelythecenter-of-masscorrection,which may be aslargeas 35 meV (F-)and

dependsonVextaccordingtoEqn.2. Thissetofobservedinformation,alongwiththe

expectedelectronenergies(Table2-2and 2-3)areusedtoperforma weightedlinear

leastsquaresfittoEqn.3.TM The uncertaintiesinthetime-of-flightforeachlineare

the weightsinput intothe fit;formost linesthisisthe 2.5 ns uncertaintyin

estimatinga peak center.Thisfittingprocedurehas beensimplyand conveniently
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automated `2 in the TENURE data acquisition computer program, 2 and should be

performed at the time of calibrant data collection. The goodness-of-fit, _2, a quality

factor (Q) and any disparities in the fit are displayed, along with an root-mean-square

(ms) error, in meV. Q is the probability of X2, equal to or poorer (higher) than that

in the fit, occurring by chance. 14 Q factors higher than 0.50 (1.00 is perfect fit,

indicative of a fudge!) and rms errors smaller than 2 mev are usually obtainable, Q

factors above 0.95 usually indicate that the uncertainties in the time-of-flight

datapoints have been over-estimated. Because this information is available at run

time, the operator can go back and re-record specific calibration spectra immediately

if this is deemed necessary. In this way highly accurate electron energies, with

quantitative error bars, can be deduced from recorded spectra. This procedure has

been adopted in the reporting of all spectra in this thesis, and particular attention has

been paid to this issue in Chapter 3.

2.1.1 Calibration at 213 mn

Whenever a spectrum has peaks over a broad range of electron energies, the

electron energy scale needs to be calibrated over the entire range. This is generally

the case for our 213 nm spectra, although it may be true at any other wavelength.

This causes a particular problem for 213 nra, as the shortest wavelength of our atomic

calibrantlines(I(2PI_),- I-)yieldselectronswith 1.82eV kineticenergy. New

calibrantlinestocoversmallerelectronkineticenergiesatthislaserwavelengthare

required.No suitableatomicionshave excitedstatesin thisregion.The CN-

#2 The subroutinethatperformsthecalibrationinthe TENURE program has

beencompletelyrewrittenand isreproducedinAppendixA.
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photoelectron spectrum does have several lines spanning this electron kinetic energy

range, TMand so we choose this diatomic as our calibrant of the 213 nm spectra, along

with some of the halide ions for the high electron kinetic energy end of the scale.

Using a diatomic ion has disadvantages; the peaks are broader and peak shapes

temperature dependent, and so assignment of peak centers have larger uncertainties.

For 213 nm calibration, and for any other laser wavelength where a large

energy range is being calibrated, a satisfactory linear calibration of the energy scale

is impossible, and a quadratic fit is needed. Then the factor y, called the quadratic

scale compression factor, is non-zero in Eqn. 3. It is noted that y should always be

negative and typically has a value in the range of-100 to -130 eV-ns. Once the

inclusion of this parameter becomes necessary, the conversion of observed flight times

to electron kinetic energies no longer follows Eq. 1, but instead is given by

b2 +2_(t - to) . _b2(b_ . 4_(t - to)) (4)
E._,_- AE =

2(t - to)_'

where b 2 = 1/2meQ2. Eq. 4 reduces to Eq. 1 in the limit of y --, 0, as required. This

reformulation of the time-of-flight to energy relationship has been included into the

data acquisition program TENURE.
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Table 2-2 Calibration lines typically used for UV laser wavelengths.
Electron kinetic energies for atomic and diatomic transitions at
213, 266, 299 and 355 nm."

I[ Transition b Mass 213 nm 266 nm 299 nmc 355 nm5.822 eV 4.657 eV 4.141 eV 3.493 eV

i..............._::.....................................Ii_i_i "':_..............................................:_:2'7 :':1.8197' ":":":.......01'6554 .............................01"1:3'9:4"...................................................................................

Br- Br(ZP1_) 79 2.0010 0.8367 0.3207

_ _ _ _2_2_08_ _ _ _ _

• .. :ii :i:i:i:::,...,....:: .:. .,._,:::.::i::i:i:i:i:!i::::.::,:...:'::::::::::.:i::::::::::::i::.i:':::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

C1- C1(2P1_) 35 2.0994 0.9351 0.4191

:::i:::_......_:_..........__i. ............_:::!:._.::.::_:3:::::!9::]..:_:4_03.::......_::._[i_6_.':3........_::3,1:.._i_O:_!i[::::i!:_:::J........:::::::::::::::::::::::::::::::::::::::::::

F- F(2pI_) 19 2.3702 1.2059 0.6899

::::::::_::........._(Xiv_Oi": ! :3ii: :_6::: :::!1:961_.:.:......:::::::.:O]:_96:i3::;i:i:::!.:i.:.:i_iii_:::::::_:_:_:_:_:_......._:_:3:_:.:::_:!:_:.,_:_._:_::,.:i........::i:

CN- CN(A,v=0) 26 0.831

CN- CN(A,v=2) 26 0.391

a) All electron kinetic energies correspond to the zero space charge limit.

b) CN- transitions labelled by neutral electronic (X(2Z.), A(21-1))and vibrational

state. See Figures 3-1 and 3-2 for sample spectra.

c) First Stokes Raman line in _ using Nd:YAG fourth harmonic (266 nra) as

pump wavelength.

Data used to construct table: Nd:YAG fundamental 1064.8 nra, (9391 cm 1, 1.164 eV).

First Stokes Raman scattering in H2, v = Vpump- 0.516 eV. TM EA(I) = 3.0591 eV, 1_

EA(Br) = 3.363590 eV, 1_ EA(C1)= 3.61269 eV, 17 EA(F)= 3.401190 eV_7 and raw

EA(CN) = 3.861(3) eV. 1_ Atomic spin orbit splittings: (F, 0.05010; TMC1, 0.10940; TMBr,

0.4569; TMand 0.94268 eV,19). CN electronic and vibrational levels. TM
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Table 2-3 Calibration lines typically used for near UV and visible laser
wavelengths. Electron kinetic energies for atomic and diatomic
transitions at 355, 416, ,532 nra2

a) All electron kinetic energies correspond to the zero space charge limit. All 02-

transitions are to centers of unresolved spin orbit doublets.

b) O2- transitions labeled by neutral electronic (X(3Zg), a(1Ag), b(1Zs*)) and

vibrational state. See sample spectra in Figure 2-3 and 2-4.
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Table 2-3continued

c) FirstStokesRaman linein_ usingNd:YAG thirdharmonic(355nm) as

pump wavelength.

d) Spinorbitsplitting(20meV) ofanion02-resolvedinthesetransitions.

Data usedtoconstructtable:Nd:YAG fundamental1064.8nm (9391cmI,1.164eV).

First Stokes Raman scattering in I-I_,v = Vpump"0.516 eV. TM EA(I) = 3.0591 eV, 17raw

EA(O2) = 0.454(3), 2°and 02 electronic and vibrational levels from Ref. 16.
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2.2 Background subtraction

The background signal, despite improvements described in section 1.1, can still

be signif_v.t for 213 nm photoelectron spectroscopy. We estimate that around one

background electron is collected every shot at this laser wavelength. This signal must

be removed to restore the correct intensity distribution in the molecular photoelectron

spectrum. As the spectrum of background electrons is smooth and does not change

from day to day, the background signal may be separately averaged, typically for at

least 120,000 laser shots, and stored. This background spectrum may be Falteredto

remove any high frequency noise, and then scaled and subtracted from the

photoelectron spectrum of the ion under study. This procedure is less time consuming

than background subtraction at run time, where alternately 250 shots, say, of signal

+ background and then 250 shots of background are collected and subtracted.

Additionally, as the signal-averaged background spectrum is f'dtered before

subtraction, the overall signal-to-noise for the subtracted data is higher than in the

"run time" method.

The method of filtering the background data deserves some discussion. The

background time-of-flight dataset is fast Fourier transformed. 14 A fast Fourier

transform (FFT) works on a dataset that has 2 n data points, i.e. 128, 256, 512 or 1024

etc. points. Although padding of the time-of-flight dataset from the usual 800

channels (0 -4000 ns time-of-flight) with zeroes up to 1024 channels works, in practice

it is better to sample the background spectrum into 1000 channels (i.e. out to 5000 ns)

and pad with only 24 zeroes. The power spectrum of the dataset, that is the modulus

squared of the complex frequency (Fourier) representation of the dataset, has

approximately the form of a Lorentzian function centered about zero frequency,
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although it has a non-Lorentzian tail. This is no surprise; the infinitely averaged

background spectrum varies smoothly, i.e. would have only low frequency components.

The high frequency components of the power spectrum are due to noise in the

incompletely averaged data. To remove the noise we use optimal (Wiener) filtering.

The reader is referred to Ref. 14 for a complete discussion of this technique.

Essentially, the Fourier spectrum is multiplied by a narrow Lorentzian filter function

that has approximately the same form, i.e. the same FWHM, as the Fourier dataset

itself. In this way the high frequency tail is damped out. The user can alter the

precise value of the filter width so as to control the damping of the high frequency

components. The product dataset is then reverse Fourier transformed back into the

time domain by another FFT. The result is a smoothed background _ime-of-flight

dataset, which can be. truncated to 800 channels (0 - 4000 ns) and saved to disk.

Comparison of the filtered and original background datasets, by plotting the two files,

is strongly recommended.

This Fourier filtering is preferable to simply fitting the background spectrum

with a polynomial function for two reasons. Firstly, it does a better job at reproducing

the shape of the background spectrum, and secondly it is a lot less arbitrary as the

only variable is the Lorentzian filter width. The filtered background is subtracted off

the summed photoelectron spectrum of the ion under study, after appropriate scaling

of the background spectrum by the ratio of the total laser shots for which data was

accumulated for the ion to the total shots for the background.

We have observed that the background spectrum is slightly different for

different polarizations of the laser, mostly in the integrated number of counts, but

there can also be small variations in the background distribution. Therefore,
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background spectra should be recorded for each polarization used in the ion

photoelectron study. The reader is referred to Appendix A for details on the use, and

source co_e, of the relevant background filtering and subtraction subroutines in the

program TENURE.
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Figure Captions for Chapter 2.

Figure 2-1. Experimental apparatus schematic. The photoelectron spectrometer

contains four differentially pumped chambers. Numbered components

are described in Figure key and in the text.

Figure 2-2. Mixing chamber for the continuous introduction of secondary reagent

gas into the pulsed expansion, to the vacuum side of the main pulsed

valve. The Figure shows the two component parts of the chamber front-

on and in cross section. The ' two pieces are assembled (the smaller

piece fits tightly inside the larger donut), and belted to the faceplate of

the General Valve by the four bolt holes. The overall dimensions of the

assembled chamber is 1.330" diameter by 0.394" thick.

Figure 2-3. Raw time-of-flight photoelectron spectrum for O2- recorded at 355 nra.

Peaks labelled according to transitions denoted in Table 2-3. The

positions of unlabelled peaks (x5, aO) are typically too poorly

determined without lengthy signal averaging, and are not therefore

used in the calibration.

Figure 2-4. Raw time-of-flight photoelectron spectrum for 02- recorded at 532 nm.

Peaks labelled according to transitions denoted in Table 2-3. The spin

orbit splitting in the O2- ion (20 meV) can often be resolved in the al

and a2 peaks.
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.:

Gas #2 in

Front View Side View

Notes: Center hole has 0.080" dia.

Three feeder holes for second gas have inner dia. of 0.010"
Material Aluminum

Chamber bolts to General Valve Faceplate
Second gas introduced through 0.0625" stainless steel tubing

which mates at indicated point by a 1-72 NF fitting.

Figure 2.2
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Figure 2-4
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Chapter 3. Photoelectron spectroscopy of CN. NCO. and NCS- *

Abstract

The 266 nm photoelectron spectra of CN-, NCO- and NCS- have been

recorded with a pulsed time-of-flight photoelectron spectrometer. The photoelectron

spectrum of CN- has also been recorded at 213 nm revealing transitions to the A21"I

state as well as the ground X2Z. state of the CN radical. The following adiabatic

electron affinities (EAs) are determined: EA(CN) = 3.862 ± 0.004 eV, EA(NCO) =

3.609 ± 0.005 eV and EA(NCS) = 3.537 ± 0.005 eV. The adiabatic electron affinity of

cyanide is in disagreement with the currently accepted literature value. Our

measurement ofthe electron affinity of NCS confirms recent theoretical estimates that

dispute, the literature experimental value. By Franck Condon analysis of the

vibrational progressions observed in each spectrum, the change in bond lengths

between anion and neutral are also determined. For NCO-this yields R0(C-N) = 1.17

± 0.01 A and R0(C-O) = 1.26 ± 0.01 ,_, and for CN- the equilibrium bond length is

found to be Re(C-N) = 1.177 ± 0.004 A. The gas phase fundamental for CN- is

determined for the first time: v = 2035 ± 40 cm 1.

I. Introduction

The CN-,NCO, and NCS- anionsareofconsiderableinterestinbothsolution

phaseand gasphasechemistry.The threeanionsare"pseudohalides"inthattheyare

closedshellspecieswithrelativelyhighelectronbindingenergies.On theotherhand,

thereare importantchemicaldifferencesin comparisonto the halideions; in

"J. Chem. Phys.,inpress(1993)
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transition metal complexes, for example_ the halide and cyanide anions are at opposite

ends of the spectrochemical series. A number of experimental and theoretical studies

of the spectroscopy and thermochemistry of these anions have been performed in

recent years. However, several quantities, particularly the electron affinities of the

NCO and NCS radicals, are not weU-determined. In order to address this, we have

measured the ultraviolet photoelectron spectra of the three anions. The spectra yield

accuratevaluesofthe radicalelectronaffinities,as wellas some anionvibrational

frequenciesand bond lengths.

The spectroscopyoftheCN radicalhas beenthoroughlystudied,Ibut,while

CN-has been investigatedinvariouscondensedphaseenvironments,2_'4'sCN-has

not been fullycharacterizedin the gas phase. Neitherthe bond lengthnor the

vibrationalfrequencyforgas phase CN-have been experimentallydetermined,

althoughtherehasbeenveryhighqualityab initiotheoryperformedtodescribethe

ion.e'7The CN electronaffinity(EA)has beenmeasured by Leone and coworkers,8

whose valueof3.821_ 0.004was ingoodagreementwiththepreviousexperimental

measurement ofBerkowitz(3.82_+0.02eV).9 CN- has a higherreportedelectron

bindingenergythananyatomicorotherdiatomicspecies,and isthereforea desirable

calibrationstandardforourphotoelectronspectrometer.However,ourphotoelectron

spectrashow theCN electronaffinitytobe slightlybutsignificantlyhigherthanthe

currentlyacceptedvalueof Leone. In addition,we observea _notband' from

vibrationallyexcitedCN, yieldingthegasphasevibrationalfrequency,and we obtain

theCN-bond lengthfroma Franck-Condonanalysis.

Despitethewellch_acterizedspectroscopyoftheradicalsNCO and NCS,I°

the electronaffinitiesfor these specieshave not been accuratelydetermined;
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currently the EA's listed in the compilation of Lias et al. _1are 3.59 ± 0.36 and 2.15

± 0.02 eV for NCO and NCS respectively. The value for the electron affinity of NCS,

obtained from Page's magnetron experiments, TM is particularly suspect. Not only

does it seem inconsistent with the other CN containing molecules, it is also

considerably lower than theoretical estimates of this quantity. TMWe note that Page's

accompanying result for EA(CN), 2.80 eV, is similarly too low. TM Dillard and Franklin

derived EA(NCS) = 3.51 eV from measured heats of formation of NCS and NCS- in

ion molecule reactions; 14the most recent theoretical work supports this value with

a calculated EA of 3.45 eV. _8 We show that the true electron affinity is close to that

derived from the thermochemical cycle and the theoretical value, and that the

previous "direct" measurement of the EA is in error.

The vibrational spectroscopy of the NCO- and NCS- anions have been

thoroughlyinvestigatedin variousalkalihalidematrices.Is'le'_7'_sIn addition,

highresolutioninfraredgas phasespectroscopyhasbeen performedon bothNCO-

and NCS- in Saykally'slaboratory._9_° This work yieldedthe v3 fundamental

frequencyand the equilibriumrotationalconstantforeach oftheselinearions.

However,asisotopicallysubstitutedspectrawerenotrecorded,therotationalconstant

doesnotcompletelydefinethemolecularstructure,andthereforethetwobondlengths

remainunknown foreachion.Incontrast,fortheNCO radicalatleast,_SNisotopic

substitutionintheopticalspectra,alongwithmicrowavedatafor_4NCO,yieldsthe

individualneutralbond lengths,Ro(C-N)and R0(C-O).21 With thisdata forthe

neutralbond lengths,and a Franck Condon analysisofthe NCO- photoelectron

spectrum,we determinetheindividualbond lengthsfortheNCO- anion.
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2. Experimental

The photoelectronspectraofNCO, NCS, and CN- were recordedon our

fixed-frequencynegativeionphotoelectronspectrometer.Thisapparatushas been

describedin detailelsewhere.22 Briefly,the instrumentisa dual time-of-flight

photoelectronspectrometer.A gasmixtureata stagnationpressureofca.3 atm is

expandedthrougha pulsedmolecularbeam valve.Justbelowtheorificeofthepulsed

valve,a continuous1 keV electronbeam intersectsthe gasbeam at90°. Ionsare

made inthecontinuumflowregionofthejet.Subsequentcollisionsintheexpansion

cooltheinternaldegreesoffreedomoftheions.Varyingdegreesofcoolingofthe

vibrationalmodes can be achievedby changingthecarriergas.

Intheseexperiments,tomake CN, a mixtureof3% HCN, 8% NF 3seededin

N2 isexpandedthroughthepulsedvalve.CN-is producedinthejetbythefollowing

reactions:

NF 3+ e- --_NI?2+ F-

F-+ HCN -_HF + CN-

To produce NCO- and NCS-, a few drops of benzyl isocyanateor benzyl

thioisocyanaterespectivelyaredroppedintothevalve,and 3 atmospheresofHe ora

40% CF4/He mix,is expanded throughthe 'wet'valve. NCO-and NCS- are

producedbydissociativeattachmentofanelectrontoPhCH_NCO orPhC_CS. The

CF4 /He mix isfoundtogivefarsuperiorcoolingforvibrationalmodes oftheNCS-

ion.

The ionsareperpendicularlyextractedintoa time-of-flightmass spectrometer

ofWiley-McLarendesign.23The mass-selectedionofinterestisphotodetachedusing

a pulsedNd:YAG laserthatpropagatesperpendiculartotheionbeam. In these
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experiments, the fourth (266 mn, 4.657 eV) or fifth (213 nm, 5.822 eV) harmonic of the

Nd:YAG laser is used. Photoelectrons ejected from the mass selected ion are detected

at the end of a 1 meter field-free flight tube which is orthogonal to the laser and ion

beams. The energy of the detached electrons is determined by time-of-flight. The

energy resolution is 8 meV for electrons with 0.65 eV of kinetic energy and degrades

as E_2 for higher kinetic energies. The polarization of the laser can be adjusted by

means of a half-wave plate such that the angle 0 between the electric vector of the

laser radiation and the direction of electron detection may be sampled. Adjustment

ofthelaserpolarizationtothemagic angle(0= 55°)can be used toeliminatethe

photoelectronangularanisotropyterm.24

Due tothe highphotonenergyemployed,any scatteredlightwillrelease

electronsfrommetalsurfacesinsidethechamber.Thiseffectisminimizedbyelectron

and laserbafflesbut,evenso,at213nm thebackgroundlevelissufficientlyhighthat

the backgroundsignalmust be subtractedfrom the data. As the kineticenergy

distributionofthebackgroundphotoelectronsissmoothand doesnotchangefromday

today,a smoothfunctionisfittedtothebackground,scaledand subtractedfromthe

experimentalspectrum.Thissubtractionprocedurehasbeenfollowedforthe213nm

photoelectronspectrumofCN- here.

The calibrationprocedureusedinthesespectraisworthyofsome discussion.

InthephotoelectronspectrumofA- atphotonenergyhv,theelectronkineticenergy

ofeachpeakisdeterminedby

eKE = hv-EA(A)-Ei(A)+Ei(A-) , (1)

where EA(A) is the electron affinity of A (or, equivalently, the electron binding energy

of A-), and Ei(A) and E_(A-) are the internal energies of A and A- for that transition.
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Ideally, for calibration purposes, the electron affinity and the internal energies of the

calibrant species should be extremely well known. At 266 nm the electron kinetic

energy scale is calibrated using photoelectron spectra of the atomic ions F, C1, Br,

and I, for which the corresponding neutral electron affinities (3.401190, 3.61269,

3.363590, and 3.0591 eV, respectively 25) and neutral atom spin-orbit splittings

(0.05010, 2s 0.10940, 27 0.45692e and 0.94268 eV, 2e respectively) are known to good

precision. Each calibrant ion gives two narrow peaks in the photoelectron

spectrum, 2s and these atomic lines cover the range of electron kinetic energies (0.65-

1.60 eV) appropriate for photodetachment at 266 nm. At this wavelength, we can

access the ground electronic states of CN, NCO, and NCS, and can therefore

accurately determine their electron affinities.

The calibration proceeds as follows: the recorded flight times, t, for each

calibrant line are fitted to the following form:

m./2 1 _ (2)

where me is the electronic mass and EI,b is the expected electron kinetic energy in the

laboratory frame-of-reference. Using the 8 or more calibrant lines, the offset b, the

effective flight length Q,and the quadratic correction factor Tare determined by least _:

squares. For 266 nra, a linear calibration of the energy scale (T = 0) is generally

sufficient. Using these constants that define the electron energy scale, the flight times

for the spectrum of interest are converted to electron kinetic energies; this conversion

procedure includes a small center-of-mass correction to the energy. 22

The situation at 213 nm is less auspicious. For this photon energy the halide

lines are clustered near electron kinetic energies of 2 eV or above. There are no other
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atomic negative ions with higher electron binding energies so it is necessary to go to

a molecular calibrant ion. One of our motivations for studying CN- was to obtain

calibration points for 213 nm at lower electron kinetic energies. This can be done

using the transitions from CN- to the first excited electrordc state of CN, the A2H

state, which lies 0.83 eV above the X2_ ground state. This, of course, requires the

accurate value for EA(CN) determined at 266 mn. Thus, the results presented in the

next section will allow us to better calibrate future spectra at 213 nm. We note here

that to fit the electron kinetic energy scale at 213 nm over the entire range covered

by the halide and cyanide transitions, the quadratic scale compression factor, ¥, must

be included. This calibration fit then reproduces all lines to within the measured

time-of-flight uncertainties for all points. _ The inclusion of a quadratic term in the

calibration is similar to that employed on negative ion photoelectron instruments in

the Lineberger s° and Ellison sl groups. Our conversion scheme from time-of-flight

to electron kinetic energy is analogous to that used on the multiphoton ionization

photoelectron spectrometer described by Anderson et al. s_

3. Results

The 266 nm photoelectron spectra of the three molecular ions are shown in

Figure 3-1. The NCO- spectrum was recorded using the laser polarized at the magic

angle (0 = 55°) because a change in relative intensities across the band was noticed

as a function of laser polarization. For NCS- and CN, although there is sizeable

change in absolute, counts recorded with the two extreme laser polarizations, the band

profile did not change, so spectra were recorded with polarization chosen to maximize

signal/noise. This was with 0 = 0° for CN- and 0 = 90 ° for NCS-. Figure 3-2 shows



55

the 213 nm photoelectronspectrum of CN- with the polarizationof the laser

perpendicular(e= 90°)totheelectroncollectiondirection.

The spectrainFigure3-1areallrelativelysimple.Photodetachmentofeach

ionleadstoverylittlevibrationalexcitationinthecorrespondingneutral.The CN-

266 nm spectrumshowsonlya singlepeak,the0-0transition,indicatingvirtuallyno

geometrychangebetweenCN- and the XsZ. groundstateofCN. In the213 nm
/

spectrum(Fig.3-2),inadditiontotheX statetransition,a moreextendedprogression

(peaksA0-A2)inthevibrationallevelsoftheA21-1stateisobserved.Thus,according

totheFranck-Condonprinciple,thereisa some,_hatlargergeometrychangeforthis

anion--,neutraltransition.Sincethe vibrationalspacingsand the energyofthe

electronicorigininthe CN A2n stateareknown,_peaksA1 and A2 canbe usedin

additionto AO tocalibratethe electronenergyscaleat 213 nra. The onlynew

spectroscopicfeatureinFigure3-2ispeakaO.Thisisa hotband originatingfromthe

v=l leveloftheanion.Thisspectrumwas recordedunder sourceconditionswhich

increasedthevibrationaltemperatureoftheanions;inotherspectra(notshown),this

featurecanbeeliminated.Observationofthehotbandisdesirablesinceitrepresents

thefirstgasphasemeasurementoftheCN- vibrationalfundamentalfrequency,2035

__.40 cm"_.

The NCO-photoelectron spectrum shows a short progression in the v3

'antisymmetric stretch' mode of the NCO X_I'Istate (Fig. 3-1). Each peak consists of

overlapping transitions to the two spin-orbit components ofNCO (Aooo = -95.6 crel). 33

For the NCS x2n state, the spin-orbit splitting is much larger (Aooo= -323.4 cre'l),_

and transitions to the individual fine structure components are resolved. The spacing

between the doublets is close to the v3 (C-S stretch) fundamental in NCS. However,
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a more detailed comparison of the observed peak positions and the term values

derived from extensive optical measurements 33reveals some discrepancies. This is

discussed in more detail when we attempt to simulate the NCS- photoelectron

spectrum.

The widths of the observed peaks (- 28 mev for NCO-, - 21 meV for NCS-

and - 16 meV for CN, 266 nra) are larger than that due the instrumental resolution

alone. In the case of NCO, the extra width is due to the unresolved spin-orbit

splitting. For the remainder, the peak width is due to sequence bands and the

underlying rotational contour for the transition.

4. Analysis and Discussion

4.1 Electron Affinities

The electron affinities for the three radicals can be determined from the 266

mn spectra shown in Figure 3-1. The adiabatic electron affinity is estimated as

follows. The electron kinetic energy at the peak center of the assigned origin (Ei(A)

= Ei(A-) = 0.0, see Eq. 1) yields the raw electron affinity via

EA = hv - eKE (3)

where hv is 4.657 eV for 266 mn. Corrections are made for the spin-orbit splitting (if

appropriate), sequence bands, and any shift between the center of the rotational

contour and the rotationless origin. Another factor to be considered in deriving

accurate electron affinities is the effect of Coulomb repulsion of the remaining ion

charge cloud on the ejected electrons. The interaction of the undetached ion packet

with the electron causes the kinetic energy of the departing electron to be increased

slightly. We correct for this effect by determining the magnitude of this shift for an
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atomicion of similarmass, forthe same ion density.Values forallof these

correctionsarelistedinTable3-I.As canbeseen,themagnitudeofthislatter'space

charge'effectisfairlysmall.

The rotationalcorrectioniscalculatedby simulatingtheexpectedrotational

i contourss_ usingthe known rotationalconstantsforeach moleculeand assuming

a simples-wavedetachmentmodel developedby Fanos7and Walkerss.Thisisan

approximation;an s-wavemodelisnotstrictlyappropriatehere,sincetheelectron

kineticenergiesareon theorderofI eV. Usingan anionrotationaltemperatureof

200 ± 50K,therotationalcontour,when convolutedwiththeinstrumentalresolution

function,matchestheexperimentallineshape,and the(small)correctionbetweenpeak

maximum and rotationlessoriginforthetransitionmay be estimated.Itturnsout

forallthesesystemsthatthe correctionis smallerthan the errorbars forthe

correctionprocess,whichneverthelessarepropagatedintothefinaluncertaintyinthe

electronaffinity.The rotationalcontoursimulationforthephotoelectronband tothe

CN groundstateisshown intheinsetofFigure3-1.The possibilityofbroadeningof

theoriginpeakintheCN-266 nm photoelectronspectrumdue totheI e-I sequence

band hasbeencheckedfor;thesimulatedprofiledoesnotchangeevenforvibrational

temperaturesaslargeas1400K. The finalelectronaffinitiesderivedfromthiswork

appearinthefinalcolumnofTable3-I.

Letuscompareourelectronaffinitydeterminationswiththosecurrentlyinthe

literature.The reportedCN electronaffinityof Kleinetal.s obtainedvia laser

optogalvanicspectroscopyis slightlylower than our measurement, and both

measurementslieoutsidetherangeoftheirmutualerrorbars.KleinreportsEA(CN)

= 3.821± 0.004eVswhereaswe deduceEA(CN) = 3.862± 0.004eV fromthe266 nm
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spectrum. We have repeatedthismeasurement severaltimeswith independent

calibrations,and arethereforeconfidentinour value.To resolvethe discrepancy

betweenthesetwomeasurementswe attemptedtomeasurethetotalphotodetachment

crosssectionon a differentapparetus,a9with a tunabledye laser. Such an

experimentismuch more akintotheoptogalvanicexperiment,and shouldprovidean

independenttest.However,incontrasttoKlein'sexperiment,we mass-selecttheCN-

beforeirradiation.This experiment confirmedthat the thresholdfor CN-

photodetachmentoccurstotheblueofKlein'sreportedthreshold;ourtotaldetachment

crosssectionrisesat321.1_*0.3nm (3.862eV)comparedto324.4nm (3.821eV).One

possibleexplanationofthisdiscrepancyisthatKleinetal.,who onlyobservedthe

324.4nrathresholdwhen usingBrCN astheirsourceofions,wereactuallyobserving

thethresholdforthechannelBr(_P_)_-Br,whichoccursat3.8205eV.2s_e Indeed

the authorsnoted a strongslowlyrisingbackgrounddue to the Br(_Pa_),--Br-

transitionthroughoutthewavelengthregiontheyinvestigated.

Our reportedvaluesfortheelectronaffinityofNCO and NCS areinexcellent

agreementwithsome recenttheoreticaldeterminations,but invaryingagreement

with experimentalestimates.For NCO, therehave been numerous experimental

determinationsofthe electronaffinity.Brauman and coworkers4°observedthat

NCO has a higherEA than fluorine(3.401eV2S).Osterand IUenbergerestimate

EA(NCO) - 3.8_*0.2eV basedtheirobserved0 eV appearancepotentialofNCO- and

SFs-from low energyelectronattachmenttoSFsNCO,41althoughthisisonlyan

upper limitifthe appearanceenergiesarelessthan 0 eV. Dillardand Franklin

calculatedEA(NCO) = 1.56eV from he heatsof formationof NCO and NCO-

measuredintheirion-moleculeexperiments,]4buttheheatsofformationfoundinthis
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work appear to be inconsistent with currently accepted values. Wight and

Beauchamp calculated a value of 3.62 _*0.2 eV from their measured NCO-proton

affinity using literature heats of formation for AH_(HNCO) and AH_(NCO). 42 Our

direct measurement of the adiabatic electron affinity is consistent with the

measurements of both Brauman and Oster, and also with Wight and Beauchamp's

derived value. As discussed in the Introduction, previous 'direct' measurements of the

NCS electron affinity, TMin contrast, appear to be incorrect. Our value of 3.537 _*0.005

eV, however, is in agreement with Dillard's derived value of 3.51 eV. 14

The theoretical values for the adiabatic electron affinities of Koch and

Frenking, 3.71 eV for NCO and 3.45 eV for NCS, TMare in good agreement (better than

0.1 eV) with our observed values. These calculated electron affinities are zero-point

corrected MP2/6-31+G* energy differences between the optimized ion and neutral

structures. Baker et al. have presented an exhaustive comparison of ab initio

estimates of electron _ities for several molecular systems including NCO. 4a_ An

interesting conclusion of that study was that the use of a simple MP2/6-31+G* scheme

for calculating the energy difference between ion and neutral was among the most

effective methods for estimating the adiabatic EA, with the caveat that spin

contamination in the unrestricted (UHF) radical wavefunction should be small (as is

the case for NCO). This explains the success of Koch's calculations, and we have

ourselves found that a MP2/6-31++G** model reliably yields excellent EA's in our own

calculations when we compare to other experimental measurements in our laboratory.

This is certainly an encouraging result for ab initio theory which has traditionally

viewed negative ions as one of the hardest classes of molecules to describe correctly.
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It appears that all three ions studied here have very similar electron binding

energies.Thiswould leadone tosuspectthatthe'extra'electronwould be closely _

associatedwith the CN partofthe molecule.The considerablylargerelectron

affinitiesofNCO and NCS relativetoOH and SH (1.828,2.314eV respectively2s)

seem tosupportthis,since,inOH- and SH, theelectronislocalizedon theoxygen

and sulfuratoms.However,theHOMO (of_ symmetry)forNCO- hasamplitudeover

allthreeatoms,notjusttheCN group,asisshown inFigure3-3.Thissuggestthat

the'extra'electronisactuallysomewhat delocalizedjustasforNa- (E.A.(N3)= 2.68

eV39).The HOMO inNCS-is alsoshown inFigure3-3.Itappearsmore localized

thantheHOMO inNCO, butactuallyhas more amplitudeon thesulfurend ofthe

moleculethanon theCN group.ThisisconsistentwithRamsay'sexplanationforthe

largespin-orbitsplittinginX21"INCS radical(323cm"_)which he attributedtothe

valencestructurethathas the unpairedelectronlocalizedon the sulfuratom

dominatingtheelectronicdescriptionofthisradical."The replacementofan oxygen

atom by a sulfuratom usuallyraisestheelectronaffinityofa molecule,but the

observationthatNCO and NCS havesimilarelectronaffinitiessuggeststhiseffectis

approximatelycanceledby themore extensiveelectrondelocalizationinNCO- than

inNCS- Overall,theelectronaffinitiesappeartobedeterminedbytheinteraction

ofelectrondelocalizationand electronegativitiesofvariouschromophoresin the

molecule.
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4.2 Derived Thermochemical quantities

With a precise estimate of the NCO and NCS electron affinities, we may

critically review some related thermochemical quantities. Shobatake 45has recently

reported the threshold for photodissociation of HNCO

HNCO +by -_H + NCO (A2r_.)

tobe _,= 162 ± I nra. Thisimpliesthebond dissociationenergytothe,_stateof

NCO, DA(H-NCO) = 7.65eV.45As theTOfortheA stateiswellknown at2.82eV,_

thesedatatogetheryielda bonddissociationenergy,Do(H-NCO)< 1_1.4± Ikcal/mol.

Using theionizationpotentialofhydrogenand our electronaffinityforNCO, we

calculateDo(H.-NCO-)< 341.9± 1 kcal/mol,and a bond enthalpyDI-I_(H.-NCO-)=

343.2± 1 kcal/mol.Wight and Beauchamp observedDH29s(H+-NCO-)= 344.7± 2

kcal/molby theprotonabstractionreactionofHCO2- withHNCO inanioncyclotron

resonance(ICR)machine.Theirheterolyticbonddissociationenthalpyisevaluated

by comparisontothatforformicacid,HCO_I. The homolyticand heterolyticbond

dissociationthermochemistrythereforeappearstobe consistent.AH7 (NCO-) may

alsobere-evaluatedfrom therecentdirectdeterminationoftheheatofformationof

neutralNCO in our laboratory,4eAHf(NCO, g,OK) = +30.4± 1 kcal/mol,and the

electronaffinityreportedhere. Adoptingthe "ionconvention"forionicheats of

formation,11AHf(NCO, g,OK) = -52.8± 1 kcal/mol.Using thefrequenciesinTable

3-1I,we estimateAH_ (NCO-) at298K tobe unchangedat-52.8kcal/mol.

For the thermochemicalcyclesinvolvingNCS, the energyforthe HNCS

homolyticbond dissociationislesswelldefinedthantheheterolyticbonddissociation.

We may thususeourelectronaffinitywiththeDH29_(H.-NCS-)ofBierbaumetal.47

and theionizationpotentialoftheH atom todeduceDH298(H-NCS)= 96± 6 kcal/mol.
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The temperature dependence of the electron affinity and ionization potential have

been ignored here. The homolytic bond dissociation energy calculated here is

considerably lower than the 111 _* 1 kcal/mol literature value listed in Lias. 11

However this value for DI-I_(H-NCS) was derived from Page's comparison of the
l/

'apparent' electron affinities of NCS measured with the magnetron technique using

HNCS and (NCS)2 as precursors. TM It is becoming fairly clear that this technique

relies on rather too many other thermochemical assumptions to be trusted.

Surprisingly, Lias' compilation neglected the more recent work of D'Amario 4s from

which DI-I_(H-NCS) could be calculated. D'Amario's derived AH_(NCS) = 76.4 _+1

kcal/mol from the photodissociation thresholds of CH3SCN and CH_NCS to produce

NCS. Using I

DI-I2_(H-NCS) = AH_ (NCS) - AH_(HNCS) + AH_(H), (4)

AH_ (HNCS)= + 30.6 _+0.5 kcal/mol, _ and AH_(H)= + 52.1 kcal/mol, 49 DI-I2_(H-NCS)

= 98.0 _*1 kcal/mol is derived. 5° Our unambiguous result for the electron affinity of

NCS, coupled with Bierbaum's gas phase acidity for HNCS confirms this lower value

for DI-I298(H-NCS).

4.? Simulations

Our goal in this section is to use a simple Franck-Condon model to simulate

the photoelectron spectra, allowing us to derive some structural and vibrational

parameters for the negative ions. The method employed for Franck-Condon modelling

is due to Hutchisson, 5_and treats each mode as an independent Morse or harmonic

oscillator within the normal mode approximation. In addition, we assume that the

form of the normal coordi_ate for a mode changes little between anion and neutral;
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this is known as the parallel mode approximation. Anion state populat_.ons are

determined by Boltzmann factors characterized by one (or more) vibrational

temperatures.

CN-

, The 266 nm spectrum (Fig. 3-1) consists of a single peak: CN (X_Z.) (v' = 0) _-

CN- (v" = 0). The absence of a (v' = 1) _- (v" = 0) peak indicates that CN- has a

bond length similar to ground state of CN: 1.1718 ._.1 The 213 nm spectrum (Fig.

3-2) shows a single peak due to a transition to the X state, as well as a progression

due to transitions to the A state of CN. The A state bond length is 1.2223 A.1 By

simulating the Franck Condon Factors for transitions to the two states we may

bracket the value of R, in CN-.

In the simulations we use the known equilibrium bond lengths, harmonic

frequencies and anharmonicities for the X and A states of CN, as well as the spin

orbit coupling parameter of-52.6 cm_ for CN A(2H).1 There is no spin orbit splitting

in the CN ground X(2E.)state.The anionvibrationisalsotreatedas a Morse

, oscillator;theanharmonicityusedisthatcalculatedforCN-by Petersonand Woods,s

and theharmonicfrequencyisderivedfromthisanharmonicityand thevalueofthe

fundamentalobservedinour spectrum.We varyonlythe anionequilibriumbond

lengthand thevibrationaltemperatureuntila satisfactoryfittotheexperimental

spectrumisobtained.Franck-Condonfactorsfortransitionstothe two electronic

statesoftheneutralarecalculatedseparately.For transitionstotheX(2Z+)state,

valuesofRea"i°"intherange1.162,_< Reani°"< 1.182._were acceptableinpredicting

intensity< 2% inthev=l_0 transition,inaccordwiththeabsenceofthisfeaturein
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the experimental spectrum; this range is centered on the value of Re in the ground

state of the neutral (1.1718 ,_). This result also confirms that the anion bond length

is shorter than that in the CN A(2FI)state (1.2333/_). Figure 3-4 shows our best fit

to the photoelectron band due to transitions to the A state, with Rea"i°°(C-N)= 1.1765

,_. Values of Re ranging from 1.173 to 1.182 ,_ gave acceptable fits to the observed

intensitydistribution,allowingfortheuncertaintiesinexperimentalpeak heights _

determinedfrom Poissoncountingstatistics.The experimentalobservationoftwo

photoelectron bands allows independent determinations of R_°"(C-N). The results i,

are completely consistent; our final estimate of the anion equilibrium bond length is

Re - 1.177 *_0.004 _k. This result is in excellent agreement with the Peterson and

Wood's MP4(SDQ) prediction of Re = 1.1772 _ and Botschwina's value of 1.1768 _+

0.00i ,_ calculated with the Coupled Electron Pair Approximation (CEPA-1) method, e'_

Let us compare our observed gas phase value of 2035 _+40 cm1 for the CN-

fundamentalfrequencywithotherreportedvalues.The vibrationalfrequencyofthe

anionis2080 cm"Iinaqueoussolutionand 2076cm"IinKCN crystal._-Frequencies

rangingfrom 2068 to2106 cm"Iwere observedinvariousCN- doped alkali-metal

halides.3 Mendenhalletalgavecoe= 2125*_6 cm"Iand C0eXe= 14.2+--0.7cm"IforCN-

inKCI,and similarvaluesforCN- inNaCl and NaBr.3 Sherman and Wilkinson

plottedthe observedCN-frequency in these variousalkalihalides(over250

measurements)versustheestimatedshiftdue tothematrix,calculatedfroma lattice

perturbationmodel,and predicteda freespacevibrationalfrequencyforCN-of 2038

+_3 cm_,4inexcellentagreementwithourmeasurement.Veryrecently,Forneyetal.s

isolatedCN- ina neonmatrix.The observedfundamentalfrequencyinthisinertand

non-polarenvironmentwas 2053.1cm_. The ab initiocalculationofPete_sonand
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Woods predicted co. = 2081.7 cm1 (and to,xe = 13.58 cm"1which we have used in our

fit), giving a fundamental of 2055 ± 6 cmq;e Botschwina similarly computed 2052 ±

6 cm q for the anion fundamental. 7 It appears that the observed value is in reasonable

accord with the ab initio work, and is, as expected, lower than the reported

frequencies in condensed media. This trend is also reported for the C-N stretching

frequency in NCO- and NCS-. 4's2 For comparison, the vibrational fundamentals for

CN radical in the X(_) and A(21-I)§rates are 2042.4 and 1787.3 cm_ respectively. _

A simple molecular orbital picture of bonding in the CN species would suggest

that the neutral has a bond order of 2½ while the negative ion has a bond order of 3;

we thus expect the bond length in the ion to be shorter than that of the radical

(1.1718 ,_) and the harmonic frequency to be higher. The A state of CN also has a

bond order of 2_/_,but it has a longer bond length than the ground state (1.2333 ,_).

In fact we find, in agreement with the ab initio calculations, that the negative ion has

a slightly longer bond length than the ground state of the neutral and a similar or

slightly smaller vibrational frequency. Thus, in contradiction to the bond order

arguments, the bond in CN-is the same strength or slightly weaker than that in CN

radical. It appears that the c electron removed from the negative ion is only very

weakly bonding and has part lone pair character (see Fig. 3-3), whereas the _ electron

removed to form the A(21"l)state is strongly bonding. This result is consistent with the

photoelectronspectraof N2,s3 where ionizationtoN2. X(2Zg)givesa very small

lengtheningof the N-N bond, and 8 photoelectronband dominatedby the 0-0

transition,butionizationtoN2.A(21-1,)givesa much largerbond lengthchangeand

consequentlya longerprogression.One additionaleffectcomesintoplayfornegative

ions: the extrachargeon the negativeionweakens,inthe absenceofany other
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effects, the bonding overall because all valence electrons are held less tightly by the

Ii
nuclear charge relative to the corresponding neutral. These arguments go some way

in explaining why CN-has a longer equilibrium bond length than CN, and the

relative vibrational frequencies of the anion and radical X and A states.

NCO-

Both NCO and NCS are known to be linear in neutral and anion ground states.

Therefore photodetachment is expected to excite only the bond stretching normal

modes. In fact, only the vs mode is appreciably excited in the NCO- and NCS-

photoelectron spectrum. The intensity distribution in the v3 progression allows us to

evaluate the normal coordinate displacement between anion and neutral. From these

displacements and the force constant matrix, the individual bond length changes

between the neutral and anionic species can be determined. We will employ ab initio

predictions to guide this process. The literature ab initio values have been

supplemented by our own computations where appropriate; we have used the

Gaussian 90 package for all our calculations, s4 Because of the larger data set

available for NCO, we will describe our simulation for the NCO-photoelectron L

spectrum in detail. For NCO, the individual neutral bond lengths have been

experimentally determined by comparing the ground state rotational constant for

1_CO, observed in the spectroscopy of the _,2Z(--X21"Ielectronic band, 21 and the

rotational constant for _4NCO determined (to higher precision) in the microwave

spectrum. 55'5s This means that we can then use the bond length changes derived

from our photoelectron data to extract thc two anion bond lengths. These values are
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then checked for consistency with the anion rotational constant as evaluated by

vibration-rotation spectroscopy.19

The ab initio data in Table 3-III13'43'57'58suggest that the difference in

equilibrium structure between anion and neutral is that the C-N bond lengthens and

the C-O bond contracts on removal of an electron. This is because the HOMO of the

anion (from which the electron is detached to form ground state NCO) is C-N bonding

_d C-O anti-bonding in character (Fig. 3-3). Further, the ab initio data suggests that

, the change in equilibrium structure involves very little change in the overall end-to-

end length (Re(N-O)). As the normal modes for this molecule are very close to the

symmetric and antisymmetric stretch of CO2, these described geometry changes map

almost exclusively onto a displacement along the 'antisymmetric' normal coordinate,
J

0.3, and little change along the 'symmetric' stretch, Q1- This qualitative description

is clearly in good agreement with the progression seen in the v3 mode in the

experimental spectrum in Figure 3-1. Using the data for vibrations of anion and

neutral in Table 3-II, a Franck-Condon simulation is performed to fit the observed

photoelectron band. The data shown in the table comes entirely from experimental

determinations for NCO in the gas phase, _'59,s°'sl and for NCO- mainly from

extensive measurements of vibrational frequencies in several alkali halide

matrices, ls'le'17All three vibrational modes are included in the simulation to model all

sequence and hot bands arising from excited anion states. For both the anion and

neutral, Morse potentials are used to describe the v_ and v3 modes and the bending

mode is treated as a degenerate harmonic oscillator; the Rennet-Teller effect in the

neutral radical is neglected. This level of treatment for the bending mode should be

sufficient to describe the peak broadening due to sequence bands. In our one-
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dimensional model there can be no provision for cross anharmonicity terms Xij.

Consequently, the 'harmonic' frequencies, _'i, quoted in Table 3-II are effective values

given the independent and diagonal treatment of anharmonicity. Thus _'1 = xi +

_ls + _1_ and (0's = a_ + _X]s + _.]_ The simulation yields a stick spectrum which

is then convoluted with our instrumental resolution function, _ and with an 8 meV

Gaussian to approximately include the rotational band contour for the transition.

In the fit, ali vibrational parameters (anion and neutral) and the spin-orbit

coupling constant are treated as fLxed;transitions to each of the spin-orbit components

of NCO are weighted equally. The 0.3 displacement is the most important variable

parameter in the fit. The QI displacement and the temperatures, T1, T2 and T3

describing the Boltzmann distribution of anion vibrational states, are also varied.

Varying the temperatures will essentially fit the width and lineshape of each peak.

Finally, _he electrun kinetic energy for the progression origin is allowed to vary; this

essentially allows improved estimation of the electron afl'mity and the effect of

sequence bands. We use this to evaluate the sequence band correction to the electron

affinity (See Table 3-I).

The overall best fit is shown in Figure 3-5. The variable parameters are

determined as IAQ31 = 0.128 ± 0.008 amu"._,, T3 = T_ = 775 ± 50 K, T2 = 600 ± 50

K. The chm_ge in the 'symmetric' stretch coordinate is limited to be IAQ_I _<0.04

amu".,_. The position of the _ hot band at 1,32 eV is well fit by the v3 fundamental

from the gas phase work of Saykally et al. TM The intensity of this hot band

determines the vibrational temperature, T3, describing this v3anion mode; we obtain

an improved fit by assuming a higher temperature for the stretching vibrational

modes relative to the lower frequency v2 bend mode. This is presumably justifiable
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because the stretching modes are expected to be more strongly excited initially in the

dissociative electron attachment reaction used to generate the NCO- ions. Moreover,

the lower frequency bend mode should be cooled more effectively by collisions in the

free jet expansion. Overall, the high vibrational temperatures needed in the fit show

that vibrational cooling is fairly poor in the helium expansion.

Jacox has constructed a force constant matrix from infrared observations of

all vibrational frequencies of various isotopically substituted forms of NCO in an

argon matrix, e2 From these force constants, we have calculated the bond stretching

normal coordinates. When combined with the values of IAQsl and IAQ_I derived

from the fit, we may calculate ARcNand ARco from anion to neutral.

Asco) o. 55 o.349j(AQ,)

As we expect the C-O bond to shorten in the neutral and the C-N bond to lengthen,

the sign of AQ3 must be negative, but it is not possible to determine the sign of the

small AQ_. Let us then consider 3 values for AQ_:+0.04, 0.0 and-0.04. Using AQ_=

+0.04 and AQ3= -0.128, Equation 5 yields ARcN= 0.050 ,_ and ARco = -0.039 A. If we

take the Re structure for NCO neutral from Misra et al. (Table 3-III), 21then these

displacements yield Ro(C-N) = 1.15 ,_ and Ro(C-O) = 1.25 A for NCO-. For AQ_= 0.0

and AQ3= -0.128, then ARcN= 0.042 A and ARco = -0.045 ,%;resulting in I_(C-N) =

1.16 A and Ro(C-O) = 1.25 A. Finally if AQ_= - 0.04 and AQ3= -0.128, then ARcN=

0.034 _kand ARco = -0.051 ,_; resulting in Ro(C-N) = 1.17 ]k and R0(C-O) = 1.26 ,_ for

NCO- If we use these values to calculate the rotational constant Bo for NCO, then,

by comparing with the high resolution experimental rotational constant, we can

determine the sign for AQ_. For AQ! = + 0.04, 0.0 and -0.04 the calculated rotational
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constants are Bo = 0.3925, 0.3878 and 0.3834 cm"1respectively. The last of these is

closest to the observed Bo, 0.3841 cre'l, TMindicating that the sign of AQ_ is negative.

The values that best fit the data and agree with Saykally's rotational constant are

then AQ_=-0.035 __.0.01, AQ_=-0.128 _*0.008.

The final result for the anion Ro bond lengths are shown in Table 3-III. The

quoted error bars of _*0.01 ,_ include the uncertainties in the normal coordinate

changes in our fit and the error bars in Misra's neutral bond lengths, but not the error

in assuming the parallel mode approximation (i.e. the neglect of Duchinsky rotation _)

or in Jacox's force constants. Comparing our result to the ab initio values shows that

the C-N bond length in NCO- is considerably overestimated at the highest level of

theory (MP2). In fact, it appears that ali levels of ab initio theory shown do not

correctlydescribethe relativebond lengthsR(C-N)or R(C-O) in eitheranionor

neutral.Itis wellknown thatmultiplybonded systemsare difficultto describe

theoreticallyand itappearsthatthissystem,whichhassomewherebetweena single

and doublebond betweenC and 0 atoms,and betweena doubleand a triplebond

betweenC and N atoms,iscertainlya strongtestcase.

NCS-

The NCS- photoelectronspectrumhas fourmajorpeaks; as alreadynoted,

theseare due toa shortprogressionintheC-S stretch(v3)ineachofthetwo spin-

orbitcomponentsoftheNCS _7_21-Istate.Accordingtothisassignment,thefourpeaks

correspondtotransitionstothe21"I_(000),21-I:_(000),21"13_(001)and 21"l_(001)levelsof

the neutral.However,thespacingofthepeakcentersfromtheorigin,0.040,0.091

and 0.130eV, differforthe two 3_transitionsfromthecorrespondingterm values
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given by Northrup and Sears _ (0.040, 0.094 and 0.137 eV) in their laser induced

fluorescence/stimulated emission pumping study of NCS. Although these

discrepancies are small relative to our resolution, a simulation using Northrup's

observed 001 term values cannot fit the observed photoelectron band.

The apparent shift in our peak spacings is probably from Fermi resonances in

NCS, Northrup showed these are responsible for extensive mixing of the 020 and 001

states with H vibronic symmetry. The separation between the 2H_(001) and

_(020) levels is less than 10 meV (80cre "1)- the _(001) is higher - as is the

separation between the _HI_(001) and _2N_(020) levels. 38 (The subscript here refers

to P, the projection of the electronic, vibrational, and spin angular momentum along

the internuclear axis. e3) Close-lying levels with the same value of P can interact via

Fermi resonance. In the absence of this effect_ the unperturbed 020 levels are

expected to have poor Franck-Condon overlap with the NCO- ground vibrational level.

However, because of the Fermi resonance, transitions to the 020 levels can occur with

appreciable intensity in the photoelectron spectrum via intensity borrowing from the

nearby 001 levels. Thus, we would expect to observe two unresolved doublets in the

photoelectron spectrum for the ,_l.uopeaks. The spacing from the origin of the center

of each unresolved doublet would be expected to be the weighted average of the two

mixed states making up the doublet. While our resolution is insufficient to resolve

these doublets, each "_"_0peak in the photoelectron spectrum does lie approximately

attheaverageofNorthrup'sterm valuesforthestronglyinteractingp_l'I_(020)and

_l-Ia_(001)levels,forthe P-3/2 componentand at the averageofz_I'I_(020)and

21-[_(001)levelsfortheP=1/2component.Additionalevidenceforthehypothesisthat

the"-_"_0 peaksareunresolveddoubletsisprovidedbytheobservationthatthesepeaks
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around 1.0 eV are broader (25-28 meV) than their respective origin peaks (21 meV)

at around 1.11 eV. The contribution to the peak width from instrumental resolution,

in contrast, is smaller for peaks at lower electron kinetic energy.

An analogous Franck-Condon simulation can still be performed for the NCS-

spectrum as for NCO-. However, because of the complications due to the Fermi

resonance, which we ignore, and because the observed vibrational progression is very

short, we use a simpler, purely harmonic model in this simulation. Because the

bending mode is included only for simulation of sequence bands, the v2mode is treated

as a degenerate harmonic oscillator for the neutral as well as the ion, without account

for the Renner-Teller effect. Northrup and Sears' vibronically deperturbed harmonic

frequencies are used for the v2 and vs modes (Table 3-II). The deperturbed (o3

frequency actually matches the observed "v3" peak spacing in the photoelectron

spectrum. The calculated intensities, however, average the complicated state mixing

taking place in the ,,ql.vopeaks. For the anion, we also use an entirely harmonic

treatment despite the existence of a thorough anharmonic force field derived from

alkali halide matrix spectroscopy of NCS-.ls This is reasonable because the anion

vibrationaltemperatureturnsouttobefarlowerthaninNCO, sothatanionstates

higherthan v=l are not significantlypopulated. Further,a more complicated

treatmentdoesnot seem warrantedgiven the simpletreatmentof the neutral

vibrations.The anion vl (C-N stretch)frequencyis fixedat the gas phase

fundamentalobservedbyPolaket.al.,20whereasthev2and v3frequenciesaretaken

fromCsImatrixwork.TM Of allthealkalihalidematrices,Cslisexpectedtohavethe

leastperturbationontheNCS-vibrationalfrequencies,ascomparedtothegasphase,

becauseithas thelargest_,acancysites.Even so,the freeionvalueforthe C-S
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stretchingfrequency(vs)hasbeenthesubjectofconsiderablediscussion;ithasbeen

suggestedthatthereisstillsome perturbationcausedby theCsl matrixon this'soft'

vibration._8's2The positionofthe3ohotbandinourphotoelectronspectra,particularly

where thisfeatureisenhancedinspectrarecordedfromionswhich areformedina

hotterpure heliumexpansion,isconsistentwith thev3fundamentalobservedin

cesiumiodide.Our resolutionprecludesdeterminingthe free-ionvaluewithany

greaterprecision.

The variableparametersinthesimulationare IAQ3 [,thepositionoftheorigin,

and the vibrationaltemperatureTvib.Here,we can adequatelyfitthe spectrtun

assumingthe same temperatureforeachvibrationaldegreeoffreedom. IAQ_I is

constrainedtobelessthan0.03amu_./k,becauselittlesignalisobservedat0.24eV

tolowerkineticenergyoftheorigin,where the1_transitionisexpected,and IAQsl

must be zeroby symmetry. The bestfitisshown inFigure3-6,where Tvib= 350 K

' and [AQ_I = 0.13amu_./_.Unlikethe NCO radical,onlythe overallrotational

constantforthe neutralisknown,_ and thusthetwo individualbond lengthsare

unknown. Whilethereisno forceconstantmatrixavailablefortheradical,onehas

been constructedfortheionfromthe-alkalihalidematrixwork.TM Calculatingthe

normalcoordinatesforthestretchingmodes fromthisforceconstantmatrix,we may

againtranslateourobservedAQ3 valueintoequilibriumbond lengthchanges.In

usingtheanionnormalcoordinatesforthispurposewe areonceagaininvokingthe

parallelmode approximation.By notingthatQa correspondstoalmostpurelyC-S

shortening/lengthening,thatthereisnochangeinQ,,and thattherotationalconstant

increases(thereforethe overallmoleculecontracts)from aniontoneutral,we can

determinethatthechangeinequilibriumbond lengthbetweenanionand neutralis
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AR(C-N) = 0.00 *_0.01/i, and AR(C-S) = -0.03 _*0.01 _k. Comparing these geometry

changes with the ab initio data in Table 3-IV, ls'ss the HF/6-31+G* and I-IF/6-31G*

results are consistent with the changes derived from the Franck Condon analysis.

However the MP2 results are surprisingly poor; they predict the opposite result, AR(C-

S) > 0 and a substantial shortening in the C-N bond, which is clearly not consistent

with the absence of the 1_ peak in the photoelectron spectrum.

5. Conclusions

We have presented the photoelectron spectra of three pseudohalogen anions.

The relatively simple spectra have yielded the electron affinity of CN, NCO, and NCS

to a precision of about 5 meV. The electron affinities for all three radicals are now

clearly established. Various related thermochemical quantities, including the bond

dissociation enthalpy of HNCS, have been derived. The first gas phase determinations

of the equilibrium bond length and vibrational frequency for the cyanide ion have also

been reported. These data compare very well with high level ab initio theory. The

results for the 213 nm photoelectron spectrum of CN-provide some usefu! calibrant

linesfornegativeionphotoelectronspectroscopyatthisand shorterlaserw_'_._'_;_.-i_ngths

where therehavebeennonehithertoavailable.A Franck-Condonanalysish_.__rielded

thebondlengthsinNC0- and thechangeingeometryforNCS-to NCS. Thesehave

been comparedtoab initioresults.
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Figure Captions for Chapter 3.

Figure 3-I. Photoelectronspectraof(top)CN, (middle)NCO, and (bottom)NCS-

with266 nm (4.657eV)laserradiation.The polarizationoflaserwith

respecttothe electroncollectiondirectionisparallel(e=0°)forCN,

'magicangle'(e=55°)forNCO, and perpendicular(8=90°)forNCS_

The experimentalspectrahavebeen smoothedby convolutionwitha

5 mev full-widthathalf-maximumGaussian.The insetoftheCN-

photoelectronspectrumshowsarotationalcontoursimulationoftheCN

X(2Z+)_ CN-X(I_) transitionassuminganionrotationaltemperature

of200K (solidline);the experimentaldata pointsare indicatedby

circles.Rotationalconstantsusedinthesimulation:B"o=1.875cm"I,

B'o=1.891cm"_,D"o=-6.202x 10_ cm"I,D'o=-6.__3x 10_ cm"_.Refs.1,7

Figure 3-2. PhotoelectronspectrumofCN- with213 nm (5.822eV)laserradiation.

The polarizationofthe laserisperpendicular(e= 90°)to electron

detectiondirection.

Figure 3-3. The highesto and _ molecularorbitalsforCN, and the highest

occupiedmolecularorbital(HOMO) foreachoftheNCO- and NCS-

anions. These are the SCF molecularorbitalscomputed at the

MP2/6-31+G* optimizedgeometry foreach ion. Photodetachment

(removal)ofan electronfromeachoftheseorbitalsyieldstheground

electronicstate of the respectiveneutral radical,except

photodetachmentfrom the CN-_ orbitalwhich yieldsthe CN(ASH)

excitedstate.
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Figure 3-4. Franck-Condonsimulationforthe CN A(_l'I)<--CN- X(IZ.)band.

Experimental213 nm data plottedas points. R_"i°"=1.1765ik,

Tvib=1400K.

Figure 3-5. Simulatedphotoelectronband forNCO-photodetachment assuming

spectroscopicparameters in Table 3-II. Simulationhas anion

vibrationaltemperaturesetatT - 775 K forthetwo stretchingmodes

and T = 600K forthebendmode. Experimentaldataplottedinpoints.

Figure 3-6. Simulatedphotoelectronband forNCS- photodetachmentwithanion

vibrationaltemperature set at 350K, assuming spectroscopic

parametersinTable3-11.Experimentaldataplottedinpoints.
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Chapter 4. Theoretical: Time-dependent framework for analyzing

dissociative photoelectron spectra.

1. Introduction

In the interpretation of our transition state photoelectron spectra we have to

relate the observed structure to the neutral reaction potential energy surface(s). This

will mean simulating each photoelectron band with a fairly rigorous quantum

mechanical procedure. However, we should choose a model that is not overly

complicated, as we would like to be able to vary the neutral potential energy surface

several times to try to improve the fit with the observed spectrum. This chapter

describes the methods we have chosen to perform this operation, and some of the

underlying theory and the philosophy behind the model.

The photoelectron spectrum of a cold negative ion involves transitions from the

ground vibrational state of' the ion to many possible states supported by the upper

neutral surface. If there is more than one neutral electronic state accessible from the

ion with the photon energy used, and transitions to that surface are allowed, 1 then

bands due to each surface will be observed. Let us assume for the moment that there

is only one neutral surface contributing to the photoelectron spectrum. The structure

in the spectrum, i.e. the peak positions, widths and spacings, is due to the neutral

states, and the peak intensities are due to the overlap of each neutral state with the

anion ground state wave function. The problem then typically breaks into two parts,

characterizing the upper neutral states, and calculating the overlap of these neutral

state wave functions with the simple anion wave function.
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Expressing the above mathematically, the photoelectron spectrum as a function

of energy is, within the Franck-Condon approximation,

where Vo# is the anion v = 0 wave function and W'(E) is the wave function on the

neutral potential energy surface with energy E. If the neutral is bound, i.e. is not

unstable with respect to dissociation, then W' is a discrete function of energy. V' is

non-zero only at eigenvalues of the neutral potential surface. If the neutral is

unbound, then V' is a continuous function of energy. E is defined with respect to

some (arbitrary) zero of energy _:_u_liy the bottom of the lowest well on the neutral

surface. The relationship between the electron kinetic energy, Eh, of the photoelectron

spectrum and E, often described as the neutral or scattering energy, is

•Ek=hv -A o-E (2)

where hv isthephotonenergyand _oisa constantenergyrelatingthegroundstate

leveloftheaniontotheneutraI'szeroofenergy.For exampleina simpleM- _ M

photoelectron process where both anion M- and neutral M are bound molecules, Ao

would be the adiabatic electron affinity less the zero point energy of the M neutral.

For the less interesting case when the neutral potential surface is bound,

equation (1) is routinely solved by invoking the normal mode approximation, and

separating out all the nuclear degrees of freedom.2 Usually the parallel mode

approximation is also assumed, i.e. the normal coordinate decomposition of nuclear

motion is identical for both the anion and neutral. The eigenvalues and

eigenfunctions for motion in each separable mode are found, or are known analytically
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in the case of a Morse or harmonic oscillator, and the spectrum is calculated by

performing the one dimensions _verlaps of each eigenfunction with ¥o". s This was

the method used in Chapter 3 to simulate the photoelectron spectra of CN, NCO-

and NCS-.

In caseswhere a mode isnot modeledby a harmonicor Morse potential

function,numericalsolutionoftheSchr6dingerequationisrequired,and thisiscan

be accomplishedby a varietyofnumericalalgorithms.One ofthe most efficient

algorithmsistheDVR methodofLightand coworkers,4whichhas beendescribedby

Metz.2 Inoteherethatitisalsopossible,and simple,tousetime-dependentmethods

tosolveforbound levels,and althoughnotasefficientasDVR forthisproblem,a

time-dependentsolutionhasbeenusedtofindtheeigenstatesofthe"one-dimensional

cut" in Chapter 5.

The nature of our transition state experiments, where the sped.es formed by

photodetachment lives only on a femtosecond time scale_ _ictates that the neutral

state wave functions are not bound. The potential energy surface is repulsive and the

¥' are scattering states. In general the full Schr6d_nger equation must be solved

numerically, and separation of nuclear degrees of freedom along the lines of the

normal mode approximation has only limited success. An alternative formulation to

the problem, and along with it an alternative language from that of scattering states,

is given by Heller. 5 This is set up in time-dependent quantum mechanics, and

involves motion of wave packets to describe molecular spectra. Although this

formulation is mathematically equivalent to the above time-independent method, and

the solutions via the two approaches are therefore identical, the time-dependent

formalism gives rise to an entirely diff_rent conceptual framework to extract the
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dynamics from the photoelectron spectrum. In fact that framework is in many senses

more appealing, as it carries with it a classical feel, but does not suffer from the

inadequaciesol_classicalmechanicsindescribinglightparticlemotion.The inherent

principleofdynamicalprocessesoccurringalonga time axisisrestored.This

frameworkhasbecomeincreasinglypopularoverthelastfewyears,and thelanguage

ofscatteringand photodissociationisnow decidedlymixedbetweentime-independent

and time-dependent.These developmentshave been spurred,in part,by the

appearanceofexperimentsthatobservechemicaldynamicsexplicitlyinrealtime,

suchasthoseofZewailand coworkers,s

The numericalimplementationoftime-dependentsolutionsoftheSchr_linger

equationhasbeendrivenby thework ofKosloff.v'8Insection3,we willoutlinethe

Kosloffmethodforsolvingthetime-dependentSchr_dingerequation,and describethe

practicalissuesinvolvedina successfulwave packetpropagationcalculation.Several

othergroupshaveusedthetime-dependentapproachtosimulatefrequencydomain

spectra,9.,0 as well as to interpretZewail'stime-domainexperiments. The

applicationofa time-dependentanalysistoa frequency-domainexperiment,suchas

photoelectronspectroscopy,isnot contradictory.Althougha wave packetisnotF

createdinour "longpulse"#'photodetachmentexperiment,butrathera welldefined

I neutral state with transition by Equation(I),thescat_ring _'(E) a probabilitygiven

photoelect_nspectrumcannonethelessbeinterpretedintermsofthedynamicsofa

wave packetpreparedin a hypothetical"short-pulse"experiment.Firstletus

_' Our experimentsemploy a nanosecondlaser. Thus the pulselengthis

infinitelylongcomparedtothemoleculardynamics.
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establish the relationship between the time-dependent wave packet and the energy

spectrum.

2. The photoelectron spectrum from the wave packet time dynamics

The ground state wave function of the lower (anion) surface, _o"(x), is

transferred "up" to the neutral surface by the laser: an electronic transition dipole

moment Hnk_ the two surfaces. The vertical transition gives birth to a wave packet

_(x, O) on the upper surface given by

- . (3)

_(x), the electronic transition moment, is usually taken to be a constant over the range

of coordinates where Vo_(x)has any amplitude, as in the Franck Condon formula (1).

¢(x, O) is not an eigenfunction, or stationary state, of the neutral surface but evolves

in time. O(x, 0) of Equation (3) is then the wave packet at the "zero" of time. From

now on we do not refer to the explicit coordinate dependence of the wavepacket: the

initial wavepacket is thus denoted _(0). The wave packet motion is governed by the

time-dependent Schr6dinger Equation

i_ _(t) _ H_Ct) (4)
at

where H is the Hamiltonian for the neutral surface. The solution of (4) is formally

expressed as
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¢(0=•-_'__C0) (5)

wheree"_"_isthetimeevolutionoperator.Thisgivesthedynamicsofthewave

packet for all times t. The autocorrelation function_C(t), is defined by

CCt)=H>C0)I¢Ct)> (6)

and monitors the time development of the overlapof the moving wave packet with the

initial wave packet at t = 0. In other words, the behavior of the wave packet with

respect to the Franck-Condonregion is mapped by C(t). Once the wave packet has

completely disappeared from the Franck-Condon region, C(t) -_ O.

The photoelectron spectrum is related to the autocorrelation function by the

FoOriertransformations

o(_ = fe _; _'C(0dt . (7)

This can readily be shown to be rigorously equivalent to Equation (1) by the following

steps. Substituting (5) and (6) into (7) yields

=f le-_n'/sl¢(0))d_ . (8)

Inserting the completeness re]ationship for the set of wave functions, _', of the

neutral Hamiltonian H,

fd£ I I_'(E_))(_'(E_)I = 1 (9)
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into (8) gives

As _'_') are eigem_etions of H, then

,(m - ff • 'E'' (,CO)le-''"_Iq,'(E'))(q,'(_')14,(o))dE'• (ZZ)

.qp,ali

- oCE)= f_' 2,_ aCE-E')I1_(0)lq/CE'))l2 eZ3)

- a(E)= I(¢(o)I_(E))I_ (z4)

As we have assumed ,_. r_:.,_) is a constant over x in Equation (3) then expression (14)

is equivalent to the Franck-Condon relationship (1).

The major approximation in both expressions (1) and (7) is that the

photodetachment electronic transition moment is taken to be a constant, and is an

average over not only the nuclear coordinates but also over ali final electron kinetic

energies. Reutt has considered these approximations and given a similar, but more

rigorous, derivation of (7) to that appearing here. 11

We have established through (7) that the photoelectron spectrum is simply

related to the autocorrelation function by a Fourier transform. This is a powerful

result. If we calculate C(t) from a theoretical wave packet propagation, we can

immediately simulate the photoelectron spectrum. Let us first make a few
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observations concerning the autocorrelation function. The wave packet is a complex

function of the nuclear coordinates, i.e. it has real and imaginary parts. Even ff ¢(x;t)

is a stationery state, the wave function has a time evolution that involves a constantly

changing phase. We usually define the phase to be zero at t = 0. It follows that C(t)

is also complex, and even for a stationery state, where IC(t) I = 1 for all t, the real and

imaginary parts of C(t) vary sinusoidally in time. Usually when the autocorrelation

function is plotted to gain insight into the wave packet dynamics, only the absolute

value, IC(t) l, is shown. However, numerically, the phase time dependence cannot be

ignored.

The Fourier integral limits in Equation (7) indicate evaluation over the time

interval [-_, oo]. Two points concern us with the physical implementation of this

Fourier transform (FT). Firstly, time reversal symmetry dictates that C(t) is a

Hermitian function, i.e. C(-t) = C*(t). Thus we need only run the dynamics from t =

0 onwards! Secondly, how long in time must C(t) be computed so that the

photoelectron spectrum may be ev-Auated? Clearly only a finite time of dynamics is

required to yield the spectrum to a resolution equivalent to the experiment. We will

return to this point later.

Some examples of the dynamical signatures one may expect in the auto-

correlation are given in the papers of Heller, s Imre, 9 Reutt, n and Lorquet TMas well

as in chapters 5 and 6 of this thesis. Heller discusses some of the general

relationships between peak spacings, homogeneous peak widths, as well as the overall

Franck Condon envelope width in the energy spectrum and their characteristic time

periods in IC(t)l. Some simple examples are illustrated in Figure 4-1. The re-

appearance of the wave packet in the Franck Condon region, signalled by a peak in
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theautocorrelationsubsequenttot= 0,istermeda recurrence.Recurrencefeatures,

areshown inFig.4-1(ii,iii).Thesearesignificantastheyyieldvibrationalstructure

in the energyspectrum. In factone singlerecurrencein C(t)isnecessary,but

sufficient,toseeundulations,ordiffusestructure,intheenergyspectrum(seeFig.

4-1(iii))?Correlationlossoverseveralvibrat;Jnalperiodsispossiblefroma number

ofprocessesotherthan directdissociation.Anharmonicityin a bound vibrational

mode ornon-adiabaticeffectsarepossiblemechanismsforlossesateachrecurrence

in IC(t) l .

2.1 The Autocorrelation function from the photoelectron spectrum

Equation (7) may be inverted

#tam

c(t) f o<e dE (15)
--am

yielding the autocorrelation from the (experimental) spectrum. This has been the

approach adopted by other groups in all prior photoelectron studies where the

spectrum was interpreted, via C(t), in terms of the short time molecular dynamics. 11'

12.1_ Lorzuet has demonstrated how the reverse Fourier transform procedure may

also be used for deconvolution purposes. The instrumental response function, any

spin orbit splitting and rotational peak broadening can be removed to uncover the

bare vibrational dynamics. TM

We make a much stronger connection to the dynamics by simulating the wave

packet dynamics that determine C(t). From this simulation we may then compare

either the theoretical IC(t) l with the Fourier transformed experimental data or the
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simulated photoelectron spectrum, from Equation (7), with the raw experimental

photoelectron spectrum.

3. Wave packet propagation

3.1 Method

To compute the motion of a wave packet on a model potential energy surface

we must find a numerical solution to Equation (4). H is the Hamiltonian for the

neutral state and is given by

_2
H= T+ V= ---V 2 + V (16)

2p

where V and V are the N-dimensional Laplacian and potential respectively.

Throughout we shall use atomic units (i.e. _ = m, = 1). Note that the potential

energy, and therefore the Hamiltonian, is time independent. The actual physical

problems we will address in this work involve one or two dimensions, although the

approach is completely general. For sake of illustration, we will consider the two-

dimensional case where the Cartesian coordinates, x and y, are the mass-scaled Jacobi

coordinates for A + BC collinear reactive scattering. The coordinates are defined by

x = (_c. AS / lZAS)_/2 Rc, ASand y = RAS. _C.ASis the reduced mass of the system C and

AB, likewise _AB is the reduced mass of A-B. The kinetic energy opera_torfor this case

is separable
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T --- 1 0 2 0 2__+__ . (17)
2 _as _2 _2

The numerical solution of (4) thus involves both spatial and temporal

derivatives. Following Kosloffs formulation, 7'8 this differential equation is solved by

discretizing both time and space on a uniform grid. Accordingly, let Cn(i,, iy)

represent the wave packet at time t - (n-l) At at the location x = (ix-1) Ax, y =

(iy-1) Ay. At, Ax and Ay are the time step and the spacings of the Cartesian grid

points respectively. Rewriting (4) in this discrete representation gives

i O_b"(i,,,iy)= ll4)"(i_,,iy). (18)&

Thisexpressionsuggestsan iterative(marching)schemeintimewherethenextwave

packetiscalculatedfromthepreviouspacket(s)by evaluatingtherighthand sideof

Equation(18).Approximatingthetimederivativewitha secondorderdifferencing

formula

O4_"(i,,,iy) = ¢,,,,x(ix,iy) __b,,-i(i,,,iy) (19)
& 2At

then

_pn_l= ¢_-1 _ 2iAt He n (20)

Thus the (n+1)-th wave packet at t = nAt may be calculated from the two

preceding packets once we have established how to compute the H operator. This

second order differencing propagation scheme is a stable iterative solution of the time-

dependent Schr6dinger equation, whereas the slightly simpler first order analog is
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not. 7 This is, therefore, the simplest finite difference scheme for solution of (18).

Several more sophisticated propagators have been proposed that may be more

efficient. 14

Equation (20) gives an iterative scheme that allows us, in principle, to

propagate the wave packet for any desired time length. To initialize the solution,

however, we require both ¢I, the initial wave packet (which we are setting equal to

the anion ground state wave function), and ¢2. To find ¢2 we use second order Runge-

Kutta15:

dp2 = _pl _ iAt Hdpt (21)

where the intermediate packet _ is given by

ez = _ _ iA___[tH_I (22)
2

To compute the spatial derivatives involved in the operation of the Hamiltonian

a pseudo-spectral (or Fourier) method is adopted, in contrast to the standard finite

difference approach employed for the time derivative. The advantage of using a

Fourier method is that it is extremely efficient and it requires substantially fewer grid

points than finite difference schemes of similar accuracy. TM The conceptual appeal

of the method is that it allows calculation of both the kinetic and potential operators

locally. The operation of V on the wave packet cn is simply to multiply together the

value of the potential and the wave packet at each grid point - thus V is local in the

position (Cartesian) representation. The Laplacian, however, is not local in the

position representation - it involves spatial derivatives of the wave packet. The

Fourier method uses the property of a Fourier transform that a derivative in the
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spatialdomain becomesa multiplicationintheFourier(momentum) domain. Thus

theLaplacianoperatorislocalinthemomentum representation)

Ifthespatialgridissetup ina rectangularsetofcoordinates,i.e.thekinetic

energycan be writtenintheformofEquation(17),thenthekineticenergyoperator

inmomentum spaceisalsoseparable:

I 2+_) (23)

where k_ and ky are the wavenumbers along the x and y spatial directions. Operating

with T on ¢If(k_, ky), the Fourier transformed wave packet, is as simple as multiplying

_p"(k_, ky) by 0_ 2 + k_2)/2/z. In the discretized form

1

TOnCitx'i_ ) = _-_[((/tx- 1)Akx )2 + (City- 1)Ak,) 2] oncitx,i_) (24)

From the properties of the discrete Fourier transform, Alz=is given by Ak_ = 2_/(x_-

xm_ ) with a similar expression for Aky.is The resulting T _"(ik, ik) is reverse Fourier

transformed back to the spatial domain and added to V_"(i# iy) to form H_ n. Because

the grid points are equally spaced, an two-dimensional fast Fourier transform (FFT)

algorithm may be used to compute both Fourier transforms. Library routines for the

extremely efficient evaluation of I and 2 dimensional FFTs are available. 17

Numerical solution of the problem then boils down to the following recipe. 7' le

(a) Specify the initial wave packet on a chosen grid: _i = Vo", the anion ground

state wave function.

(b) Calculate the time evolution of _(t) by obtaining _" for successively higher n

by relation (20); each time step involves:
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(i) compute TC n by an N-dimensional FFT on Cn followed by a

multiplication by (k_2 + ky2)/2]z and a reverse FFT.

(ii) calculate V¢ _ by multiplication of the potential function evaluated at

each grid point by the wave packet at the same grid point.

(iii) after summing (i) and (ii) to give H_ n, form ¢n+1from ¢_.i and H_ _.

(c) At intervals of A%vlp,compute the self-overlap of the wave packet <¢1 iCn> by

integration on the spatial grid and store.

(d) At the end of the time propagation, Fourier transform the stored

autocorrelation function C(t) according to (7) to yield the photoelectron

spectrum.

The method is relatively easy to implement as most of the numerical work is done in

the library FFT routine. Appendix C describes the wave packet propagation codes

developed for use in this work.

3.2 Stability criteria and propagation errors.

Kosloff and Kosloff show that there is a numerical dispersion in the Fourier

method, which must be considered when choosing the time step for a propagation. 7

For time steps larger than a certain value, known as Atc_, the propagation will

become unstable and exponentially increasing solutions will take over from the

desired wave-like solutions. Atcrit iS given by the following relationship
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_2( 1 _l.._..)]Ay2 = 1 (25)

for a two d_mensional spatial grid and zero potential. The term inside square brackets

represents the maximum kinetic energy (in atomic units) for the wave packet allowed

by the grid. This is derived from the range of momenta supported by the choice of

grid; in the x direction, for example, this is -k_ to k_ where k_ - _/_. Relation

(25) is merely a statement of the energy-time uncertainty principle: the time step

cannot be larger than 1/_ , where _ represents the total range of eigenvalues

possible in the Hamiltonian. s For a real system where the potential is non-zero, AE

is the sum of the complete range of kinetic and potential energies. Therefore,

Equation (25) is an overestimate for At,r_and the range of potential energies expressed

on the grid should be monitored carefully (see below). In order to achieve a converged

solution of the time-dependent Schr6dinger equation, values of the time step should

be chosen such that At - 0.2 At¢,._. Kosloff and Kosloff show the numerical dispersion

in this regime is almost identical to the intrinsic dispersion in the time-dependent

SchrSdinger equation. 7

Kosloff has also shown that the Fourier/second order differencing method

necessarily preserves the norm and the energy of the wave packet. 7 The error in a

propagation thus accumulate_ i. _ne phase; this limitation essentially determines the

maximum propagation times possible with this discrete propagator approximation, s

Convergence of a propagation solution is checked for by reducing the time step and/or

decreasing the spatial grid spacings.
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3_3 Implementation of wave packet propagation to simulation of

photoelectron spectra.

In later chapters, we apply the wave packet propagation method to simulate

the photoelectron spectra for several transition state systems. The ions AHB- are in

generallinear,sophotodetachmentwillaccessa linearconfigurationoftheatomsin

thetransitionstateregionoftheneutralreactionsurface.Ifthesaddlepointforthe

A + HB reactionsiscoUinear,#2a simulationthatcomputesonlythemotionofthe

atomson a collinearpotentialsurfaceshouldyielda reasonableapproximationtothe

truephotoelectronspectrum.To constructthe initialwave packet,i.e.the anion

groundstatewave function,we requireinformationconcerningtheequilibriumbond

lengthsand fundamentalfrequenciesofAHB- Ifappropriate,the formofthetwo

stretchingnormalmodes and anharmonicitydatashouldbeincluded.At best,some

vibrationalfrequenciesmay be availablefrommatrixisolationwork. Inmost cases

theremaininginformationhastocome fromab initiocalculations,orevenempirical

guessesintheworstcasescenario.

Next,a trialpotentialfunctionfortheneutralreactionischosen;thisshould

be an analyticfunctionofthenuclearcoordinates.A gridissetup inmass scaled

coordinatessubjecttosome ofthecriteriaoutlinedbelow.The gridcoversthereaction

interactionregionand theentranceand exitvalleys.The number ofgridpointsin

eachdimensionshouldbe a power oftwo forcompatibilitywiththeFFT algorithm.

The gridmay befairlysparse:oftena gridassmallas64 x 32pointsissufficientfor

•2 Most potentialsurfacesforthesystemswe arestudyingindeedhavecollinear

saddlegeometries.However,recentab initiocalculationsforboththeO + HF

and F + H 2reactionsuggestnon-linearsaddlepointgeometries.
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a converged propagation. Rarely is it necessary to exceed a grid size of 128 x 64

points. Finally a time step and total propagation time is chosen. The time step is

chosen to meet the stability and convergence criteria outlined in section 3.2; the total

propagation time is chosen to reflect the resolution required in the simulated energy

spectrum. PropagationforI psecissufficienttoyieldfeaturesin the simulated

photoelectronspectrumas narrowas 4 meV. Usually300 - 400 fsofdynamicsis

adequatetoproducea simulationofresolutioncomparabletotheexperimentalspectra

(ca.12meV).

$_.1 Grid sizes, time steps and potential shelves.

These three aspects of the numerical wave packet propagation are linked

together. The denser the grid, i.e. the larger the number of spatial grid points used,

thesmallerthespatialgridintervals,Ax and Ay,become.As therangeofmomenta

thatcan be describedin the relateddiscretek spacerepresentationisinversely

proportionaltothespatialgridintervals,thesmallerthegirdspacingsbecomesthe

largertherangeofkineticenergiesthatcanberepresentedinthepropagation.This

may bephysicallynecessaryinsome cases.Howeverincaseswhereitisunnecessary,

itleadstodramaticallyincreasedcomputationtimefortworeasons"(a)themore grid

pointsused the slowerthe spatialfastFouriertransformsand (b)the largerthe

possiblerangeofkineticenergies,accordingtorelation(25)thesmallerthetimestep

becomes fora stablepropagation.Thus, as a preliminaryto a productionrun

propagationitisusefultoestablishtherangeofkineticenergiesthatarephysically

reasonableforv'avepacketmotionin each spatialdimensionand planthe grid

spacingsaccordingly.7 Then theoverallrangeincoordinatespace(i.e.Xmi.,X_x etc.)
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shouldbedecidedsuchthatthenumber ofgridpointsineachdirectionisa power of

two and thatthegridincludestheFranckCondon regionand enoughoftheentrance/

exitvalleystoaccommodate an absorbingboundary(see3.3.2below).Finally,as

mentionedearlier,fora convergedpropagationthetimestepmust be around5 times

smallerthanthetimestepthatsatisfiesthestabilitycriterion(25).

Ifthegridcontainspointswherethepotentialbecomesveryhigh,asisusually

the caseforsmallinteratomicseparations(thepotential"walls"),the range of

potentialenergymay becomeverylargeand forcea restrictivelysmalltimestepfor

stablepropagation.TM The factthat the potentialis huge in thoseregionsof

configurationspaceisactuallyirrelevanttothepropagation;aslongasthepotential

atthese"nogo"regionsismuch higherthantheenergyavailableinthewave packet

then the propagationwillnot "know" the difference.Thus an arbitraryshelfis

routinelyestablishedforthepotentialenergy:foranygridpointswherethepotential

energywouldbehigherthanthatvalue,thepotentialissetequaltotheshelfvalue.TM

The truncatedrangeofpotentialenergyisnow containedatsome reasonablevalue,

and thetimestepnecessarytoconvergethepropagationbecomesmanageableagain.

A typicaltimestepforatwo dimensionalpropagation(involvinghydrogenmotion)is

1 atomictimeunit(1a.t.u.= 0.024fs).
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3d],2 Absorbing boundaries

For the dissociative systems we are interested in studying, the wave packet

will finally leave the grid, via either the entrance or exit valleys, or both. (It is not

unusual for the wave packet to split up into fragments - this is a reflection of its

quantum nature!) At the grid boundaries what happens to the wave packet? Discrete

Fourier transforms, which are used in the numerical method to evaluate the motion

of the packet, assume periodic boundary conditions. In other words, without a

potential, the wave packet would leave one side of the grid and appear again at the

far side. This is not acceptable behavior as far as the physics of our problem is

concerned. As we are only interested in any parts of the wave packet that end up

returning into the Franck Condon region, and parts of the wave packet that are

leaving the grid are not expected physically to return (if the grid has been chosen

sensibly), we may damp out all flux that approaches the edge of the grid, so that we

do not encounter the "wrap around" effect described above.

We follow the simple scheme ofBisseling et al. TM The wave packet is multiplied

by a one-sided gaussian absorbing function f,b,at each propagation step. For a two

dimensional grid fob,is given by

fa_(x,Y) = fabs(x) fabs(Y) (26)

where

f 1 for x_xaa , (27)f'a_(x) = exp(-cabs, _ (x-xa:n) 2) for x>xat=

and likewise for f,b,(Y). The situation is illustrated pictorially in Figure 4-2; the

shaded regions of the grid are used for the absorbing boundary and the effect of the
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dampingfunctioncanbe seenon a wave packetleavingalongthevalleyparallelto

thex axis.X_b_and y,_areusuallychosensothata region10gridpointswideisused

fortheabsorbingboundary;C_b,_and Cob,,are empiricallychosentominimizeboth

reflectionand transmissionofthe wave packetthroughthe boundary. Thiscan

requirecarefulattentiontoplotsofthewave packetevolutionattheboundaryand

artifactsintheautocorrelation.Ifthewavepacketisreflectedfromtheboundaryand

makes itbacktotheFranckCondon regionbeforetheend ofthepropagation,false

resonanceswillappearinthesimulatedphotoelectronspectrum.A more detailed

discussionoftheabsorbingboundaryproblemhas beengivenby Kosloff.19

3_3_3 Windowing and convolution of the autocorrelation.

Once the propagation has been carried out to t = t_, and the autocorrelation

has been stored at (t._ / Az_) +1 values, the photoelectron spectrum a(E) is obtained

by a one-dimensional fast Fourier transform of the discrete C(t). The finite

propagation of the wavepacket leads to a finite resolution in the simulated energy

spectrum. In principle this is given, in atomic units, by AE = x / tm_ ._s However, in

practice, if C(t) has not decayed to zero by t._ then its Fourier transform will show

artificial high frequency oscillations; this "leakage" problem is rectified by applying

a windowing function before the Fourier transform, z5

Choice of a Gaussian window function is equivalent to convoluting the

theoretical spectrum with a Gaussian energy resolution function. .3 Specifically, C(t)

*_ We aremaking use oftheConvolutiontheorem(Ref.15,p.383)and thefact

thattheFouriertransformofa GaussianisanotherGaussian.
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is multiplied by a time window function, F(t) = exp(-yt 2) , where 7is chosen so that the

product F(t) C(t) has fallen to zero by tm,x. The transform, I(E) given by

+li

. I(g) = [ • _'/_ r(0C(0dt (28)

is the photoelectron spectrum convoluted with the energy resolution function. The

energy resolution AE, in atomic units, in the simulation is related to 7 by

AE : 4_1og,2 y . (29)

Finally, a changeof variable from E, the scattering energy, to Ek, the electron kinetic

energy,usingrelation(2)allowsus tocomparethe simulationwiththe spectrum

measuredinthelaboratory.

4. Conclusions

The theoreticalframework behind the numericalsimulationsand the

qualitativetime-dependentpicturehavebeendescribed.The mathematicalapproach

iscompletelyequivalenttoa Franck-Condontime-independentapproach.We apply

thewave packetmethod intwo dimensionswhichallowsustosolveforthecollinear

dissociationdynamicsofa transitionstatespecies.The wave packetmethodologyis

suitablefor spectrathat manifestboth long-livedresonancestatesand fast

dissociatingdirectscatteringstates.The calculationisan exactquantum solutionof

thecollineardynamics.Thiscanprovidea usefultestofmore approximateadiabatic

methods.2 In the next chapterswe use wave packetpropagationto simulate

photoelectronbands forBrHI-,OHF- and FH2-.
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The mostsignificantcomputationaladvancetobemade intermsofsimulating

transitionstatespectrawouldbe toextendtheabovetechniquetothreedimensions

so thata triatomicdissociationcouldbe treatedinfull.Thiswould allowroutine

simulationsofthequalityofthetime-independentmethodsofSchatz,2°Zhang and

Miller,21and Manolopoulos,22and would onceagainprovidea usefulcomparisonto

Metz'approximatethree-dimensionaladiabaticsimulations.2 Importantly,however,

theresultswouldretaintheusefultime-dependentperspectivethatallowsinsightinto

themechanismbehindfeaturesinthetransitionstatespectrum.Inthelastfewyears

severalgroupshaveachieved3D wave packetcodes;themethodsusedbyeachvaries

somewhat butmostarea synthesisofbasissetand FFT basedsolutionstothetime-

dependentSchrSdingerequation.23.24,2s,28,27
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Figure Captions for Chapter 4.

Figm'e 4-1. Example wave packet evolutions on upper state surfaces. In each case,

the schematic potentials involved in the transition, the autocorrelation

function and photoelectron spectrum obtained by Fourier

transformation are shown. (i) bound --, bound, no Franck-Condon

excitation; (ii) bound --, bound, large Franck Condon excitation; (iii)

bound _ (bound + continuum) and (iv) bound _ free.
M

Figure 4-2. Schematic showing the region of the grid used for absorbing wave

packet as it leaves grid. The shaded area indicates the absorbing

boundary region. Contours of the wave packet as it hits this boundary

are superimposed on contours of the potential energy. Parameters for

this propagation are given in the caption of Figure 6-9. Absorbing

parameters are [refer to Equation (27)], xa_ = 14.17, Ya_ = 2.625,

c,_,. = 0.001 / Ax, Cabs,y = 0.001 / Ay.
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Chapter 5. Examination of the Br + HI, CI + HI, and F . HI Hydrogen

Abstraction Reactions by Photoelectron Spectroscopy of BrHI",

CIHI- and FHI_"

Abstract

The photoelectronspectraoftheionsBrHI-,CIHI-and FHI, alongwiththeir

deuteratedcounterparts,arepresented.These spectraprovideinformationon the

transitionstateregionofthe potentialenergysurfacesdescribingthe exothermic

neutralreactionsX + Hl _ HX + I(X= Br,Cl,F).Vibrationalstructureisobserved

inthe BrHI- and CIHI-spectrathatcorrespondstohydrogenatom motioninthe

dissociatingneutralcomplex.Transitionstoelectronicallyexcitedpotentialenergy

surfaces,thatcorrelateto HX + I(_P_2,_P_)products,are alsoobserved.A one-

dimensionalanalysisisusedtounderstandtheappearanceofeachspectrumand the

BrHI-spectrumiscomparedtoa two-dimensionalsimulationperformedusingtime-

dependentwave packetpropagationon a model Br + HI potentialenergysurface.

I. Introduction

We have recentlyshown thatnegativeionphotodetachmentcan be usedto

J investigatethetransitionstateregionofa neutralbimolecularreaction.1.3In our

experiments,thespectroscopyand dissociationdynamicsoftheshort-lived[AHB]

complexformedduringthehydrogentransferreactionA + HB -,HA + B arestudied

viaphotoelectronspectroscopyofthestable,hydrogen-bondedanionAHB_ Thus far,
J

resultshavebeenreportedforthesymmetrichydrogentransferreactionsCl+ HCf,1

* Published in J. Chem. Phys. 92, 7205 (1990)
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I + HI,2 and Br + HBr 3 which were investigatedby photodetachingthenegative

ionsCIHCI, IHI, and BrHBr, respectively.The photoelectronspectraofthese

ionsshow resolvedvibrationalprogressionsassignedtotheunstableneutralcomplex

associatedwith the correspondingbimolecularreaction.Our analysisas wellas

simulationsof these spectraby otherinvestigators4.s.ehave shown that this

vibrationalstructureprovidesa sensitiveprobeoftheneutralpotentialenergysurface

nearthetransitionstate.

Thispaper describestheapplicationofourmethod toasymmetrichydrogen

transferreactions.We havestudiedtheentireseriesofreactionsX + HY --,HX + Y,

where X and Y are unlikehalogenatoms,via photoelectronspectroscopyofthe

asymmetricbihalideionsXHY_ In the same fashion,we have alsoconducted

experimentson thepolyatomicreactionsF + CH3OH _ HF + CH30 and F + C_I-15OH

HF + C2HsO.7 ResultsarepresentedhereforthetriatomicreactionsBr + HI --,

HBr + I,Cl+ Hl _ HCf + I,and F + Hl _ HF + I.The remainingXHY- spectraand

the ROHF-results willbe discussedin a futurearticle.In each case,the

photoelectronspectrumoftheprecursornegativeionyieldsresolvedvibrationaland/or

electronicstructureassociatedwith the unstableneutralcomplex formed by

photodetachment.

In contrastto the symmetrichydrogentransferreactions,a vastbody of i

experimentalresultsexistsconcerningthekineticsandproductstatedistributionsfor

the asymmetricreactions.8 ExperimentalstudiesofthetriatomicX + HY reactions

dateback tothedawn ofchemicalreactiondynamics.Thiswork has inspiredthe

constructionofmodel potentialenergysurfacesforthesereactionswhich attemptto

reproduceand explaintheexperimentalresults,usingeitherclassicaltrajectorys'i0
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or quantum scattering11calculations.These model surfaceshave providedthe

foundationofmany fundamentalideasin our understandingofthe relationship

betweenthefeaturesofapotentialenergysurfaceand theexperimentallymeasurable

asymptoticpropertiesofa chemicalreaction.Our expe.dmentprovidesa directtest

ofthevalidityoftheseproposedmodelX + HY surfaces.Usingsucha surface,one

can,in principle,simulatethe XHY- photoelectronspectrum and compare the

simulationtoourexperimentalresult.

The methodsofanalysiswhichhavebeendevelopedtosimulatethevibrational

structureseenintheXHX- photo21ectronspectra_ecanalsobe appliedtotheXHY-

photoelectronspectra.These methods allinvolvecalculatingthe Franck-Condon

overlapbetweentheinitialvibrationalleveloftheionand thesetofscatteringwave

functionssupportedby the neutralpotentialenergysurface.A one-dimensional

analysis,inwhichthescatteringcoordiuateisignored,canapproximatelypredictthe

spacingand integratedintensitiesofthepeaksineachvibrationalprogression.This

typeofanalysisisappliedtothespectrapresentedinthispaper asa firststepin

understandingourresults.

In additiontoprobingthegroundelectronicpotentialenergysurfacesofthe

X + HY reactions,photodetachmentofXHY- anionscanaccesselectronicallyexcited

reactivesurfaces.Theseexcitedstatesoftheneutralcomplexareinmostcasesquite

distinctinthespectrapresentedhereand provideinformationon an aspectofthese

reactionslargelyinaccessibletoscattering-basedexperiments.The electronicfeatures

inour spectraprovidea more quantitativefoundationfortheelectroniccorrelation

diagramsproposedforthesereactions12,13and arediscussedatlength.
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Finally,theBrHI- photoelectronspectrumissimulatedusingtime-dependent

wave packetpropagationintwo dimensions.Thisapproachsimulatespeakprofiles

and widthsaswellaspeakseparations,thustestingmore stringentlytheaccuracyof

thepotentialsurfaceusedinthissimulation,but differsfromthetime-independent

treatmentsmentioned above in that the scatteringwave functionsare never

calculated.The use and implementationofa timedependentformalismtodescribe

spectralprofilesdue to a repulsivestatedraws on the ideas of Heller14and

KosloffTM. The time-dependentapproachprovidesconsiderableinsightintothe

experiment_ resultsand makes more concretethe relationshipbetween ota'

experimentalspectraand theshorttimedynamicsinitiatedon the _u_ral reaction

surface.

The systemschosenhe_ _llustrateboththepromiseand limitationsofnegative

ion photodetachmentas a probeoftheneutraltransitior_tateregion.The main

concernisthattheiongeometrymust be similartothatoftheneutraltransition

state.ForsymruetricX + HX reactions,theprecursorionXHX- ismostlikelylinear

and centrosymmetric;_e._7theonlyissueishow closetheequilibriumin_erhalogen

distanceintheionistothesaddlepointgeometryon theneutralsuzface.For an

asymmetricX + HY reaction,anadditionalfat._oristhelocationof'thehydrogenatom

inXITY-. Thisislargelydeterminedby theproton_ties ofX- and Y-. In a

relatedexperiment,Brauman and co-workersobservedsubstantialdifferencesinthe

totalphotodetachmentcrosssectionsfbrthe seriesofionsROHF- dependingon

whetherthe F- or RO-proton affinityishigher._s IfRO-has the higherproton

affinity,thenphotodetachmentoftheionprimarilyaccessestheF + ROH entrance

valleyon theneutralreactivesurface,whereasiftheproton_ty ofF- ishigher,
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the ion is more accurately pictured as (RO-)HF and photodetachment accesses the

RO + HF valley of the surface. We shall see that these considerations have a

profound effect on our experiment.

2. Experimental

The experiments were performed on a negative ion time-of-flight photoelectron

spectrometer which has been described in detail previously, s,19 Briefly, an

internally cold, mass-selected negative ion beam is photodetached with a pulsed fixed-

frequency laser. A small fraction of the ejected photoelectrons is collected and the

electron kinetic energy distribution is analyzed by time-of-flight. The ion beam, based

on the design of Lineberger and co-workers, _° is generated by expanding an

appropriate mixture of neutral gases through a pulsed molecular beam valve and

crossing the molecular beam with a 1 keV electron beam just outside the valve orifice.

Nega_ve ions are formed through a variety of dissociative attachment and clustering

processes in the continuum flow region of the free-jet expansion and their internal

degrees of freedom are cooled as the expansion progresses. BrHI-and C1HI-were

generated from 5% HBr (HC1)/1% HI/Ar mixture and FHI-was made from a 1%HF/

1% HI/At mixture. Similar mixtures were used to make the ions BrDI-, C1DI- and
J

FDI-

Several centimeters downstream from the beam valve, the negative ions in the

molecular beam are extracted at 90° and injected into a time-of-flight mass

spectrometer. 21 The ions are accelerated to 1 keV and spatially separate into

bunches according to their masses as they pass through the mass spectrometer. The

pulsed photodetadunent laser crosses the ion beam at the spatial focus of the mass
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spe_rometer, 140 cm downstream from the extraction region. Mass selection of the

ions to be photodetached is achieved by timing the laser pulse to intersect the ion

bunch of the desired mass. In the results presented here, either the fourth (266 ran,

4.66 eV) or fifth harmonic (213 nra, 5.83 eV) of a Nd:YAG laser was used for

photodetachment. A small fraction (0.01%) of the photoelectrons produced are

detected by a 40 mm diameter dual microchannel plate detector 100 cm from the

laser]ion beam interaction region. The electron time-of-flight distribution is recorded

with a 200 MHz transient digitizer. In all experiments reported here, the laser beam

was plane polarized perpendicular to the direction of electron collection. The

resolution of the spectrometer is 8 mev for 0.65 eV electrons and degrades as Es_ at

higher electron kinetic energies.

3. Results

The BrHI- and BrDI- photoelectron spectra at 213 nm are shown in Figure

5-1. Each spectrum shows two progressions of approximately evenly spaced peaks.

The peak positions are listed in Table 5-la. The peaks labelled A and A* occur at the

same electron kinetic energy in both spectra and are taken to be band origins of the

progressions. The peak spacing within each progression in Figure 5-1 is noticeably

less in the BrDI- spectrum than in the BrHI- spectrum. The direction of this isotope

shift shows we are observing progressions in the neutral [BrHI] complex in a

vibrational mode primarily involving H atom motion. This is assigned to the v3
i,

stretching mode of the [BrHI] complex. The A-A* separation in each spectrum is 0.90

± 0.02 eV (7300 ± 200 cm'l). This is slightly less than the spin-orbit splitting in

atomic I (7600 cm1) and suggests that the two progressions with band origins A and
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A* correspond to two electronic states of the [BrHI] complex which asymptotically

correlate to I-IBr + I(2P_) and I-IBr + I*(_PI_), respectively.

The peak widths in the progression at higher electron kinetic energy are -170

meV, somewhat wider than the peaks in the second progression (-140 meV). All the

peaks are substantially broader than our experimental resolution. Figure 5-2, the

photoelectron spectrum of BrHI- at 266 nm, shows only the firs*,two peaks (A and B),

where their electron kinetic energies are 1.165 eV lower than in Figure 5-1. Thus, for

these peaks, the energy resolution of the spectrometer is considerably higher (8 meV

vs. -37 meV). While the positions of these peak centers can be determined more

precisely from Figure 5-2, the appearance of this region of the spectrum is essentially

unchanged from Figure 5-1; no additional structure is observed at higher resolution.

The 266 mn data are also tabulated in Table 5-1a.

The exothermicity of the Br + HI reaction and relevant energetic quantities for

the BrHI- anion are tabulated in Table 5-2, as are the same quantities for the other

systems studied here. In Figure 5-1, the arrow at 2.07 eV shows the electron kinetic

energy that would result from forming I + HBt (v = 0), which is the lowest energy

asymptotic decay channel available to the [BrHI] complex. This energy is given by

E = hv - Do(BrHI-) - EA(I). Here hv is the photon energy, Do(BrHI-) = 0.70 ± 0.04 eV

is the dissociation energy of BrHI- to form I- + I-IBr(v = 0), 22and EA(I) = 3.059 eV

is the electron affinity of I. 23 The electron energy corresponding to the higher

energy Br + HI (v = 0) asymptote is also indicated with the arrow at 1.36 eV. All of

the peaks in Figure 5-1 occur at electron kinetic energies lower than 2.07 eV and

therefore correspond to states of the [BrHI] complex that are unstable with respect to
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dissociation to I + HBr (v = 0). Recall that peaks at lower electron kinetic energy

correspond to higher internal energy levels of the neutral species.

As discussed in previous work, 3 the v3 mode in the complex formed in a

heavy + light-heavy reaction is essentially a bound degree of freedom; it is poorly

coupled to the dissociation coordinate of the complex. This is why a progression in the

vs mode can be observed in the BrHI- photoelectron spectrum. The vs progressions

and multiple electronic states in the BrHI-" and BrDI- spectra were also seen in the

symmetric XHX- photoelectron spectra. An important difference between the

symmetric and asymmetric systems becomes apparent, however, when the peak

separations are compared to the asymptotic HBt and DBr vibrational energy level

spacings (refer to Table 5-la). In the BrHBr-spectrum, the peak separation was

nearly 1000 cm1 (0.13 eV) less than the HBr spacings. Much smaller shifts are seen

in the BrHI- and BrDI-spectra. Table 5-la shows that for the ground state

progressions of both [BrHI] and [BrDI], the separation between peaks A and B is

essentially equal to the v = 0 - v - 1 spacing in HBt and DBr. However, the B-C

separations in both spectra, and the C-D separation for the BrDI- spectrum, are

smaller than the corresponding 1-2 and 2-3 vibrational spacings in the isolated

diatomic. In the excited state progressions, a somewhat larger shift of the v3 level

spacing is observed.

The C1HI- and C1DI-spectra at 213 nm are shown in Figure 5-3. A

comparison of the two spectra indicates that each consists of two vibrational

progressions separated by 0.935 ± 0.020 eV (7540 ± 160 cml). As in the BrHI-/

BrDI- spectra, the two progressions are attributed to different electronic states of

[CIHI], and once again all peaks correspond to states of the [C1HI] complex that are

i
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unstable with respect to dissociation into I + HC1 (v = 0). ='_ The most noticeable

difference between the spectra in Figure 5-1 and Figure 5-3 is that the intensity of

transitions to higher va levels of the neutral complex fall off more rapidly in the C1HI-

and C1DI- spectra than in BrHI-/BrDI-. The peak positions and widths are listed

in Table 5-lb. In comparison to the BrHI- and BrDI- spectra the peak separations

in CII-H- and C1DI-spectra are somewhat closer to the corresponding HC1 and DC1

vibrational spacings. In fact the A-B interval is just slightly larger than the diatomic

0-1 interval in both hydride and deuteride.

The FHI- and FDI- spectra at 213 nm are shown in Figure 5-4. The peak

positions are listed in Table 5-1c. The two spectra are essentially identical. Each

spectrum shows three peaks of comparable intensity. The splitting between the two

highest energy peaks (labelled X and Y) is shown to better resolution in Figure 5-5,

the photoelectron spectrum of FDI- at 266 nra. This splitting is 0.154 ± 0.007 eV

(1240 ± 60 cre'l). The large uncertainty in the dissociation energy _ of FHI- does

not allow us to say whether or not the state that corresponds to peak X is stable with

respect to dissociation into I + HF (v = 0). The separation between peaks X and Z is

1.045 ± 0.020 eV (8430 ± 160 crel), which is larger than the separation between the

two progressions in either the BrHI-or C1HI-spectrum. In contrast to the

BrHI-/BrDI- and C1HI-/C1DI-spectra, no isotope shifts are observed. This implies

that the two closely spaced peaks, X and Y, do no__trepresent a vibrational progression

and that all the structure in the spectrum is due different electronic states of the

[FHI] complex. We will show that this can be understood in terms of perttu'bations

of the I atom electronic states by a neighboring HF molecule.
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4. Analysis and discussion

4.1 Preliminary considerations

As a prelude to understanding the peak positions and intensities in the XHY-

photoelectron spectra, one must consider what region of the X + HY potential energy

surface is probed when the ion is photodetached. Within the framework of the

Franck-Condon approximation, this depends solely on the geometry of the ion. The

available experimental 16and theoretical 17evidence indicates that the bihalide ions

are linear. However, while ab initio calculations on FHCI-have yielded both

structural information 25 and vibrational frequencies, _ there are no examples for

which the equilibrium interhalogen distance and location of the hydrogen atom in an

asymmetric XHY- ion have been experimentally determined. One can estimate the

location of the hydrogen atom in XHY- from the proton affinities of X- and Y-. The

zero-order structure of an asymmetric anion can be written as XH..Y- or X-..HY

depending on whether the proton affinity of X- or Y- is higher. The proton _ties

of F-, CI, and Br- are 2.47 eV, 0.82 eV, and 0.40 eV higher, respectively, than the

proton affinity of I_ 27 One therefore expects BrHI- to look like I-.HBr, with the

hydrogen atom considerably closer to the Br than to the I atom. This asymmetry

should become progressively more pronounced in C1HI- and FHI-

To understand the effects of the interhalogen distance and H atom location in

XHY- on the photoelectron spectrum, the potential energy surface for the neutral

reaction must be considered. Figure 5-6 shows 28a collinear section of the London-

Eyring-Polanyi-Sato (LEPS) functional form proposed for the Br + HI reaction by

Broida and Persky (hereafter referred to as the BP surface), lo The three-dimensional

surface has a collinear minimum energy path and a 0.21 kcal/mol barrier in the
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Br + HI entrance valley. The surface is plotted using the mass-weighted coordinates

defined in the figure caption. The acute skew angle and low entrance channel barrier

in Figure 5-6 are characteristic of all X + HY reactions. Note that the product valley

is lower most in the figure.

The region of the surface in Figure 5-6 that has the best Franck-Condon

overlap with BrHI-is in the neighborhood of the equilibrium geometry of the _on. In

the figure, this geometry is given by the intersection of the dashed vertical line

corresponding to the equilibrium interhalogen distance in the ion (Re(IBr)) and the

dashed horizontal line corresponding to the location of the H atom (Re(HBr)). The

values for Re(IBr) and R,(HBr) used in the figure are obtained from the one

dimensional fit discussed in Section 2, below. For the general X + HY case, if R,(XY)

is sufficiently small in XHY", the corresponding vertical line in Figure 5-6 will pass

through or near the barrier. Our experiment can then probe the transition state

region on the X + HY surface, where the vibrational and/or electronic properties of the

[XHY] complex are distinct from separated reactants or products. On the other hand,

R,(HX) in the ion determines if photodetachment primarily accesses the X + HY

reactant valley or the Y + HX product valley.

In the case of BrHI-, since the ion can be pictured as I-..HBr, better overlap

with the I + I-IBrproduct valley rather than the reactant valley is expected. The most

intense peaks seen in the experimental spectrum lie well below the asymptote for

Br + HI (v = 0) confirming that the experiment accesses the product I + HBr valley.

However, the observation of a 'red shift' in the v3 spacings of the [BrHI] and [BrDI]

complexes, compared to the vibrational level spacings in HBr and DBr, suggests that
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Re(IBr)inBrHI- issufficientlysmallsothatthetransitionstateregionoftheBr + HI

surfaceisaccessedviaphotodetachment.

Similarconsiderationsapplytothe CII-II-and FHI- photoelectronspectra.

The potentialenergysurfacesfortheCl+ Hl and F + Hl reactionsshouldresemble

the surfaceinFigure5-6,althoughearlierbarriersmight be expecteddue to the

higherexothermicityofthesereactions.However,theexpectedlocationoftheH atom

in CIHI- and FHI- means thatphotodetachmentshouldresultin progressively

greateroverlapwiththeI+ HX productvalley.Thiseffectwillbediscussedinmore

detailbelow.

4.2 One dimensional analysis of XHY- spectra

In this section, the peak positions and intensities of the ground state

vibrational progressions in the three XHY-(and XDY-) photoelectron spectra are

analyzed using a one-dimensional model similar to that used in the analysis of the

BrHBr-spectrum. 3 The BrHI-and BrDI-spectra are simulated using this model,

which then serves as a framework for discussing the CIHI- and FHI- spectra. In

addition to explaining the observed spectra, the analysis yields an approximate

equilibriumgeometryforBrHI-which willbeusedinthetime-dependentanalysisin

Section4.

4.2.1 BrHI- and BrDI-

InordertosimulatethepeakpositionsandintensitiesintheBrHI- and BrDI-

photoelectronspectra,we needtocalculatetheFranck-Condonoverlapbetweenthe

v3= 0 levelofthe ionand thev3levelssupportedby the neutralpotentialenergy

surface.We assume the ionspreparedinour experimentarein theirvibrational

ground states.This analysisrequiresapproximatepotentialenergysurfacesfor
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BrHI- and theBr + HI reaction.We willusetheBP surface,shown inFigure_-6,

fortheBr + Hl reaction.The developmentofa modelv3potentialforBrHI- willnow

be discussed.

InourearlieranalysisofthesymmetricXHX- spectra,we assumeda harmonic

potentialforthev3vibrationoftheion.Thisislikelytobea poorapproximationfor

an asymmetricXHY-ion. In an ab initiostudy on FHCI, Sannigrahiand

Peyerimhoff2scalculatedthepotentialenergycurvesgoverningH atom motionfor

severalfixedinterhalogendistances.At theequilibriumF-CIdistance,theyfounda

highlyasymmetric,singleminimum potential.Based on theFHCI- calculation,the

analogouspotentialenergycurveforBrHI-isexpectedtolooklikethesolidcurvein

Figure5-7.Forthepurposesofcalculatingthev3= 0wave functionwhichislocalized

neartheminimum, thiscurvecanbe approximatedby theMorse potential,

U(RH.Br)--De (1-exp[-_(R..B,-Re(HBr))])2, (1)

shown bythedashedcurveinFigure5-7.We useEq.(1)asthevastretchingpotential

forBrHI_ The vacoordinateisRH.Br,and PHBristheappropriatereducedmass for

determiningthevibrationalenergylevelsand wave functions.Here Re(HBr)isthe

H-Br separationatthe minimum ofthe potential;itsdeterminationisdescribed

below.

The parametersDe and _ inEq. 1 arefixedusingthematrixisolationvalues

forthe va fundamentalin BrHI-and BrDI_ _9 The choiceofthesevaluesmerits

some discussion.Matrixstudiesby Aultand co-workersyieldedtwo frequencies

assignabletothev3mode foreachasymmetricXHY-ion. _'3o Thiswas attributed

totheexistenceoftwo formsoftheionina matrix:a highly'asymmetric'structure

(typeI)witha relativelyhighv3frequency,and a more'symmetric'structure(typeII)
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with a considerably lower frequency. For FHC1, the v3 fundamental is 2491 cm"1for

the type I structure and 933 cm "1for the type II structure. 3o The high degree of

asymmetry in Peyerimhoffs potential 25and a recently calculated value by Botschwina

2e of 2814 cn-' for the v3 fundamental in FHCI--suggest that the more asymmetric

type I structure is closer to the gas phase structure. We have therefore used the type

I frequencies, 29920 cm 1 and 728 cm1, for the v3 fundamental in BrHI- and BrDI,

respectively. De and _ are then obtained analytically.

The BP potential energy surface in Figure 5-6 will be assumed for the Br + HI

reaction. This surface was devised on the basis of quasi-classical trajectory

calculations which produce reasonable agreement with the experimental rate

constants at several temperatures and the product HBr v = 2 / v = 1 ratio at 300 K.

lo The v3 coordinate is taken to be the same as in the ion, namely y = RH-sr. Thus, the

effective potential for the hydrogen stretch in the neutral [BrHI] complex is found by

taking a vertical cut through the surface at x = xe, the value of x at the equilibrium

structure of the ion given by

X e = (_II,HB r / _lHBr) 1/2 (Re(IBr)- (mH/mHBr) Re(HBr) ) (2)

Note that mH/mMsr = 1/80, SOto a good approximation xe -- 7.0 Re(IBr). Here, as before,

Re(IBr) is the equilibrium interhalogen distance in the ion. The energy levels and

wave functions supported by this potential are then solved for numerically.

The peak spacings and intensities in the BrHI-photoelectron spectrum can

now be simulated by calculating the Franck-Condon factors between the v3 = 0 ion

level supported by the Morse potential in Eq. (1) and the v3 levels supported in the

neutral surface cut at x = xe. We assume the BP surface is correct and vary Re(IBr)

and Re(HBr) in the ion until agreement with experiment is obtained. Re(IBr) largely
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determines the location of the cut on the neutral surface which in turn determines the

peak spacings in the photoelectron spectra. The value of Re(HBr) determines the

position of the minimum in the Morse potential for the ion along the y axis of Figure

5-6 and therefore determines the intensity distribution of the simulated spectra. The

best fit to both the BrHI- and BrDI-spectra is obtained with Re(HBr) = 1.55/_ and

x, = 27.1 ,_, so R,(IBr) = 3.88 _,. The hydrogen stretching v3 potential for ion and

neutral are shown in Figure 5-8 along with the energies of the ion va = 0 and 1 levels

and the first few neutral v3 levels. The simulated stick spectra are superimposed on

the experimental spectra in Figure 5-9.

This one-dimensional analysis provides a firmer foundation for some of the

qualitative ideas discussed in the previous section. Although the line x = xe in Figure

5-6 passes very close to the barrier, the va = 0 level of BrHI- has the most overlap

with the vs = 0, 1 and 3 levels supported by the neutral potential. The wave functions

for these levels are confined to the I + HBr product valley of _e potential energy

surface and can be thought of as HBr vibrational levels perturbed by a neighboring

I atom. This is why the peaks in the spectrum corresponding to transitions to these

states are spaced by an interval only slightly less than the HBr fundamental. Note

that the va = 2 wavefunction is localized in the Br + HI valley. The anion

wavefunction has very little overlap with this state but it does appear in the

simulation as a small peak to the right of peak 3 in Figure 5-9 (top).

4.2_2 CIHI- and FHI-

The differences between the CIHI- and BrHI-photoelectron spectra can be

understood by considering how the potential energy curves in Figure 5-8 should differ

in the case of C1HI-photodetachment. The product valley well in the neutral va
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potential should be deeper because the C1 + HI reaction is more exothermic (see Table

5-2). Thus the first few v3 levels supported by this potential should look much like

_lated HCI vibrationalenergylevels.Thisisconfirmedby the peak spacingsin

Table5-1b,whichshow littleorno'redshift'relativetotheHCf and DCI vibrational

energylevels.Inaddition,becauseofthelargerdifferenceinprotonaffinitiesbetween

thehalideionsinCIHI-comparedtoBrHI-,CIHI- willlookmore likeI-clustered

toa nearlyunperturbedHCf molecule.We thereforeexpectthe minima inthev3

potentialsforthe anionand neutraltooccurat a valueofRH_ quiteclosetothe

equilibriumvaluefordiatomicHCI; thetwo minima shouldbemuch closerthanthe

minima inthetwo potentialsinFigure5-8.Hence Av3= 0 transitionstotheneutral

areexpectedtodominatemore thaninBrHI- photodetachment,inagreementwith

our observations.

The absenceofa v3progressionintheFHI- and FDI- photoelectronspectra

can alsobe explainedby consideringthev3potentialsfortheionand neutral.The

F + HI reactionisconsiderablymore exothermicthan eitherthe Br + Hl or the

Cl. Hl reactions,and theionshouldbeevenmore asymmetricthaneitherBrHI-or

CIHI- Thus,we expectthev3potentialsfortheanionand neutralcomplextolook

verymuch likethediatomicHF potential,atleastnearthebottomofthewells.With

referencetoFigure5-8,inthecaseofFHI- photodetachmentwe expectthatthewells

in the ion and neutralpotentialsare very f_imilarin shape and theirminima

essentiallycoincide(atRefordiatomicHF); thisresultsinonlyAv3= 0 transitionsin

thephotoelectronspectrum.
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4.3 Electronic structure in the XHY- spectra

We now consider the electronic structure revealed in the XHY-photoelectron

spectra. Photodetachment of XHY- provides a direct probe of the multiple electronic

potential ensrgy surfaces in the HX + Y product valley (in the present case where

Y = I). This is of considerable interest in light of past work on the role of

electronically excited reactant and product states in these reactions. 12,_, 3_.32.

Let us first consider which neutral electronic states are accessible via

photodetachment of XHY-, a closed shell 1_;.species. Based on the simple molecular

orbitel picture proposed for FHF-by Pimentel, _ the two highest occupied molecular

orbitals in XHY- are expected to be a _ orbital which is a linear combination of the

two halogen 2pz and Hls orbitals, and a doubly degenerate _- orbital of the form

2px,y(X) - _2px,y(Y). Removal of an electron from the c orbital by photodetachment

results in a neutral 2_;state, whereas removal of an electron from the _ orbital yields

a 2rl state. If spin-orbit interactions are neglected in the coUinear X + HY reaction,

then when the _P X atom begins interacting with the HY molecule, the lowest energy

electronic state should be the _;state in which the unfilled p orbital on the X atom iies

along the XHY internuclear axis. On the other hand, the 1I state, in which the

unfilled orbital lies perpendicular to this axis, should result in a repulsive interaction.

This is confirmed by DIM (diatomics-in-molecules)calculations by Duggan and Grice

for the related systems F + HF and C1 + HC1._2

The inclusion of spin-orbit interactions results in a slightly more complicated

picture of the electronic states involved in the reaction. A correlation diagram for the

Br + HI reaction including spin-orbit effects is shown in Figure 5-10. _ The Figure

can be generalized to all X + HY reactions 13and draws upon the DIM calculations on
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F + _ by Tully. sa Near the interaction region, we see that reaction on the 22;_ curve

leads from ground state reactants to ground state products with only a small barrier,

whereas reaction along the 2rI_ or 21"IIF2curve passes through a much larger barrier

resulting from an avoided crossing. Near either asymptote, the potential energy

curves are similar to the well-studied interaction between a IS and a _P atom. _ In

this region, where the spin-orbit interaction in the _P atom is much larger than the

intermolecular potential, it is more appropriate to label the three curves only with _I,

the projection of the total electronic angular momentum on the internuclear axis, since

_1is a good quantum number but A (projection of the orbital angular momentum only)

is not. Thus, in the asymptotic region, Hund's case (c) applies. The three curves are

typically labelled X(1/2), I(3/2), and II(1/2), in order of increasing energy. The two

= 1/2 states are linear combinations of 2E_ and 21-11_states, while the 2Ha_ state is

the only F_= 3/2 state. The same notation is appropriate for the reactant and product

valleys of coUinear X + HY reactions. In the HX + Y product valley, the X(1/2) and

I(3/2) curves eventually correlate to Y(2Ps_) + HX, whereas the II(1/2) curve correlates

W Y*('_P_) + _ We therefore expect the photoelectron spectrum of XHY- to show

transitions to a maximum of three low-lying electronic potential energy surfaces in the

HX + Y product valley.

This is most likely the origin of the three peaks in the FHI-/FDI-

photoelectron spectra. The correlation diagram in Figure 5-10 shows that as HF is

brought up to an I atom, the degenerate 2Ps_ state is split and the 2p_ state

experiences a repulsive interaction. In our spectra (Figures 5-4 and 5-5), the two

peaks X and Y separated by 0.154 eV are assigned transitions to the X(1/2) and I(3/2)

states, respectively, which both asymptotically correlate to I(_Paa) + HF. Peak Z at the
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lowest electron energy lies 1.05 eV from Peak X. This is slightly larger than the I

atom spin-orbit splitting and is assigned to a transition to the II(1/2) state which

asymptotically correlates to I*(2P_) + HF.

Haberland s7 has shown that of the three potential energy curves resulting
I

from the interaction between a IS and a zp atom, one curve can be determined if the

other two are known provided that the spin-orbit interaction is assumed to be

independent of internuclear distance. In the Hund's case (c) limit, one obtains

VI(R) = 2(V,(R) - A), (3)

where A is the spin-orbit splitting in the 2p atom, R is the internuclear distance, and

VI and V, are the potential energies of the upper two curves relative to the X(1/2)

curve. We can apply this formula to the three peaks in the FHI- photoelectron

spectrum. In this case, A = 0.943 eV (the Iodine spin-orbit splitting) and the splitting

between peaks X and Z is V. = 1.045 eV. Equation (3) yields V_= 0.205 eV, which

should be compared to the experimental spacing of 0.154 eV between peaks X and Y.

Somewhat better agreement with experiment is obtained using the more accurate

equations from which (3) is derived 37that are appropriate for the intermediate region

between the Hund's case (c) and (a) limits. In either case, the reasonable agreement

with experiment supports our assignment of the three peaks to three electronic states

in the I + HF product valley.

In the BrHI- and C1HI- photoelectron spectra, vibrational progressions from

only two electronic states are apparent. The interval between the electronic states in

the C1HI- spectrum is equal to the I atom spin-orbit splitting, whereas the interval

in the BrHI- spectrum is slightly less. This suggests that in the region of the product

valley probed by our experiment, the interaction between the I and HCI or HBr
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molecule is not strong enough to produce a resolvable splitting of the degenerate

I(_Ps_) state. However, in both spectra, the peaks in the progression from transitions

to the lower electronic state are broader than in the excited-state progression. We

suggest that the increased width in the former peak results from the splitting of the

degenerate I(ZPs_)+ HX state but the splitting is smaller than the widths of the

individualtransitions.Thiswouldmean thatthepeakobservedisan envelopeoftwo

broad transitions,whose individualwidthsare probablycomparabletothe H(1/2)

transition.The groundstatepeaksin theCIHI- spectrumarenoticeablybroader

than in the BrHI-spectrum, indicatingeithera largersplittingofthe I atom

electronicdegeneracyin the[CIHI]complexora more repulsiveinteractioninthe

I+ HCI productvalley(seenextsection).

Insummary, asfaraselectroniceffectsareconcerned,theinteractionbetween

Iand HF intheregionoftheneutralsurfaceprobedby photodetachmentofFHI- is

strongerthan theI + I-IBrand I + HCf interactionprobedintheBrHI- and CIHI-

spectra.Two effectsmay contributetothis.The dipolemoment ofHF isconsiderably

higherthan forI-IBrorHCI (1.82D vs.0.82D, 1.08D)._ In addition,thebond

lengthinHF ismuch lessthaninHBr orHCf (0.917,_vs.1.414_k,1.275,_).3sWe

thereforemight expecta shorterinterhalogendistancein FHI-than in BrHI-or

CIHI_ Thismeans thatsubsequenttophotodetachment,thesphericalsymmetry of

theIatom willbemoststronglyperturbedbytheneighboringI-IXmoleculeinthecase

ofFHI- The largerelectroniceffectsseenintheFHI- spectrumarereasonablein

lightoftheseconsiderations.

A finalpointof'interestisthatthetwo vibrationalprogressionsintheBrHI-

(andBrDI-)spectrumhavesimilarintensitydistributions.The peakspacingsineach
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progression are also similar and are slightly less than the vibrational frequency in

isolated HBr (DBr), although this difference is more noticeable in the excited state

progression. This indicates that in the geometry probed by our experiment, the

distortion of the HBr bond in the [BrHI] complex is approximately independent of the

I atom electronic state, and suggests that the ground and excited electronic potential

energy surfaces are not very different in the I + HBr product valley. It would clearly

be of great interest to probe the excited Br + HI potential energy surfaces in the

region of the barrier as this is where the largest differences among the various

surfaces are expected. This possibility is discussed below.

4.4 Time dependent simulation

The discussion in section 2 presents a qualitative explanation for the

structured spectrum observed in the BrHI- photodetachment experiment. The simple

one-dimensional calculations provide Franck Condon stick spectra within a familiar

bound - bound eigenstate framework. However, an essential aspect of this experiment

is that the neutral [BrHI] complex dissociates rapidly. Our spectra offer a good deal

of dynamical information concerning this process, largely through the peak widths.

In order to extract this information we must include at least the dissociative degree

of freedom in our simulations. As in our analysis of the BrHBr- and IHI- spectra,

we assume that no bending excitation in the neutral complex results from

photodetachment and we confine ourselves to a two-dimensional treatment in which

only the v, and v3 stretching motions are considered.

In our treatment of BrHBr- and IHI- photoelectron spectra we used an

adiabaticapproximationtoseparatethe bound (v3)and dissociative(v,)degreesof

freedom,justifiedbecauseofthedifferenttimescalesforthetwo motionsina heavy-
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light-heavysystem._3 WhiletheBrHI- and BrDI- spectracouldbesimulatedinthe

same way,thisapproximationisnotsostraightforwardforasymmetricsystems.4o

Alternativelyone can exactlysolvethe two-dimensionalproblemwith a coupled

channelcollinearscatteringcalculation,llb.41 However,we choosetouse thetime-

dependentwave packetpropagationmethod whichalsoyieldsanexactsolution.The

time-dependentpicturerevealstherelationshipbetweenourexperimentalspectrum

and the shorttimedynamicsofthehalfreactioninitiatedon the neutralreaction

surfaceina more intuitivemanner thanthetime-independentanalyses.

The practicaldifferencebetween the two approachesis this. In time-

independenttreatments,eachofthemany scatteringstatesovera rangeofenergies

aresolvedfor,and thesimulatedspectrumisdescribedby thesquareoftheoverlap

ofthe anionwave functionwitheach oftheseneutraleigenfunctions.The time-

_._pendentperspectiveisbased on the factthatthe photoelectronspectrumis

equivalentlyexpressedas theFouriertransformofa timeautocorrelationfunction

C(t):

a(E) o, f:xp(iEt/i_)C(t)dt (4)
J.

ThiscomplexfunctionC(t)monitorstheoverlapofa moving wave packetwiththe

initialwave packetasa functionoftime:

C(t)=(_(0)i_(t)) (5)

The initialwave packet,¢(0),inthiscaseisdefinedasthegroundstatevibrational

wavefunctionofthe anion,assumingthe electronicdipolemoment operatorisa

constantoverthe range ofthiswave function.The motion ofthe wave packet

subsequentlyon theneutralsurfaceisdescribedby
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lC(t)) = e iRt/_ I¢(0)) (6)

where ei ht/_ is the time propagation operator and I_Iis the Hamiltonian for the

upper (neutral) surface. In this way the spectrum is simulated by simply performing

the wave packet propagation and transforming the resultant autocorrelation function.

This dynamical approach to molecular spectroscopy has been applied by other workers

to the analysis of absorption and emission, 42,4s fluorescence, 44

photoelectron 4s.48and Raman 47experimental spectra.

The propagation scheme implemented here is due to Kosloff and Kosloff; 4s

we use the Fourier method for evaluation of the Hamiltonian and second order

differencing to approximate the propagator. An advantage of the Fourier

representation of the kinetic energy is that a relatively sparse spatial grid can be

used. Convergence has been tested in each case by doubling the density of grid points

along each dimension and halving the propagation time step. The parameters used

for each calculation are shown in respective captions.

The concepts involved in spectral analysis based on the autocorrelation function

have been described admirably elsewhere. 14.43The application of these concepts to

our results will be undertaken in two steps. We first discuss the features that appear

in the autocorrelation function when considering the bound v3degree of freedom alone.

We then consider the extra features that result from a two dimensional analysis which

includes the second (v_), dissociative degree of freedom.

4.4.1 One.dimensional time-dependent treatment of the BrHI- spectrum

The features of the ground stale progression in the BrHI-photoelectron

spectrum have been explained in terms of eigenvalues of a one dimensional double

well potential in Section 2. In a time dependent picture the key to understanding this
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structure lies in the autocorrelation function, (¢(0)1¢(t)), and its relationship to the

motion of the wave packet. Figure 5-11 shows the modulus of the autocorrelation

function calculated for the BrHI system, using the same anion ground state wave

function and the same one dimensional cut of the neutral Br + HI LEPS surface as

was used in the time independent treatment. Figure 5-11 also shows the resulting

photoelectron spectrum obtained by the Fourier transform of the complex C(t)

function. A comparison of this simulation and the time independent one in Figure 5-9

shows that they are identical, as we should expect because the two one-dimensional

treatments are exact and equivalent.

Figure 5-11 (top)shows that the correlation between the initial wave packet,

¢(0) and the wave packet at time t, ¢(t), falls off raw,idly after t = 0. This indicates

that the packet moves quickly away from the Franck Condon region, which in turn

indicates that there is considerable excitation in this v3 mode. In fact the faster the

fall of IC(t) l from unity at t = 0, the longer the vibrational progression, or the larger

the bandwidth in the photoelectron spectrum. The next feature is the recurrence, or

oscillatory, structure in the autocorrelation. A recurrence occurs when the wave

packet ¢(t) returns to the Franck Condon region. The recurrence structure in IC(t) l

corresponds to the observation of discrete structure, rather than an unfeatured

continuum, in the photoelectron spectrum. The IC(t)l in Figure 5-11 has periodic

structure out to infinite time; this serves only to make the peaks in the photoelectron

spectrum infinitely narrow, which is to be expected for a treatment that includes only

a single bound degree of freedom. As pointed out earlier, the peaks in the BrHI-

photoelectron spectrum are not equally spaced because the reaction potential surface

cut does not have a single minimum. The motion of the wave packet in this potential



143

cannot then be described as a coherent single frequency oscillation. The complex

structure shown in Figure 5-11 and the fact that the height of the first recurrence is

not unity are due to this effect which is comparable to dephasing of a wave packet

moving in an anharmonic potential well. It is important to emphasize again that this

peculiar double oscillatory feature is a result of the shape of the potential along the

bound v3 coordinate, and is not related to the dissociative degree of freedom.

The finite propagation of the wave packet in time, up until t = tmu, leads to a

finite resolution of the simulated photoelectron spectrum. In principle this is given,

in atomic units, by AE = _ / tta,x.49 However, in practice, if the autocorrelation has

not fallen to zero by tmaxthen its Fourier transform will show artificial high frequency

oscillations; this problem is rectified by convolution with a window function. 5°

Choice of a Gaussian window function is equivalent to convoluting the stick spectrum

in energy with a Gaussian energy resolution function. This operation has been

performed to the one dimensional autocorrelation Figure 5-11 (top) to yield the

simulated spectrum (bottom) so that the sticks have FWHM of 10 meV.

4.4.2 Two-dimensional analysis of the BrHI- and BrDI- photoelectron

spectra

Method

The extension to higher dimensions of the time dependent approach is

conceptually simple. The propagator now allows for motion of the initial wave packet

along two dimensions, namely the two stretching coordinates of the linear triatomic.

The autocorrelation is calculated in the same manner and the transformation to a

photoelectron spectrum simulation is identical to that described above. The two

dimensional treatment allows us to assign physical meaning to the peak widths. In
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the following calculations we aim to simulate the full ground X(1/2) state progression

for the photoelectron spectra of BrHI- and BrDI, using the published potential

energy surface. At present we neglect the effects of the nearby I(3/2) surface,
L_

discussed in section 3, on the X(1/2) progression in the photoelectron spectra. We

shall discuss the agreement with the experimental spectra and comment on the

interpretation of the peak widths.

The propagation is performed on the effective collinear reaction surface derived

from the BP LEPS surface. To extract the effective collinear surface from the supplied

LEPS fhnction of all three internal coordinates, the bending angle is considered fixed

at 180°, and the zero point energy due to bending motion is included at every grid

point, s The zero point bend energy is calculated in an harmonic approximation. This

approach is in the spirit of the reduced dimensionality model of Bowman. 51 It is

justified as long as little or no bending excitation is expected in the photoelectron

spectrum. This is a reasonable assumption so long as the ion is linear and the

minimum energy path on the neutral surface is collinear. The Broida and Persky

LEPS parameters are not at any time adjusted to fit the experimental spectrum. The

spatial grid used in the calculation is set up on the mass scaled coordinates, x and y

defined in the caption of Figure 5-6, so that the kinetic energy operator is

diagonalized. _HBris the appropriate reduced mass for describing motion on this

surface. The anion potential surface is then the sum of the Morse potential (1) along

y and a harmonic oscillator with frequency vi along x. The equilibrium point of the

anion potential is fixed at the best fit values found from the one dimensional analysis,

namely Ye= 1.55 A and Xe= 27.1 ,_. The initial wave packet is set equal to the ground

state eigenfunction of this anion potential. Unfortunately there is no matrix isolation
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or calculated value for the v i fundamental; this frequency would indicate the extent

of the initial wave packet along the dissociation coordinate x. However combination

bands have been seen in the matrix isolation spectra of BrHBr- and II-II-yielding vi

values for these ions of 164 and 121 cm"1respectively, s2 The calculated FHCI-v i

is lower than the observed vi of both FHF-and CIHCI_ ls,_ Furthermore the v_

frequency should be approximately unchanged upon isotopic substitution of the

hydrogen. We therefore set v_ for BrHI-/BrDI- at 100 crel; only minor changes in

the resulting simulation occur if we double this frequency.

This initial wave packet is propagated on the upper surface for 320

femtoseconds. The calculation is checked for convergence with respect to grid size and

time step. The potential function has been 'shelved' at extremely high values (5 eV

above the I + HBr energy zero), otherwise a prohibitively small time step is required

for a stable propagation. _ For the two dimensional simulation shown here utilizing

a 128 x 64 grid, the entire calculation took seven CPU hours on a VAX 8650. As

observed by Kosloff, _sthe numerical method is particularly suitable for vectorization

on a supercomputer; the same calculation required only 3.3 CPU minutes on a Cray

X/MP 14. Considerable reduction in run time can be achieved by employing absorbing

grid boundaries which immediately allows use of a less extensive grid. _ By this

device it was possible to perform propagations to a picosecond on a 64 x 32 grid and

examine resonances to higher energy resolution; these computations required 2.5

CPU minutes total on the Cray.

Results and Discussion

The calculated autocorrelation functions for BrHI and BrDI wave packet

dynamics are shown in Figure 5-12. The oscillatory structure out to 60 fs is strongly
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reminiscent of the autocorrelation function calculated in one dimension (see Figure

5-11). However it is quite clear that the inclusion of motion along the dissociation

coordinate leads to damping of the oscillations in the autocorrelation function over this

time range. Each succeeding time that the wave packet bounces back along the I-IBr

coordinate to the Franck Condon region, it has progressed further along the x

coordinate and as such has diminishing overlap with ¢(0). One single recurrence in

the autocorrelation is necessary, but sufficient, to yield oscillatory structure in the

energy spectrum, as shown by Imre for the photodissociation of H20. 4s If all vs states

supported by the one dimensional cut dissociated by the same direct mechanism one

would expect essentially the one dimensional result convoluted with a single Gaussian

envelope damping function to give the two dimensional autocorrelation function. The

calculated function shown in Figure 5-12(a) clearly has a more complicated form;

there is long time structure which has a qualitatively different form from the shorter

time structure. Analysis of the wave packet dynamics and the Fourier transform of

the time autocorrelation function show that the v3 states have widely differing

'lifetimes'.

Figure 5-13 explicitly shows how the initial wave packet ¢(0) evolves as a

function of time on the Br + HI surface. The modulus of ¢(t) is plotted at several

times ranging from t = 0 to t = 966.4 fs. The plots show the regions of the potential

sampled by the wave packet, the mode or mechanism of dissociation, and the

branching ratio between the arrangement and vibrational channels. The time-

dependent function ¢(t) represents the evolution of a coherent superposition of

scattering eigenfunctions VE weighted by <¢(0)IVE>. Although ¢(t) and the

photoelectron spectrum are uniquely related through Equation (4), we point out that,
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in contrast to a 'short-pulse' laser absorption experiment, such a superposition is not

created in our photoelectron spectroscopy experiment. Instead, each photodetachment

event results in a well-defined neutral scattering state WE with probability

I<¢(0)l_z>12.However,theplotsof¢(t)show what wouldoccuriftheinitialwave

packet¢(0)werecreatedontheneutralpotentialenergysurfaceand thereforeprovide

considerableinsightintothedissociationdynamicsofthe[BrHI]complex.

The firstpicture(t= 0 fs)shows thatthe bulkofthe initialwave packer's

amplitudeisintheI + HBr exitvalley,although¢(0)doeshavesomeamplitudeatthe

saddlepointregionofthepotentialsurfaceand thereforewillhavefiniteoverlapwith

stateslocalizedintheHI valley.Inthefirstfewfemtosecondsa smallfractionofthe

wave packetbreaksaway upwardsintothesaddlepointregionwhiletherestmoves

downwards.The periodofoscillationofthismajorcomponentofthepacketalongthe

y coordinateisessentiallythatofdiatomicHBr (ZHBr- 12.6fs).Thisisthedominant

periodicityshown intheautocorrelation.The secondframe shows thepacketafter

-1.5_HBrwhere IC(t)lgoesthrougha minimum. As commented on forthe one

dimensionalautocorrelation,theanharmonicityofthepotentialgoverningthisfast

oscillationalongthey coordinateleadstoa more complicatedperiodicstructure.On

eachofthefirstfew occasionsthatthemajorcomponentofthepacketretrainstothe

'soR'wall,a fractioncrossestheridgebetweenproductand reactantvalleys(seenin

thepicturesatt= 20.1and 40.3fs).

Overthefirst60fsthemajorpartofthewave packetmoves barelyperceptibly

alongthedissociationcoordinate.However atlatertimeswe seethismotionbecomes

more dominant; the overlapofthiscomponent of¢(t)with _(0)becomes much

smaller,and thusitscontributiontotheshapeoftheautocorrelationisdiminished.
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Therefore the autocorrelation at times later than 60 fs slowly loses resemblance to the

earlier pattern and that seen in the one dimensional simulation. The pictures at

longer times (e.g. at t = 201.3 and 261.7 fs) show the component of the wave packet

that exits through the product valley spreads along x and from the leading edge (at

higher x) to the tail there is an increasing number of nodes along the y direction. This

suggests that states with higher v3 excitation proceed more slowly along the

dissociationcoordinate.Thisisinaccordwithoursimulationson BrHBr, 3and is

manifestedinthenarrowerlinewidthsofthe[BrHI]v3= 3 and v3= 5 peaksinthe

simulatedphotoelectronspectrum(Figure5-14(a),Table5-3).Moreovernoticethe

seriesoflatertimepicturesshow some componentsofthewave packetthatremain _

localizedincoordinatespaceforextendedperiodsoftime(e.g.att= 201.3,261.7and

966.4fs).Thesecorrespondtoa weightedsuperpositionofquasi-stationarystatesor

resonancestates;the dominant resonancestatesseen have va= 4. These are

manifestedintheautocorrelationatlongtimeasoscillationsmodulatedby a second

frequency.Inthesimulatedphotoelectronspectrumtheresonancesappearasaseries

ofcloselyspaced(-18meV or-150cm"I)peaksat1.21eV electronenergy.However

they are not resolvedindividuallywhen the simulationis convolutedwith the

experimentalresolutionfunction(Figure5-14(a)).The positionsoftheseresonances,

whichhavenotdecayedbytheendofa picosecondinthistwodimensionalsimulation,

arelistedinTable5-3.Thesestatescan beprojectedoutand theirindividualmode

ofdecaycanbestudiedbytime-dependentpropagationasshown by Bisselingetal.s_

The differingqifetimes'of each vibrationalstate,and the resonance

phenomenon supportedby the potentialenergysurfaceused in thissimulation,

explainthe complex decay of the autocorrelationfunction. The simulated
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photoelectron spectra for BrHI- and BrDI- have been convoluted with the true

instrument resolution function (given in Ref. 3) and are shown in Figure 5-14 where

they are superimposed on the experimental spectra. It is quite clear that the

ex_rimentaZ spectra do not show many of the features discussed above, and the

autocorrelation functions leading to these spectra should be much simpler than that

shown in Figure 5-12. The spacing of the peaks and the qualitative trends in peak

width, namely decreasing width with greater vibrational excitation, are in good

agreement with the experimental spectra. However the discrepancy in the

magnitudes of the widths is striking, and the variation of width is much less

noticeable in the experimental spectrum as opposed to the halving of linewidth seen

between the simulated v3 = 0 and v3 = 3 peaks. Moreover we have shown that in a

two dimensional simulation the BP LEPS surface supports resonance states which

should give rise to sharp peaks in the spectrum, although the intensity of these peaks

is expected to be small. These are not evident in the experimental profiles. Thus, in

time-independent language, the experimental peaks all appear to be from direct

scattering states on the Br + HI surface. Lastly the origins of the simulated

photoelectron bands must be shifted to higher electron kinetic energy by

approximately 60 meV to match with the experimental ones. This shift is just larger

than the cumulative error in the reported thermochemical and spectroscopic data used

to link the energy zeros of ion and neutral.

We would like to be able to use the discrepancies between the simulated and

experimental spectra, in particular the differences in the peak widths, to learn about

the Br + HI potential energy surface. One might argue that the broad experimental

peaks result from the multiple electronic states of the neutral complex accessible via
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photodetachment. In section 3, we have argued that each peak in the progression at

higher electron kinetic energy could be split due to an electronic interaction between

the dipole of the HBt and the open shell iodine atom. In the [FHI] system where the

electronic interaction is largest and the components are resolved, some differences in

peak width are seen for the three states (see Table 5-1c). In the case of [BrHI] less

of a difference is expected in the peak shape and width among the three states and

it is probable that the splitting is in fact a fairly small part of the width, the major

part of the width being intrinsic to the transition to a dissociative state.

A similar discrepancy between the simulated and experimental peak widths

was also seen in our analysis of the BrHBr-photoelectron spectrum when we

assumed a LEPS potential energy surface for the Br + KBr reaction. 3 We therefore

developed a more flexible functional form for an effective collinear Br + I-IBr surface

which allowed the construction of a surface with a steeper minimum energy path in

the Franck-Condon region. Simulations on this surface did reproduce the broad peak

widths observed in the BrHBr- spectrum. A similar modification may be required for

the BP Br + HI surface; that is, the surface may not be steep enough in the I + I-IBr

exit valley. Another possibility is that the minimum energy path on the correct

Br + HI surface is not collinear, in which case the effective collinear approach is not

appropriate and full three-dimensional simulations are required to accurately simulate

the photoelectron spectrum. In any case, while it is somewhat risky to draw

conclusions on the possible defects of a reactive potential energy surface based on an

effective collinear analysis, this type of ,malysis provides an important first step in

relating the features of the BrHI-photoelectron spectrum to the Br + HI potential

energy surface.
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Two variations on this experiment should provide considerably more

information on the Br + HI reaction. BrHI-in its ground vibrational state has good

Franck-Condon overlap with the I + HBr product valley. This is certainly an

important region of the potential energy surface as it plays a major role in

determining how the energy released in the reaction is partitioned among product

degrees of freedom. However, we would also like to probe the reactant side of the

potential energy surface, particularly the barrier. In Figure 5-8, note that the neutral

levels with v3 _>4 span both valleys of the potential energy surface. While transitions

to these levels from the v_ - 0 level of BrHI- are very weak, transitions originating

from the v3 = 1 level of the ion are considerably stronger. A simulated photoelectron

spectrum assuming BrHI- with v3 = 1 is shown at the top of Figure 5-15. The

appearance of this spectrum is quite different from the simulation in Figure 5-14 and

shows intense peaks due to transitions to these higher neutral vs levels. Hence,

vibrational excitation of the ion provides an elegant means of probing the reactant

side of the Br + HI surface. In general, vibrational excitation of various modes of the

ion is akin to varying the distribution of reactant energy in a state-to-state

experiment.

The simulated spectrum at the top of Figure 5-15 is convoluted with the

experimental resolution of our photoelectron spectrometer. The spectrum at the

bottom of Figure 5-15 assumes an constant experimental resolution of 4 meV (35 cm "1)

' and shows correspondingly more structure. For example, the v3 = 4 peak splits into

4 closely spaced peaks which are actually resonance states quasi-bound along the vi

coordinate. The appearance of these was discussed in the time dependent section

above. Thus, a spectrometer with somewhat higher resolution has the capability to
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reveal considerably more detail concerning the Br + H1 potential energy surface. We

currently have such an instrument: _ a threshold photodetachment spectrometer

with a resolution of 3 cm"1. Recent results on IHI-have already shown vibrational

features of the [IHI] complex that were obscured at lower resolution, ss,_ Studies

of asymmetric systems with this instrument will be undertaken in the near future.

5. Summary

Photoelectron spectra for the asymmetric bihalide anions XHI- and XDI- (X

= Br, C1,F) have been obtained in order to learn about the transition state region on

the neutral X + HI potential energy surfaces. In the case of BrHI- and C1HI-, the

spectra show resolved vibrational progressions assigned to the v3hydrogen stretching

mode of the neutral [XHI] complex. In all the spectra, transitions are observed not

only to the ground state reactive potential energy surface, but also to electronically

excited surfaces which correlate asymptotically to HX + I(2Pa_, _PI_). The BrHI- and

BrDI- spectra are analyzed in detail using an approximate geometry for the ion and

a model potential energy surface for the Br + HI reaction. A one-dimensional analysis

is used both to simulate the peak positions and intensities of the BrHI- and BrDI-

. spectra and to understand the appearance of the other XHI- spectra. We have also

performed a two-dimensional quantum collinear simulation of the spectra of BrHI-

and BrDI- via the wave packet propagation technique. The results of this time

dependent simulation provide further insight into the origin of the structure seen in

our spectra. The simulated peaks are narrower than the experimental peaks; this is

discussed in terms of properties of the model Br + HI surface and approximations in

the analysis.
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Table 5-1a: Experimental Results for Photoelectron Spectra of BrHI- and BrDI_
(Ali energies in eV)

eKEa FWHMb eKEa FWHM b Spacing Spacing in
213 nm 213 nm 266 nm 266 nm HBt/DBr c

BrHI -

A 1.970 (17) .175 0.783 (4) .170

0.313 (5)d 0.317 (0-1)

B 1.658 (13) .170 0.470 (3) .165

0.268 (18) 0.306 (1-2)

C 1.390 (10) .160 - -

A* 1.071 (7) .155 - -

0.292 (9) 0.317 (0-1)

B* 0.779 (5) .140

0.234 (10) 0.306 (1-2)

C* 0.545 (8) -.120

BrDI-

A 1.980 (17) .185

0.240 (22) 0.228 (0-1)

B 1.740 (14) .170

0.203 (18) 0.222 (1-2)

C 1.537 (11) .160

0.193 (19) 0.216 (2-3)

D 1.344 (15) -.160

A* 1.068 (9) .180

0.226 (15) 0.228 (0-i)

B* 0.842 (11) .170

0.192 (17) 0.22 (1-2)

C* 0.650 (13) -.150

0.170 (20) 0.216 (2-3)

D* 0.480 (15) -.170
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Table 5-la continued.

a) Electron kinetic Energies (eKE) at each peak center found by fitting peaks to
a set of Gaussians. Uncertainties, in parentheses, are approximate.

b) Uncertainties in widths are approximately 0.005 eV, except where
indicated.

c) Spacingsbetweenvibrationallevelsindicatedinparentheses;sourceRef.39.

d) A-B spacingfrom266 nm data

A --,A* spacingintheBrHI- and BrDI- photoelectronspectraare0.899± 0.019eV
and 0.912± 0.020eV respectively.The freeiodineatom spin-orbitsplittingis0.943
eV.
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Table 5-1b: Experimental results for Photoelectron spectra of C1HI- and C1DI-.
(All energies in eV)

eKE" FWHiVlb eKE°'c FWHM b'c Spacing Spacingin
213 nm 213 nm 266 nm 266 nm HCF DCId

CIHI-

A 2.070(17) .230 0.900(5) .220

0.380(6)" 0.358(0-i)

B 1.678(13) .220 0.520(3) .220

0.323 (18) 0.345 (1-2)

C 1.355 (13) -.210 - -

A* 1.133 (10) .185 - -

0.358 (17) 0.358 (0-1)

B* 0.775 (5) -.180 - -

CIDI -

A 2.079 (17) .205 0.900 (5) .190

0.279 (7)" 0.259 (0-1)

B 1.797 (14) .190 0.621 (4) .175

0.258 (19) 0.252 (1-2)

C 1.539 (13) -.175

A* 1.148 (8) .175

0.278 (14) 0.259 (0-1)

B* 0.870 (11) .175

0.235 (17) 0.252 (1-2)

C* 0.635 (13) -.170
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Table 5.1b continued

a) Electron kinetic Energies (eKE) at each peak center found by fitting peaks to
a set of Gaussians. Uncertainties, in parentheses, are approximate.

b) Uncertainties in widths are approx. 0.005 eV, except where indicated.

c) 266 mn spectra not shown

d) Spacings between vibrational levels indicated in parentheses; source Ref. 39.

e) A-B spacing from 266 nm data

A _ A* spacing in the ClHI- and C1DI- photoelectron spectra are 0.937 _*0.020 eV
and 0.931 _*0.019 eV respectively.

Table 5-1c: Experimental Results for Photoelectron Spectra of FHI- and FDI-
(Ali energies in eV)

eKEa FWHMb eKEa FWI-IMb Spacing
213 nm 213 nm 266 nm 266 nm

FHI-

X 2.143 (19) .100

0.151 (25)

Y 1.992 (17) .130

0.894 (19)

Z 1.098 (7) .115

FDI-

X 2.143 (19) .100 0.966 (5) .070

0.154 (7)c

Y 1.992 (17) .130 0.812 (4) .110

0.894 (19)

Z 1.098 (7) .115 - -

a) Electron kinetic Energies (eKE) at each peak center found by fitting peaks to
a set of Gaussians. Uncertainties, in parentheses, are approximate.

b) Uncertainties in widths are approximately 0.005 eV.

c) X-Y spacing from 266 nm data.
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Table 5-2: Available data for the anions and neutral reactions described in this
work.

Anion BrHI- BrDI- CIHI- CIDI- FHI- FDI-

AH_oo(eV)" 0.70 0.62 0.65b

v3(cm.l) c 920 d 728 a 1560d 1219 _ 2955" 2225"

E.B.E.(eV) f 3.88 3.85 3.76 3.76 3.68 3.70

Neutral Br + HI Br + DI C1 + HI C1 + DI F + HI F + DI
Reaction

AI-I_(eV)g 0.704 0.710 1.379 1.390 2.815 2.843

a) Hydrogen Bond Cleavage Enthalpy, i.e. the enthalpy change for the reaction
XH..I- --, HX + I- at 300K, from Ref. 22. This value is used, in the absence
of any other data, for Do(XH..I-) in the text.

b) Estimated. See Ref. 24 for details.

c) Fundamental frequency for the Type ! hydrogen stretching vibration, measured
for ion prepared in an argon matrix. See text for discussion of choice of
frequencies.

d) Ref. 29

e) Ref. 30

f) Approximate electron binding energy. This is estimated from center of 0-0
peak in photoelectron spectrum (this work)

g) Reaction exothermicity: AH_ = D_(HX)- DM(HI). Data from Ref. 36
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Table 5-3: Results of an exact quantum collinear simulation of the photoelectron
spectra of BrHI- and BrDI- using the BP LEPS surface with zero point
bend included.

ElectronKinetic v3assignment Width (meV)
Energy (eV)_

BrHI- 1.970 0 43

_ 1.662 1 36

1.447 2 <4
1.429 2 <4
1.416 2 <4
1.408 2 <4

1.388 3 15

1.230 4 <4
1.211 4 <4
1.192 4 <4
1.176 4 <4

1.143 5 8

0.998 6 <4

BrDI- 1.975 0 41

1.751 1 38

1.539 2 30

1.346 4 10 '

1.262 5 <4
1.242 5 <4
1.227 5 <4

1.184 6 <4
1.171 6 <4

1.017 8 <4
,,, -.

a) Entire simulation has been shifted to higher electron energy by 0.062 (0.058)
eV for BrHI-(BrDI-) to line up with experimental bands.
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Figure Captions for Chapter 5

Figure 5-1. The photoelectron spectra of BrHI- and BrDI- recorded at 213 mn.

Arrows at 2.07, i.36 and 1.12 eV represent asymptotes for dissociation

into I (2p_) + HBr (v = 0), Br (_Ps_) + HI (v = 0) and I (zPl_) + HBr

(v = 0) respectively.

Figure 5.2. The photoelectron spectrum of BrHI- recorded at 266 nra.

Figure 5.3. The photoelectron spectra of C1HI- and C1DI- recorded at 213 mn.

Figure 5-4. The photoelectron spectra of FHI- and FDI- recorded at 213 mn.

Figure 5.5. The photoelectron spectrum of FDI- recorded at 266 nra.

Figure 5.6. The effective coUinear LEPS surface for the Br + HI reaction, derived

from that of Broida and Persky, plotted in mass-weighted coordinates

defined by:

X _- (_II,HB r / _IHBr )112 (R I - Rm(HBr)) = (_II,HB/_IHBr)1/2 _-Br -- 7.0 _-Br

Y = RH-Br

Here 1_ and Rra(HBt) are the position of the I atom and the I-IBr

center-of-mass respectively, and PABsignifies the reduced mass of

system A-B. The skew angle 0 is given by

tan 0 = (mHM / mBjnl) l_

which for this system is 8.2 °, noting that M = ml + mH + mB, • Contours

are plotted at 0.161, 0.461, 0.761, 1.061, 1.361, 1.661 and 1.961 eV with

respect to the I + I-IBr asymptote. The assumed anion equilibrium

geometry is marked by the intersection of the dashed vertical and
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horizontallines,atxe= 27.11and y,= 1.55,_,and thesaddlepointis

marked with_.

Figure 5-7. Potentialalonghydrogenstretchingcoordinate(v3)in BrHI- anion:

expectedform(solid)basedon ab initiopotentialforFHCI- (ref.25)

and the Morse potential(dashed)used tomodel this. The lowest

vibrationaleigenstateofthe model potentialisalsoshown. Morse

parameters are De = 0.283 eV and _ = 3.243 _k"1

Figure 5-8. Anion and neutral vs potentials used in the one-dimensional analysis of

BrHI- spectrum. Calculated eigenstates are labelled by their v3

quantum number. Each tick mark on vertical axis represents 0.2 eV.

Figure 5-9. Franck-Condon stick spectra for (top) BrHI- and (bottom) BrDI,

simulated in one-dimensional time-independent analysis. Simulations

superimposed on the respective experimental spectra (dashed).

Simulated sticks are labelled by v3 quantum numbers and for the

BrHI- spectrtun correspond to those snown on Figure 5-8.

Figure 5-10. Correlation diagrmn for the reaction Br + HI, assuming C._ symmetry.

The relative spacing of asymptotic levels are approximately to scale.

The region between the dotted lines is where Hund's case (a) is

appropriate. Adapted from the correlation diagram in Ref. 12.

Figure 5-11. Absolute value of autocorrelation function, from one-dimensional

propagation, for BrHI-(top) and the simulated photoelectron spectrum

which results from the Fourier transform of this autocorrelation

function (bottom). Propagation carried out for 16384 time steps, with
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At = 1.0 a.u., and a 64 point spatial grid along y (=RH.Br)between 0.79

and 3.4 A.

Figure 5-12. Absolute value of autocorrelation function, from two-dimensional

propagation, for (a) BrHI- and (b) BrDI_ Calculation parameters

given with Figure 5-13.

Figure 5-13. Wave packet dynamics for the [BrHI] system. Equally spaced contours

of I¢(t) I are shown at times indicated on each frame; the highest value

contours are omitted for clarity. Also shown are contours of the effective

collinear potential energy surface, shown in Figure 5-6. Figure plotted

in mass scaled coordinates (see text and Figure 5-6); the y axis has

been expanded here. Propagation performed over 10240 time steps,

with At = 1.3 a.u., and a spatial grid with 128 x 64 points along x and

y respectively. The final wave packet shown (966.4 fs) was calculated

in a separate propagation, using same grid and At, but with an

absorbing function applied at grid boundaries (see text and Ref. 53). In

this plot the contouring resolution has been increased.

Figure 5-14. Simulated photoelectron spectrum (solid) for (a) BrHI- and (b) BrDI-

resulting from two-dimensional calculation. The simulations have been

shifted so 0-0 bands line up (see text) and convoluted with the

experimental resolution function. The experimental spectra are also

shown (dashed).

Figure 5-15. Simulated photoelectron spectrum for BrHI- prepared in the (0,0,1)

state. Simulation has been convoluted with (top) our spectrometer's

experimental resolution function and (bottom) with a constant energy



167

resolution of 4.3 meV. Bands are labelled by their effective v3quantum

numbers. Numerical parameters for the simulation are At = 1.3 a.u.,

t_ = 960 fs, spatial grid 64 x 32 points over range x = 22 - 35 _ and

y =0.95-3.__.
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7. Postscript: new experimental results on BrHI-

Since publication of this work, we have recorded new spectra of BrHI- in our

laboratory. Ota" signal-to-noise has been much improved (see Chapter 2) and the

background due to stray electrons has been significantly reduced in the meantime.

Polarization studies have also been undertaken. Figure 5-16 shows our improved

spectrum for BrHI- photodetachment at 213 nra; the e = 90° spectrum should be
[

compared with Figure 5-1. Also shown is the BrHI- spectrum recorded with the laser

polarization parallel to the electron collection direction, e = 0°. The peaks A*-C*, due

to the excited 2rlz_state, have reduced relative intensity in the e = 0° spectrum. This

behavior confirms that transitions are occurring from the anion to different electronic

states in the two observed progressions. In addition the new spectra indicate we have

achieved more vibrational cooling in the free jet expansion; the tail to high electron

kinetic energy (above eKE = 2.1 eV) is less pronounced than in the earlier data

(Figure 5-1).

Figure Caption for 5.7

Figure 5-16. BrHI-photoelectron spectrum recorded at 213 mn. (top) 0 = 0°, and

(bottom) 0 = 90 °.
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Chapter 6. Spectroscopy of the Transition State: Hydrogen Abstraction

Reactions of Fluorine"

Abstract

The reactions F + CH_OH -, HF + CH30, F + C2HsOH --* HF + C2HsO, and F

+ OH --, HF + O(3p, lD) are studied by photoelectron spectroscopy of the negative ions

CH3OHF, C_-IsOHF, and OHF-. In each case, photodetachment accesses the

transition state region for direct hydrogen abstraction. The photoelectron spectra

exhibit resolved vibrational structure which is sensitive to details of the potential

surface in the transition state region. To aid in the interpretation of the spectra, ab

initio equilibrium structures, harmonic frequencies, and hydrogen bond dissociation

energies are calculated for the ions CHsOHF-and OHF-. The anharmonic hydroxyl

hydrogen stretching potential is also calculated for the two ions. Using the calculated

ion properties and the fitted ab initio reaction surfaces of Sloan et al. (J. Chem. Phys.

1981, 75, 1190), a two-dimensional dynamical simulation of the photoelectron

spectrum of OHF-is presented and modifications to the reaction surfaces are

discussed. The spectra of the alcohol complexes are discussed in light of this

simulation, and the role of the "bath" degrees of freedom in these spectra is

considered.

" Published in J. Phys. Chem. 95, 8066 (1991)
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1. Introduction

During the last several years, considerable progress has been made towards the

spectroscopic characterization of the transition state in simple chemical reactions. An

array of frequency _ and time-resolved 2 techniques has been developed which allow

one to directly probe the transition state region of the potential energy surfaces

describing these reactions. These experiments are aimed at achieving a better

understanding of the microscopic forces which govern the dynamics ofbimolecular and

unimolecular reactions.

One of the more promising approaches to this problem has been to photodetach

a stable negative ion in order to fbrm an unstable neutral complex in the vicinity of

th_ transition state for a chemical reaction. For example, in a study of a un/molecular

transition state, Lineberger and co-workers 3used photoelectron spectroscopy of C2H2-

to investigate the unstable vinylidene radical, which rapidly isomerizes to acetylene.

In an experiment which serves as a precursor to the work described here, Brauman

and co-workers 4 examined total photodetachment cross sections in the visible and

near ultraviolet (_ > 370 nra) for several ions of the form ROHF", thereby learning

about the relationship of the ion geometry to the potential energy surface for the

F + ROH -_ HF + RO reaction.

In our laboratory, negative ion photoelectron spectroscopy 5'_'7and threshold

photodetachment s are used to study the transition state region of bimolecular

hydrogen exchange reactions A + HB _ HA + B. By photodetaching the stable,

hydrogen-bonded AHB- anion, one can form an unstable [AHB] complex located near

the transition state for the bimolecular reaction. Most of our work to date has been

on triatomic systems where A and B are like5's's or unlike 7 halogen atoms. The
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photoelectron spectra ofthe AHB-bihalide anions yield resolved vibrational structure

characteristic of the unstable [AHB] complex. This structure is very sensitive to the

nature of the A + HB potential energy surface near the transition state.

In this paper, the extension of our method to reactions involving polyatomic

reactants is described. We report studies 9 of the reactions F + CH3OH _ HF + CH30

and F + CzI-IsOH _ HF + C_-IsO via photoelectron spectroscopy of CH3OI-IF- and

C_I-IsOHF: In both cases, the photoelectron spectra reveal resolved vibrational

features attributable to the [ROHF] transition state region (R = CH3, C2Hs). We also

report a study of the related, but simpler, triatomic reaction, F + OH --, HF + O, from

the photoelectron spectrum of the radical anion OHF-. The results on this last

system are novel in their own right, but they also provide a model to compare and

understand the structure manifested in the spectra of the polyatomic systems.

There is a substantial body of experimental and theoretical work in the

literature on the hydrogen abstraction reactions of fluorine. The F + CHsOH and

F + C_2-IsOH reactions have been the subject of both kinetics and product-state-

resolved experiments. For F + CH3OH, two channels are available"

F + HOCH 3 -, FH + OCH 3 (1)

F + HCH2OH -_ FH + CI-I2OH (2)

The exothermicities for these reactions are given in Table 6-I. Both reactions (1) and

(2) are very fast at room temperature: k_ot = 1 × 10-10 . 2 x 10 .10cm 3 s-_.10,11,12

There is a considerablerange13'14of reportedbranching ratios.II'12'13'14'15'16

However thereisa consensusthatreaction(1)accountsformore thanthestatistical

25% oftotalproductatroom temperature,and thisfractionmay beashighas80%._3

For F + C_I-IsOHthereare threechannelsavailable.Ifthe fluorineattackwere
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completely non-site-specific, one would expect a branching ratio in F + C_IsOH of 18%

for C_I-IsOformation. As with methanol, the reported branching ratios 17'zsindicate

• that fluorine abstracts at the hydroxyl group faster than at the methyl or methylene

groups. Khatoon's work, z_7 using isotopically labelled reactants and a mass

spectrometric detection scheme, indicates that the probability of abstraction of a

pm_icular hydrogen by fluorine is five times more likely at the hydroxyl site than at

one of the alkyl sites, for both methanol and ethanol. This preference in both

reactions is interesti_ _ '_ace the CH30 and C_2-IsOproduct channels are less exoergic

by 10 kcal/mol (see Table 6-I). As we shall see, our experimental data addresses the

dynamics of the hydroxyl hydrogen abstraction channel only.

The energy disposal in both products of reaction (1) can be measured: the HF

product by infrared chemiluminescence and the CH30 product by laser-induced

fluorescence. This has been used in a series of experiments 1,,,s.,8,,9to determine, in

detail, how the partitioning of product energy compares to results for the well-

characterized triatomic F + HX reactions (X = halogen). 2° The results indicate that

for the F + CH3OH reaction, the presence of a large number of product degrees of

freedom has a small but noticeable effect on o i_erall energy disposal, in comparison to

the F + HX reactions. The fraction of available energy appearing as HF vibrational

excitation is slightly less than in the F + HX reactions, and about 2% of the available

energy appears as vibrational excitation of the v 3 mode (C-O stretch) of the CH30

radical. The single chemiluminescence study ofF + C_H5OH suggests similar behavior

for this system. _-_ Thus, one expects the potential energy surfaces for both the

F + CH3OH and F + C2HsOH reactions to share important features with the F + HX

surfaces, particularly a small entrance channel barrier to reaction.
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The reaction of fluorine with hydroxyl has been less well studied. Possible

reactionsofF withOH are:

F + HO-.HF + 0(31_ (3)

F+OH - HOF"- HF+ O(3P) (4)

-->HF + O(ID)

F + HO-.I1F + O(ID) (5)

In (3) and (5) fluorine directly attacks the hydrogen end of the hydroxyl; (3) proceeds

on a triplet surface and is exothermic by 34 kcal/mol, while (5), which is 11 kcal/mol

endothermic, occurs on a singlet surface. This mechanism is akin to the reactions

discussed so far with the alcohols. Reaction (4) involves the radical fluorine atom

attacking the oxygen atom, the site of the unpaired electron on OH, and forming

vibrationally hot HOF (_A'). This radical-radical recombination should proceed with

no barrier. However, a spin-forbidden non-adiabatic transition is then required for

HF + O(SP)production.The overallroom temperaturerateconstantforreactionofF '

+ OH by allpathwayshas beenmeasuredtobe4.1x 10"_cmss'_._

Sloanand coworkers23have measured productstatedistributionsfrom the

F + OH reaction.They observedinfraredchemiluminescencefrom productHF

vibrationallevelsup tov-3 when reactingF withHzO. The F + I-I20reactionis

exoergicenoughtoproduceonlyHF(v = 0,1).The observationofpopulationinhigher

HF vibrationallevelswas explainedintermsofa secondaryreaction,ofF withOH

producedby the F + I-I_Oreaction,takingplacein theirchamber. The product

vibrationaland rotationaldistributionsfromthesecondaryreactionappearedtobe
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statistical. On the basis of this and an ab initio calculation, which predicted a large

barrier for (3), the authors concluded that the dominant reaction pathway is via attack

of fluorine on the oxygen end of the OH molecule (4) and that HOF is a long- lived

intermediate, which decays by a non-adiabatic transition. As we shall show below, the

OHF- photoelectron spectrum is quite sensitive to the barrier for direct abstraction

(3), allowing us to test Sloan's conclusions. This adiabatic pathway for F + OH to

yieldO(3P)+ HF by directabstractionisentirelyanalogoustothealcoholreactions.

Thus we w_.llalsouse the resultson theF + OH systemtoserveas a model for

understandingtheCH3OI-IF-and C2HsOHF - photoelectronspectra.

Our experimentstartswiththenegativeionanalogofthereactiontransition

statewe wish to study, ltisusefulforthation tobe well-characterized.The

CH3OHF- anionhasbeenfairlywell-studiedand was firstobservedby Riverosinan

ion cyclotronresonance(ICR)cen.24 In thisanion,F-binds to the hydroxyl

hydrogenofCH3OH, sincethishydrogenisconsiderablymore acidicthanthemethyl

hydrogens.Larsonand McMahon determinedtheCH3OH*oF-bindingenergytobe

29.6kcal/mol.2s The proton_ty ofCH30- (orthegas phaseacidityofCH3OH)

i.,_slightlyhigherthan thatofF-(381.2 kca_molversus371.4kcal/mol).2e This

means thatF- + CH3OH isthelowestdissociationchannelforCHaOHF-; Jasinski

etal_haveexperimentallyconfirmedthisbyinfraredmultiphotondissociationofthe

ioninan ICR cell.Inaddition,therelativeprotonaffinitiesleadone toexpectthe

sharedprotoninCH3OHF- tolieclosertotheO atom thantotheF atom intheion

equilibriumstructure.

_' The protonaffinityofC_T-IsO- (378.1kcal/mol)2eisnearerto,but stillhigher

than,thatofF-. Thus itwould be expectedthatthesharedprotoninC2HsOHF -,
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though still closer to the O than the F atom, would be r_ore evenly shared than in

CH3OHF- In agreement with this, the measured binding energy of C_-I5OHF, 31.5

kc_l/mol, 25 is higher than that of CH3OHF-. The OHF- ion has not been observed

previously, but, since the proton affinity of 0-(382.2 kcal/mol) 26is comparable to that

of CH30", one expects binding and structure similar to that of the alcohol complexes,

ns_._ely OH**F-

The position of the shared proton in the anion is critical to our photoelectron

spectroscopy experiment, since the region of the A + HB potential energy surface

accessible via photodetachment is determined by the ion geometry. For example, we

have reported studies of the Br + Hl, C] + Hl, and F + Hl reactions by photoelectron

spectroscopy of BrHI", C]HI-, and FHI-7 The proton affinities of Br-, CI-, and F-

are at least 10 kcal/mol greater than that of I- We therefore expe.ct RHX< Rsi in the

XI-II- anions. The ions consequently have better geometric overlap with the I + HX

product valleys on their respective neutral potential energy surfaces, and this is

indeed the region that is probed in the reported photoelectron spectra. This turns out

to be the case for all the asymmetric X + HY reactions, where X and Y are halogen

atoms.

On the other hand, photodetachment of CH3OHF", C_I-IsOHF- and OHF-

should result in considerably better overlap with the F + CH3OH , F + C_I-15OH or

F + OH reactant valleys, respectively. This is arguably the most important region of

the surface since it includes the barrier along the minimum energy path. Thus the

significance of the results presented here is twofold. The photoelectron spectra of the

ROI-IF- and OI-IF-anions represent an extension of our 'transition state spectroscopy'

method to more complex reactions. Furthermore, the spectra of all three systems
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allow us to probe a more interesting part of the potential energy surface for the

corresponding neutral reaction in comparison to the XHY- spectra.

In addition to the experimental results, we present ab initio calculations that

describe the equilibrium structure, harmonic frequencies and binding energies of the

CH3OHF-and OHF-ions. A two-dimensional dynamical simulation of the OHF-

photoelectron spectrum is then described, which is used as a starting point for

considering modifications to the F + OH reaction potential surfaces. The spectra of

the polyatomic systems are discussed, with reference to the OHF-simulation, and

finally the role of the extra degrees of freedom is evaluated.

2. Experimental

The time-of-flight photoelectron spectrometer used in this study has been

described in detail elsewhere. 5 Briefly, negative ions are formed by crossing the

expansion of a pulsed molecular beam valve with a 1 kev continuous electron beam

close to the valve orifice. For production of OHF, the gas mixture expanded through

the valve was N20 with a trace concentration of HF. The OHF- formation mechanism

is probably via dissociative attachment of N20 by slow secondary electrons, N20 + e-

O- + N2, followed by the clustering process O- + HF + M -_ OHF- + M. The best

way we found to make a stable beam of CH3OHF- (or C2HsOHF-) was to put a few

drops of CH3OH (or C2H5OH) into the pulsed beam valve, which hangs vertically in

the source chamber, and pass a 5% NF 3/ He mixture through the valve. Dissociative

attachmenttoNF 3producesF. whichthenclusterstothealcohol.Under thesame

expansionconditions,we haveobtainedvibrationaltemperaturesof150 -300K for
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CI-I2CN-and rotationaltemperaturesoflessthan100K forSH- preparedina similar

source.SS

The ions formed in the source chamber are extracted perpendicular to the

molecular beam and injected into a Wiley-McLaren type time-of-flight mass

spectrometer. _ Ions separate according to their masses and the ion of interest is

photodetached by the fiRh harmonic of a pulsed Nd:YAG laser (213 mn, 5.825 eV).

The photoelectrons produced by this process are ejected into all solid angles and a

small fraction (104) is collected by a detector at the end of a one meter field-free flight

tube. The flight time of the electrons is recorded and converted into center-of-mass

kine_Acenergy. The energy resolution function of the instrument is given in reference

5; essentially the apparatus' electron energy resolution is 8 mev at 0.65 eV and

degrades _ _ !_ at higher electron kinetic energies.

3. Results & Analysis

3.1 Experimental Results

The CHaOHF- and CeHsOHF-photoelectron spectra are shown in Figure 6-1.

The spectra are considerably more complex than the spectra of the triatomic anions

we have previously studied. The clearest structural pattern in both spectra are the

four regularly spaced steps between 1.2 and 2.8 eV. The labelled arrows (A-D), at

2.69, 2.24, 1.85, and 1.54 eV in Figure 6-1a and 2.58, 2.18, 1.83, and 1.50 eV in

Figure 6-1b, mark the onset of each step. There are two sharper features, E at 1.15

eV, and F at 1.03 eV, in the CH3OHF-spectrum. "
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The peaks are labelled in order of increasing internal energy of the neutral

complex. The electron kinetic energies (eKEs) are related to the internal energies of

' the neutral species (Eic°))by

eKE = hv- D°o(ROHF-) - EA(F)- AE°o - Eic°)+ Eic') (6)

Thus peaks with highest electron kinetic energy correspond to neutral states with

lowest internal energy. In (6), hv is the laser photon energy, 5.825 eV, EA(F) is the

electron _ty of fluorine, 3.399 eV, 3° and D°o(ROHF-) is the bond dissociation

energy of ground state ROHF- to form ground state ROH and F- For

D°o(CH3OHF-), we use the experimental 25 bond dissociation enthalpy, AH2_, and

correct to 0 K using a set of ab initio calculated frequencies (see below); this yields

1.244 eV. For D°o(C2HsOHF-), we use the experimental _ bond enthalpy for this ion,

and the same correction to 0 K as calculated for CH3OHF-, yielding 1.327 eV. AE°0

is the exoergicity for the reaction F . ROH _ RO + HF and is given in

Table 6-I. 31'32'33'34'35'36 Ei (0) iS the energy of the [ROHF] complex relative to

ground state RO + HF. Eic')is the internal energy of the precursor ion ROHF- above

zero point. As all the anions studied here are expected to be prepared cold, this

quantity is assumed throughout to be zero.

The eKE corresponding to E_c°)= 0 is shown by arrows against the axis at 2.60

eV (Figure 6-la) and 2.50 eV (Figure 6-lh). These arrows indicate the electron kinetic

energy corresponding to photodetaching ground state CH3OHF-(C2HsOHF-) and

forming ground state HF + CH30 (C2H50). We refer to these energies henceforth as

product asymptotes. The reactant asymptotes, indicated by arrows at 1.18 eV

(Figure 6-la) and 1.10 eV (Figure 6-1b), correspond to ground state F + CH30H

(C_IsOH) formation for which EiC°)= - AE°0. All the structure in each spectrum occurs
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at lower eKE than the product asymptote and is therefore due to states of the neutral

complex that can dissociate to HF + CH30 (C2H50) products. In addition, features in

the spectra at lower eKE than the reactant asymptotes correspond to states of the

complex which can also dissociate to F + CH3OH (C2HsOH) reactants.

The photoelectron spectrum of CHsODF-(Figure 6-2) shows a clear isotope

effect. The spectrum shows six steps more closely spaced than those in the CH3OHF-

spectrum. This isotope effect suggests that the step structure is due to a vibrational

mode of the neutral complex analogous to the v3 mode seen in the triatomic bihalide

spectra; 5'e'7that is, the light hydrogen atom is vibrating between the much heavier F

atom and RO group in the complex. The spacing between the steps in Figures 6-1a

and 6-1b is less than that between the first few vibrational levels of HF,37 and the

spacing between the second, third and fourth steps is less than the corresponding

levels of the OH stretch in CH3OH. This 'red shift' occurs because the experiment

probes the transition state region where the reacting species are interacting

strongly; 5,s the H atom vibrates in a shallower potential than in isolated HF or

CH3OH.

The intensity in the CH3OHF- spectrum builds as one moves from the

HF + CH30 product asymptote to the F + CH3OH reactant asymptote at lower electron

kinetic energy. The intensity distribution in the C2HsOHF-spectrum is similar,

although there is relatively more signal near the HF + C2H50 asymptote. The breadth

of all the features in the photoelectron spectra is considerably larger than the

experimental resolution. Spectra recorded at 266 nm (4.66 eV, not shown) show the

right-most steps in each of the 213 nm spectra with lower electron kinetic energy and
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thereforehigherresolution.Despitethishigherresolution,thereisno additional

structureobserved;thestepprofdesareunchanged.

The photoelectronspectrumofOI-IF-isshown in Figure6-3. The peak

positionsand widths are listedin Table 6-11. The electronkineticenergies

correspondingtothedissociationasymptotesO(_P2)+ HF (2.43eV),F(2p_)+ OH(21"l_2)

(0.95eV),and O(ID)+ HF (0.46eV),areshown onFigure6-3,asbefore,witharrows

againsttheenergyaxis.Theseenergiesarecalculatedusinga relationshipsimilar

toEquation(6),alongwithourbestab initioionbindingenergyestimate(seebelow),

theexoergicityforreaction(3)inTable6-I,and theexperimental38oxygenatomic

energylevelsplittings.Again,allstructureobservedinthespectrumcorrespondsto

statesoftheneutralunstablewithrespecttodissociationtothelowestenergyproduct

channel(O(SP)+ HF). MoreoverpeaksA-D correspondtoneutralstateswhich can

onlydissociatetoO(3P)+ HF products.

The overallappearanceoftheOHF- spectrumisclearlyverysimilartoboth

ofthe ROHF-spectra. This isan interestingresultconsideringthe farfewer

vibrationaldegreesoffreedominthe[OHF] complexaswellasitsdifferentelectronic

character(seebelow).However,thereareseveraldifferencesbetweentheOHF- and

ROHF-spectra. The onsetofstructureoccursatalmost0.3eV lowerelectronkinetic

energyinthe OHF-spectrum. Between theproductand reactantasymptotes,the

OHF- spectrumlooksmore likea setofbroadpeaks,incontrasttothestepstructure

seen in the CH3OHF-and C2HsOHF - spectra.The featurebelow the reactant

asymptotein the OHF- spectrum(labelledE) ismuch more distinctthan any

correspondingstructureinthe otherspectra.Finally,theintensityinthe OHF-

spectrumbuildsinthesame way astheotherspectrabut,inthisspectrum,thereis
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even less intensity at the O + HF product asymptote than at the product asymptote

in the CH3OHF- spectrum.

The photoelectron spectra of OHF, CH3OHF- and C_HsOHF- all show

maximum intensity near the asymptote for dissociation into reactants F + OH,

F + CHsOH and F + C_-IsOH rather than the energetically lower product asymptote.

This is in sharp contrast to the asymmetric bihalide ions, 7all of which show maximum

intensity at the product asymptote. We can understand the intensity distributions in

terms of the qualitative discussion of the ion geometries in the Introduction. Because

the proton affinities of O, CH30, C_T-I50- are 0.47, 0.42, and 0.29 eV higher than

that of F, the hydrogen should lie closer to the O atom than the F atom in ali three

anions. We therefore expect good Franck-Condon overlap with OH**F or ROH*-F

configurations of the neutral complex localized in the entrance valley of the reactive

potential energy surface. The overall intensity envelopes seen in the spectra are in

accord with this reasoning. In particular, the observation that the C_2-IsOHF-

spectrum has more intensity at the product asymptote than the CH3OHF- spectrum

is consistent with the higher proton affinity of CH30-.

It is clear from this discussion that the anion geometry has a significant effect

on the photoelectron spectrum. In contrast to the bihalide ions, no spectroscopic data

exist for ROHF-and OHF-. Therefore, in order to obtain a more quantitative picture

of the anions, we have performed ab initio calculations on OHF- and CH3OHF- to

determine their structure and properties.
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3.2 Ab initio calculations: method and results

Fully optimized geometries, frequencies and dissociation energies were

calculated for the hydrogen-bonded anions OHF- and CH3OHF- at both the Hartree-

Fock (HF) and second order Moller-Plesset (MP2) level of theory. In addition, MP4

level calculations were employed to estimate hydrogen bond dissociation energies. The

calculations reported here were performed with the Gaussian 86,39 Gaussian 88 40

and CADPAC41 ab initio packages available at the San Diego Supercomputing

Center. The standard 6-31++G** basis set was used throughout; the incorporation

of diffuse functions (++) is mandatory for a proper description of these anions. For

OHF", a spin-unrestricted wave function was used to describe both the 21"[ground and

2Z excited states.

The results of these calculations are summarized in Table 6-III - Table 6-VII.

For the purposes of analyzing our photoelectron spectra, the most important results

are the ion equilibrium geometries, the shape of their potential surfaces along the

hydroxyl hydrogen stretching coordinate, and the ab i,itio estimate of their

dissociation energy into F- and OH or CH3OH. For the 1ast of these, an estimate of

the zero point energy correction is required, so frequencies were calculated for the

hydrogen-bonded ions and the product fragments at both the HF and MP2 level of

theory. All energies quoted (E0) include this zero point energy correction, which is

applied at the same level of theory as the calculated energy (except for the MP4

energies where the MP2 zero point energies are used). MP4 electronic energies

include all single, double, triple and quadruple excitations while maintaining a frozen

core (MP4SDTQ-FC); the MP2 energies have all electrons considered for correlation

(MP2-FULL). The calculation of the ion force field, apart from providing zero point
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energies,was alsousefulfor (a)obtaininga reasonableform foreach anion's

vibrationalnormalcoordinatesand (b)providinganestimateforthehydrogenbond

stretchingfrequenciesin the ions. Both ofthesewillbe used in the dynamical

calculationsdescribedbelow.

The dissociationfragmentsofOHF- and CHsOHF- thatwe need toconsider

areF, CH3OH, CH30-,HF, OH and 0-. Computationsoffullyoptimizedgeometries

and frequenciesfor these fragmentscompare well with literaturevaluesfor

calculationsusingsimilarsizedbasissets.The MP2 geometriesand frequenciesagree

wellwithexperimentalvaluesforCH3OH, HF, and OH, and thefluorineelectron

afl_inityiswellreproducedattheMP2 level.The oxygenelectronaffinity,calculated

atthesame leveloftheory,1.09eV,isinpooreragreementwiththeexperimental

valueof1.46eV.soBy calculatingtheMP2/6-31++G**equilibriumgeometryofthe

Jahn-Tellerdistortedground stateof CH30, 42 and using scaled43 harmonic _'

frequenciesfrom the HF/6-31++G**forcefieldsforionand neutral,a zeropoint

correctedadiabaticelectronaffinityof1.47eV forCH30 iscomputed.Thisistobe

comparedwiththeexperimentalvalueof1.57eV.44

Geometries& Frequencies:Our qualitativeexpectationsforthehydrogen-bondedion

geometriesand dissociationenergiesarebasedon theprotonaffinityscaleand have

beenoutlinedabove.We expectthattheclosertheprotonaffinityofthebasesA- and

B-,thelargerthedegreeofsharingoftheprotonandthestrongerthehydrogenbond

inAHB_ 2sFrom comparisonoftheprotonaffinitiesofthemethoxide,hydroxide,and

fluorideions,we expectthehydrogentobeclosertotheoxygenthanfluorineinboth

CH3OHF-and OHF- The quantitativeab initioresultsshown inTable6-1IIand

Table6-VIshow thatindeedthehydrogensitsclosertotheoxygenthanthefluorine
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atom forbothions. Infact,theequilibriumparametersforthetwo ionsarevery

similar;thedifferenceinO-F separationissmallerthan 0.01,_and thehydrogen

positionisdifferentby only0.02_k.However,theab initiocalculationssuggestthat

OI-IF-hasthehydrogenmorecentrallylocated.Thisiscontrarytotheprotonaffinity

argument,butCH3OH isonlyslightlymore acidicthanOH.

The equilibriumgeometryforCH3OI-IF,whichhas Cosymmetry,isshown in

Figure6-4. The F-.oH-CI-I_OHisomerisexpectedto lieconsiderablyhigherin

energy than CH3OH°°F-. The hydrogen bond is slightlybent,as found for

F-(I-120),4sbecauseofa weak interactionwith the othernearby hydrogenatoms.

With regardtothemethanolframe,thestaggeredconformerispreferredtominimize

stericrepulsion,butthebarriertointernalrotationabouttheC-O bondiscalculated

tobe evensmallerthaninmethanol.4sThe equilibriumconfigurationwas foundby

optimizationofallgeometricparameters;inparticular,themethoxyframewas also

allowedtorelaxinresponsetotheperturbationbytheF-. The changesintheframe

withrespecttotheequilibriumCH3OH geometrydescribedby thesame theoretical

model aremodest(Table6-III).The principaldifferencesareacontractioninre(C-O)

by 0.03/kinCH3OHF- and some distortionofthebondanglesaroundthetetrahedral

carboncenter.By comparison,thechangeattheactivecenterismuch larger:there

isa 0.10A lengtheningoftheO-H bond intheionattheMP2 level.The framework

relaxationwillbeconsideredwhen discussingpossible"bath"mode excitationsinthe

CH3OHF-photoelectron spectra. Previouscalculations47 for thision are in

qualitativeagreementwiththoseshown here,buttheearliertreatmentswerelimited

tosmallbasissetswithouta completesetofdiffusefunctionsand neglectedelectron

correlation.
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For AHB-species, a pertinent question to ask is whether there are two

minima on the potential energy surface, corresponding to AH°oB- and A-_°HB, or

whether the two coalesce to form one broad, fairly fiat-bottomed minimum. In the

case of the symmetric bihalide ions AHA-, this is extremely important as it

determines whether the equilibrium structure is centrosymmetric or not. For

example, calculations 4s'49's°on C1HC1- and BrHBr- show that a Hartree-Fock

description predicts a double minimum potential for these ro.ions, whereas the

inclusion of other electronic configurations in the ground state wave function leads to

a significant lowering of the energy for centrosymmetric geometries compared to the

AH°oA- geometries. Even using l_.¢ller-Plesset Perturbation Theory to second order

(MP2) causes the double minimum potentials for the AHA- ions to coalesce into a

single fiat- bottomed minimum. 5° High resolution spectroscopy studies indicate these

anions do, in fact, have centrosymmetric equilibrium structures, sl

For an asymmetric ion such as CH3OHF-, we might expect to find a local

minimum, CH30-_°HF , as well as the global one described by Figure 6-4 and

Table 6-III. Figure 6-5 shows a plot of the potential energy as a function of the

position of the hydrogen atom between the O and F atoms which are assumed, along

with all other degrees of freedom, to be fixed. The plot shows that at the Hartree-

Fock levelthereisevidenceofa plateauin the potentialcorrespondingto the

CH30---HF structure,butthatitdisappearsattheMP2 level.The MP2 correction

clearlystabilizesgeometrieswiththehydrogenmore evenlysharedbetweenF and O;

thepotentialshapeisdistinctlydifferent.Thishas a largeeffecton thevibrational

levelspacingsforthe 'O-H stretch'and the shape ofthegroundvibrationalwave
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function along this coordinate. This will, in turn, have a profound effect on the

intensity distribution seen in the photoelectron spectrum.

The calculatedharmonicvibrationalfrequenciesforthe CH3OHF- ionare

shown in Table 6-1V; a_ isthe O-H stretchingmode which correspondstothe

potentialfunctionwe havebeendiscussing.The harmonicfrequencyforthismode

(2215cm"z)isstronglyperturbedfromitsvalueinCH3OH (MPP.J6-31++G**value3900

crel).The F--HOR stretchingmode,$9,isanalogoustoc_inthebihalideionsand

OHF-(see below).Thesetwo stretchingmodes,theO-H stretchand theO-F stretch,

arethetwo modes most importanttounderstandingthephotoelectronspectra.

The ab initioresultsfortheground2rlstateoftheOI-IF-anionareshown in

Table6-VIand Figure6-4.Itisclearfromthesimilarityintheequilibriumgeometry

ofthisionand theOHF moietyinCH3OHF- thattheCH 3grouphas littleeffecton

thehydrogenbond,excepttoslightlybendit.ltisworthnotingthat,incontrastto

CH3OHF, OI-IF-isopenshelledbut thespinremainslocalizedon theoxygenatom,

asinOH. The spin-orbitsplittinginthisstateisexpectedtobe smallerthanthe139

cm"Iof OH(21-1).37 The expectationvaluesof the spinoperator,<S_>,listedin

Table6-VIindicatethatspincontaminationisnota problemintheunrestrictedwave

function;a puredoubletstatehas <$2>= 0.75.

A schematicofthemolecularorbitalsforOHF- isshown inFigure6-6.This

qualitativefigurewillbe usedlatertoexplainthedifferentneutralelectronicstates

and theirrelationshiptoanionphotodetachment.The 21-Igroundelectronicstateis

theconfigurationshown inFigure6-6.Thereisa low-lying2Z+state,whichresults

on promotinga 6o electrontothe2_ orbital.Thisstatehas a singleminimum at

O"--HF; itdoesnot correlatetoground stateOH + F_ Collinearpotentialcuts
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along the Roll coordinate for the sH and 2Z_states are shown in Figmv 6-7. The sH

curve is very similar to that shown for CH3OHF-in Figure 6-5. Table 6-VI contains

the harmonic frequencies of the ground _ state. The O-H stretching frequency, 2015

cre", is significantly reduced from the value in free OH and is also lower than the

same mode (also o%)of CH3OHF- The O-F stretching frequency, co,, at 433 cm"1is

higher than _ of CHsOHF- These two frequencies will be used to describe the anion

wave function in the simulation below. The bending vibration has two components

for the linear ground state of OHF, as expected for a linear molecule in a degenerate

electronic state, s2

Dissociation energies: Accurate ab initio estimates of bond dissociation energies are

normally difficult to calculate. However, for dissociations that do not involve breaking

of a bonding pair of electrons, as is the case here, correlation corrections are relatively

small and ab initio methods can yield reliable energies, ss As can be seen in

Table 6-V, even the Hre-tree-Fock estimate for the hydrogen bond strength of

CHaOHF, with respect to dissociation to CHaOH + F, is in fairly close agreement

with the experimental value (D_ = 1.28 eV). Handy et al. s4have shown that the

Meller-Plesset Perturbation Theory treatment is convergent and reliable for

interaction energies if bond breaking or curve crossing does not occur. Chalasin_ki ss

demonstrated that MP2 calculations with standard basis sets, when corrected for basis

set superposition error (BSSE), yield quantitative estimates of hydrogen bonding

energies. It is important to recognize that for estimating correlation cozrections to the

hydrogen bond dissociation energies, the size-consistent MP me_hods are to be

preferred over configuration interaction (CI) methods.
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The calculatedhydrogenbond dissociationenergiesD°o,definedearlier,are

shown inTable6-V and Table6-VII.OI-IF-iscalculatedtobe more stablewith

respecttodissociationthanCH_OHF- As mentionedearlier,thebindingstrength

ofCH3OHF- has beenmeasured_ whereasthatofOI-IF-hasnot.To comparetheab

initiovalueforCH3OI-IF-withtheexperimentalvalue,we must convertD°otoa bond

enthalpyat298 K.asUsingtheMP2 harmonicfrequenciesofCHsOHF- (Table6-1V)

and CH3OH, and assumingthatthe change in the averagerotationalenergyon

dissociationiszero,we calculateAH°_m(CHsOHF- --#F- + CH3OH)= 1.32eV (30.4

kcal/mol)atMP2 and 1.29eV (29.8kcal/mol)atMP4 comparedtotheexperimental

valueof1.28_-0.04eV (29.6-_1kcal/mol)._s Itappearsthattheab initioestimateis

inverygoodaccordwiththeexperimentaldata,placingconfidenceintheMP4 D°0

estimate,1.48eV (34.0kcal/mol),forOHF-.

ltshouldbenotedthatno correctionismade forbasissetsuperpositionerror

in thesecalculations.Furtheritappearsthatthe correlationcorrectiontofourth

orderfortheD°oofCH3OI-IF-ismore fullyconvergedthanthatforOHF- Thus it

isprobablethathigherordercorrectionswillberequiredforthelatterion.The fact

remainsthattheOHF- anionispredictedtohave a strongerhydrogenbond than

CH3OHF- at everylevelofcorrelationtreatment.Thisisshown not onlyin the

dissociationenergybut alsoin the strongerperturbationto the O-H stretching

frequency,thehigherF-O stretchingfrequencyandthemore centralpositioningofthe

hydrogenbetweentheend atoms.Thisresultisalsosupportedby theexperimental

observationthatthephotoelectronband originforOI-IF-isshiftedtolowerelectron

kineticenergyby 0.3eV overCH3OHF-.
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3.3 Simulation of the OHF- photoelectron spectrum

In this section, we simulate the OHF- photoelectron spectrum using our ab

initio results for OHF- along with the ab initio potential energy surfaces developed

for the F + OH reaction by Sloan and co-workers. _ By comparing the simulated and

experimental spectra, we can learn about deficiencies in the F + OH potential energy

surface. We have previously described a fully quantum dynamical method that will

simulate the dissociative photoelectron spectrum of a linear triatomic AHB_ 7 This

method, which is based on the wave packet propagation technique of Kosloff and

Kosloff, _ treats dynamics along the two stretching coordinates exactly. It assumes

all nuclear motion takes place on a collinear potential energy surface.

An initial wave packet ¢(0), which, within the Franck-Condon approximation,

is the anion ground vibrational wave function, is propagated on the neutral potential

energy surface according to

I¢(t)) = e"iRt/s I_(0)). (7)

Here e"i_t/_ is the time evolution operator and l_Iis the Hamiltonian for the neutral

surface. The overlap of ¢(t) with ¢(0) defines the time autocorrelation function C(t):

C(t) = (¢(0) I¢(t)) (8)

and the Fourier transform of this complex function yields the photoelectron

spectrum: 57,ss

a(E) ac I._xp(iEt /1_) C(t) dt. (9)qm

The simulation makes use of the collinear ab initio surfaces which have been

developed for the lowest triplet and singlet channels of the F + OH system. 23 Sloan
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and coworkers evaluated energy points across the two surfaces using a multi-reference

configuration interaction (IVIRCI)scheme, employing the multi-reference analog of

Davidson's correction 69 to extrapolate energies to full configuration interaction (FCI).

To calculate the entire collinear surfaces the authors were constrained to use of the

relatively small 4-31G basis set. The surfaces were each fitted to a Rotated Morse

Oscillator Spline (RMOS) function, e° The authors went on to show that the barrier

height on the lowest triplet surface remained virtually unchanged when the basis set

was improved to double zeta plus polarization (DZP) quality. We shall first consider

only the lowest surface for the collinear reaction F(2p) + OH(2I'I)--) HF(I_ *) + O(aP) for

our simulation. This surface has ali electronic symmetry, and a classical barrier of 12

kcal/mol at Roll = 1.08 A and RHF= 1.32 ,_.

Together with the neutral potential surface, we also require the wave function

for the ground vibrational state of the anion. The wave function is assumed to be

separable along the two normal coordinates, Q1and Q3. To construct this vibrational

wave function, we use our MP2 values for the anion equilibrium geometry (ReHFand

R'OH)and frequencies (co_and a_3)for the two stretching vibrations. The following

transformationfrominternalcoordinates(in,_)tonormalcoordinates(inamu1_./_)

isderivedfromtheab initioCartesianforceconstantmatrix:

QI = 2.989(RHF"R'HF)+ 2.747(RoH"R'OH) (10)

0.3= 0.198(RHF-R'HF)+ 1.158(RoH"ReOH). (11)

Note thatQI = 3 (RoF-R'oF)and Q3 = (Roll-ReoH).

In the simulationscarriedout fortheBrHI-photoelectronspectrum,7 the

experimentalintensitydistributionwas impossibleto model withoutincluding

anharmonicityalongtheQ3coordinatefortheanion.The anionpotentialsurfacewas
@
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therefore described by the sum of a Morse potential for the v3 mode and a harmonic

potential for the heavy atom vi stretching mode. For OI-IF, the MP2 potential energy

cut along the Roll coordinate can be fit to a Morse function; this is shown in

Figure 6-7. The Roll coordinate is an extremely good approximation to Q8 if RoF is

kept fixed, as seen in Equations (10) and (11), so the Morse potential in Figure 6-7 is

assumed to be the potential energy along the 0.3coordinate. The one-dimensional fit

to this function yields co,= 2015 cm"1(as expected from Table 6-VI) and c0ex,= 350

cm _. A harmonic potential is constructed along Q_using the MP2 frequency (433 cm"1)

from Table 6-VI. The required initial wave packet, _(0), is then set equal to the

ground vibrational wave function of this anion potential surface.

The simulation is performed by propagating the initial wave packet on a grid

in two dimensions, under the influence of the neutral collinear potential surface. The

propagation is continued until all flux has left the grid. Absorbing boundaries are

imposed at the edges of the grid;el this device greatly reduces the configuration space

the grid must span, and thus, the calculation time. All computational details of the

method are contained in ref. 7 and the relevant parameters are listed in the figure

captions for each simulation. Figure 6-8 shows the simulated photoelectron spectrum

of OHF- resulting from wave packet propagation on the Srl ab initio surface. The

result is exact within the coUinear approximation.

Figure 6-9 shows the wave packet dynamics that give rise to this simulation.

The potential surface is plotted in the mass-scaled coordinates defined in ref. 7;

essentially x = 3 Ro_ and y = Rort. These coordinates almost exactly parallel the

normal coordinates of the ion Q1 and 0.3. The first frame (Figure 6-9a) shows the

initial wave packet, corresponding to the anion wave function. The asymmetric shape
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of the wave packet derives from the pronounced anharmonicity along Oz. The wave

packet sits right over the saddle point of the reaction surface (marked in the Figure

with a cross), underlining the sensitivity of the photoelectron spectrum to features of

the surface at the saddle point and to the magnitude of the barrier height. The initial

wave packet also extends into both the reactant valley and around the reaction

'comer' into the product valley.

The following frames of Figure 6-9 show the bifurcation of the wave packet into

both valleys; the subsequent disappearance of the wave packet out to fragments is

very swift. The component of the wave packet exiting out to O(SP) + HF has a faster

rate of disappearance from the Franck-Condon region than the component travelling

down the entrance valley. The latter component, moving parallel to the x axis and out

to F + OH, shows little vibrational excitation as compared to that moving in the O(sP)

+ HF exit valley, where considerable nodal structure, corresponding to HF vibrational

excitation, is seen perpendicular to the direction of motion. In Figure 6-9d the last

component of the wave packet is seen leaving the grid; the shape of the wavepacket

is distorted here because of the absorbing boundary.

In accord with the extremely fast movement of the wave packet away from its

nascent position on the neutral potential energy surface, the autocorrelation function

shows very fast decay and evidence of only a weak recurrence. The absolute value of

the autocorrelation function, IC(t) l, is plotted in Figure 6-10. The fast fall-time is in

strong contrast with the long-lived recurrences in the autocorrelation functions

calculated for bihalide photodetachment. 7'62'e3 The Fourier transfoim of this

autocorrelation function yields a broad, but structured, simulated photoelectron

spectrum and it is this that is shown with the dashed line in Fig_lre 6-8.
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In this simulation, the two low intensity peaks between the product and

reactant asymptotes are from transitions to states of the complex that correlate to

different product HF vibrational levels. The single, more intense feature near the

reactant asymptote is narrower than the other peaks (FWHM < 200 meV versus =300

meV). This peak is most likely due to the component of the wave packet moving out

along the entrance valley to F + OH, which, as noted above, leaves the Franck-Condon

region more slowly than that departing along the exit valley.

To confirm these 'assignments', we have performed a one-dimensional

simulation that treats only the potential along the y, or Rort,coordinate with the mass

weighted coordinate x fixed at its value for the ion equilibrium geometry, xe. This, to

a good approximation, is the effective potential for the hydrogen stretching va mode. 7

In Figure 6-11 these one-dimensional potentials for the anion and neutral are shown

along with the first few eigenvalues and eigenfunctions supported by each potential.

The anion potential is the 2H Morse potential shown in Figure 6-7, and the neutral

potential results from taking a cut through the fitted ab initio F + OH surface at

x = xe. By computing the Franck-Condon overlap between the ground state wave

function supported by the anion potential with the first few neutral wave functions,

a simulated stick spectrum, shown also in Figure 6-8, is generated.

The one-dimensional stick spectrum consists of a progression in the va mode

of the [OHF] complex; the peak labels in Figure 6-8 correspond to the energy levels

in Figure 6-11. Peaks 0, 1 and 2 result from transitions to the O + HF product (exit)

valley, while au inspection of the one-dimensional neutral wave functions

(Figure 6-11)shows that the v3 = 3 level is localized in the F + OH reactant (entrance)

valley. Peak 3 in the one-dimensional simulation lines up with the intense peak in
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thetwo-dimensionalsimulation,indicatingthatthelatterisindeeddue toa stateof

thecomplexlocalizedinthereactantvalley.Peaks0 and I apparentlycorrespondto

thetwo peaksinthetwo-dimensionalsimulationbetweenthereactantand product

asymptotes,althoughthe one-dimensionalpeaks occurat slightlyhigherelectron

kineticenergy.The comparisonbetweenthe simulationssuggeststhatpeak 2 is

hiddenasa shoulderinthetwo-dimensionalsimulation.Infact,theintensepeakin

the two-dimensionalsimulationhas a definiteasymmetry and itcan be readily

confirmedthatthereisanintensitycontribution,correspondingtothev3--2 stick,on

the high electronenergysideof thispeak. The one-dimensionaltreatmentis

approximateinthatitdoesnotconsideroverlapatdifferentvaluesofx,and thetime-

scaleseparationofx andy isstrictlyonlyappropriateforextremeheavy-light-heavy

systems,s ltistheseinadequaciesthatare presumablyresponsibleforthe one-

dimensionalsticksnot coincidingwith the centersofthe two-dimensionalpeaks.

However thisanalysisdoesprovidesome insightintothe appearanceofthetwo-

dimensionalsimulation.

Letusnow comparethesimulatedandexperimentalspectra(Figure6-8).The

two-dimensionalpeak widthsand the spacingsofthe productprogressionagree

reasonablywellwith experiment,and the intensitydistributionisin qualitative

agreement with the experimentalprofile. The overallagreement between

experimentaland simulatedpeak widthsisparticularlystrikingasitindicatesthat

rapiddissociationon a collinearsurfacecan explainthebroadexperimentalpeaks.

On energeticgroundswe assignpeaks A-D to statesofthe [OHF] complexthat

dissociatetoO + HF products.Based on theone-and two-dimensionalsimulations,
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we assigntheintenseexperimentalpeakat0.80eV (E,Figure6-3)asa reactantpeak:

a stateofthe[OHF] complexthatdissociatestoF + OH reactants.

However,inFigure6-8,theone-and two-dimensionalsimulationshavebeen

shiftedby 0.22eV tohigherelectronkineticenergysothattheexperimentalpeakE

linesup with the most intensesimulatedpeak. An even largershiftwould be

expectedifthe simulationhad beenperformedon a comparablethree-dimensional

potentialenergysurfaceratherthanthecollinearsurfaceusedhere;thisadditional

shiftwillbe approximatelyequaltothebendingzeropointenergynearthesaddle

pointon the three-dimensionalsurface._'ss This bending zeropointenergyis

estimatedtobe = 0.05eV.ss Thus simulationson a comparablethree-dimensional

surfacewould needtobe shiftedby about0.27eV tohigherelectronkineticenergy.

The significanceofthisshiftisdiscussedinthef:_1owingsection.

Inouranalysisofthebihalidespectra,s'7we commentedextensivelyontherole

of excitedelectronicstatesof the neutralin our photoelectronspectra,and

contributionsfromexcitedstatesarelikelyinthespectrapresentedhereasweil.For

theF + OH system,we canexplicitlymodel thecontributionofoneexcitedstate,the

IAstate,tothephotoelectronspectrum,becauseapotentialenergysurfaceisavailable

forthisstate,s3We shalldefera fulldiscussionoftheelectronicstructureofthisand

otherexcitedstatesuntillater,but herewe show the resultsofperformingan

identicalsimulation,usingthe RMOS IAsurfaceofSloanand coworkers,tothat

describedabove forthe allsur.face.The wave packetdynamicsshouldbe quite

differenton the IA surface,which adiabaticallyconnects F . OH(SH) to

HF(_Z.)+ O(ID).Thisisan endoergicprocessforwhichthebarrierisexpectedtolie

on theO(_D)+ HF sideofthepotentialenergysurface,and thisisborneoutby the
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ab initio calculated surface. Thus, photodetachment to the lA surface should result

in less overlap with the saddle point region than photodetachment to the SH surface.

Figure 6-12 shows the contribution of the lA simulation to the overall

photoelectron spectrum. Both the 31-Iand lA simulations hav_ been shifted to higher

electron kinetic energy by the same 0.22 eV discussed above. The electronic transition

dipole moments for transition from ion ground state to the neutral 311and lA states

have been set in the ratio 1:5 to best reproduce experiment, in the absence of any

other data. By including the 'A state, the simulation now reproduces the broad

experimental peak (F) at 0.45 eV. The overall agreement between the simulated and

experimental spectra is quite remarkable considering that all potential parameters are

the 'raw' ab initio ones, including the energy separation between the two electronic

state progressions. This would seem to be strong evidence for the overlapping

contribution of excited states in the experimental photoelectron spectrum.

4. Discussion

4.1 OHF- photoelectron spectrum

Let us return to consider the neutral reaction surface that dominates the

OHF-photoelectron spectrum, the 31-Isurface. We wish to assess how realistic this

surface is, and apply what we learn to the fluorine + alcohol reaction surfaces.

Although there is qualitative agreement between the simulated and experimental

profiles, there are some serious deficiencies. We shall discuss these discrepancies, and

some possible causes, in the hope of obtaining a more detailed picture of the neutral

potential energy surface in the transition state region.
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The three major areas in which the theoretical fit differs from the experimental

spectrum are (i) the number of peaks in the product vibrational progression and their

positions relative to the reactant peak, (ii) the large shift required for the entire

simulation, and (iii) the intensity distribution of peaks corresponding to product

states. These deviations are almost certainly due to discrepancies in the neutral

potential energy surface and/or the equilibrium properties of the anion. Because ab

initio descriptions of potential minima are known to be predicted to a higher degree

of accuracy than points on a global surface far away from minima, we shall make the

assumption in the following discussion that the anion structure and dissociation

energy have been correctly described, and that all changes need to be made to the

neutral surface. This is not likely to be completely true, but merely reflects the likely

relative error bars on the two calculations.

One obvious problem is that the reaction exoergicity on the RMOS sH surface

is incorrect. The RMOS fit to the FCI/4-31G exoergicity is 1.198 eV as compared to

the experimental value, 1.502 eV (these figures reflect bottom of the well energies for

the diatomic molecules). Sloan et al. have shown that this problem stems mainly from

the basis set used in the ab initio calculation. 2s This gross defect is certainly

contributing to the absence of any structure in the simulation at electron kinetic

energies higher than 2.0 eV (Figure 6-8). With the surface as is, it is energetically

impossible for a state to exist with an energy corresponding to the step at highest eKE

in the experimental spectrum. Clearly, in any attempt to improve the simulation by

changing the neutral potential energy surface, the exoergicity should be corrected.

The other feature of the F + OH SH surface that calls for some adjustment is

the barrier height. A major discrepancy between the simulation on the RMOS surface
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and the experimental spectrum was that the simulated band origins had to be

displaced to higher electron kinetic energy to get the largest feature (assigned to the

reactant channel) to match the experimental peak. For the 31"1surface, the saddle

point lies in the center of the Franck-Condon region, so lowering the barrier height

will shift the spectrum in the required direction. As the shift required, 0.27 eV, ts

considerably larger than the expected error in the ion binding energy (< 0.15 eV), it

seems probable that the barrier on the reaction surface is indeed too high.

To show the effect of using a smaller barrier we have performed two further

simulations. We first scaled 87the RMOS surface so as to reproduce the experimental

exoergicity; this yielded a surface we shall call RMOS-A. A further round of

scaling es was performed on RMOS-A in order to approximately halve the barrier to

0.24 eV (5.5 kcal/mol). This surface we denote RMOS-B. These surfaces are not

suggested as optimized potential functions that reproduce our data, but they do

demonstrate the result of some very simple improvements over the pure ab init/o

surface. The simulated photoelectron spectra calculated on each of these surfaces,

while ignoring the lA state, are shown in Figure 6-13. The changes are significant.

The RMOS-A simulation shows three, rather than two, resolved members of the

product vibrational progression. In particular a feature corresponding to experimental

peak D now appears. However the entire simulated spectrum must still be shifted,

again to higher electron kinetic energy, to align the simulated reactant peak with the

experimental peak E; for this surface the shift is 0.23 eV, or 0.28 eV including the

zero point bend correction.

In the RMOS-B simulation (Figure 6-13b), when including the zero point bend

correction, no shift is required to line up experimental peak E with the intense peak
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in the simulation. Decreasing the barrier height has thus removed the discrepancy

between the energetics in the simulated and experimental spectra. The simulated

peaks are still quite broad, in agreement with experiment. However, only two product

peaks are discernible in the RMOS-B simulation, just as in the first simulation in

Figure 6-8. As in that simulation, the third peak in the product progression is hidden

under the intense reactant peak. Essentially, in comparison to the RMOS-A

simulation, lowering the barrier has shifted the intense reactant peak to higher

electron kinetic energy while not affecting the product peaks, thereby obscuring the

third product peak that appeared in the RMOS-A simulation.

One important feature we have not attempted to change is the location of the

saddle point on the F + OH surface. This is likely to have a major effect in a

simulation. In particular, if the barrier occurred earlier in the F + OH reactant

valley, the anion would have better overlap with states of the [OHF] complex that

dissociate to O + HF products and these states would be shifted in energy closer

toward the product asymptote.

In any case, the simulation on the RMOS-B surface has shown that a lower

barrier can eliminate the need to shift the spectrum. Considering the errors in the

calculated ion binding energy and the approximate treatment of the zero point

bending energy we conclude that a realistic barrier height for the 3rl surface is in the

range 0.09 - 0.39 eV (2 - 9 kcal/mol). This result is significant as it implies that even

at room temperatures direct hydrogen abstraction may compete with the non=adiabatic

pathway suggested by Sloan et al.

Is this proposed barrier height reasonable? By comparison to other reactions

of fluorine, the original a5 initio barrier, 12 kcal/mol, might be considered
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unreasonably large for an abstraction reaction of this type. In general, ab initio

reaction barriers reported are consistently too high, even with what must be

considered current state-of-the-art methods. 69'7° It is very likely that problems of

incomplete basis set, and thus errors resulting from basis set superposition error, will

be manifested in the raw fitted ab initio surface used here.

The Evans-Polanyi relationship 71 between reaction exoergicity and barrier

height states that the lexger the exoergicity, the lower and earlier the classical barrier

is on the reaction potential surface. This postulate has been well tested for hydrogen

abstraction reactions. From this postulate, it would be expected that the reactions

studied here would occur on surfaces with barriers comparable with that for F +

and smaller than that for F + I-I20 (see exoergicities in Table 6-I). Stevens et al. 72

have estimated a 4 kcal/mol barrie for F + H20; the classical barrier height for

F + I_, although subject to some controversy, is currently considered to be 1.4 - 2.5

kcal/mol. 69'7°The larger exoergicity for F + OH and F + HOR would seem to indicate

that the barriers for direct abstraction for both reactions should be in the range I - 2

kcal/mol. The result of our simulations, while in agreement with a substantially lower

barrier than that calculated ab initio for F + OH, seem to suggest a barrier somewhat

higher than that predicted by the Evans-Polanyi relationship.

It is to be hoped that an ab initio reaction potential surface of improved quality

can be generated which will confirm the lower barrier height for the direct abstraction

process. In order to fully model the spectrum, it may be necessary to develop excited

state poter_tial energy surfaces as well. The role of low-lying excited surfaces is

explored in part (c) below.
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42 CHsOHF- and C_IsOHF-photoelectron spectra

The above discussion and simulations on the F + OH 31"1surface serve as a

model for understanding the photoelectron spectra of the alcohol complexes. The

similarity of the OI-IF- spectrum to those of the polyatomic systems encourages one

to think that the effect of the alkyl group is small, and that the ROHF- spectra can

be largely explained by the analysis of the OHF- spectrum. In particular, the basic

step structure and the peak widths observed can be understood in terms of the two-

dimensional model above, the differences in intensity distributions in the three sl:ectra

are explained by the differ:ng position of'the bridging hydrob._n iv the ion, and the

missing low election energy _eak in the ROIIF-spectra (peak F in the OH_'-

spectrum, Figure 6-3) is attributable to the differing electronic structure in the

[ROI-IF] and [OHF] complexes (see below).

However, as pointed out above, the features "n the ROHF-spectra are, in

general, broader than those in the OHF- spectrum. One could blithely attribute this

to the presence of additional vibrational modes in the polyatomic systems. We would

like to examine this more quantitatively to ascertain which, if any, of these vibrational

modes play a major role in the appearance of the ROHF- photoelectron spectra. We

do this by attempting to determine which of the additional modes in the polyatomic

ROH and RO fragments are excited subsequent to ROHF- photodetachment. These

are referred to as _oath' modes; in the case of CH3OHF- photodetachment, these

include ali the CH30 vibrations and all the CH3OH vibrations except the O-II stretch.

We consider which fragment modes are excited soleli!,_on the basis of the

differences between the geometry of the neutral complex created by photodetachment

and the equilibrium geometries of the fragments. This is a variation of the _Franck-
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Condon picture' which has been shown to provide a reasonable zero-order description

of fragment excitation in photodissociation experiments. 73 In the classical picture of

photodetachment, the nuclear configuration of the neutral complex formed is the same

as the equilibrium geometry of the ion. The displacement of the C, H and O atoms

in the [CH3OI-IF]complex from the equilibrium geometry of free CH3OH and CH30

will then lead to vibrations in the bath modes of these species. Mapping these

displacements into changes along each of the normal coordinates of the free fragment,

we can estimate the degree of vibrational excitation in each of the fragment modes.

As a guide, we shall use the ab initio changes in bond lengths and angles in the

methoxy frame from CH3OHF- to CH3OH and CH30.

The ab initio calculations (Table 6-III) show that the changes in geometry in

the CHsO frame between CH3OHF- and CHsOH, w_le small, are principally in the

C-O bond length and the bond angles about the carbon atom; the LCOH angle is not

dramatically altered. Further the calculated MP2 force field of CH3OH gives us the

normal coordinates for this molecule. By performing the transformation of the MP2

internal coordinate changes into CH3OH normal coordinates displacements, we

determine which bath modes receive excitation in this simplified photodetachment

process. The only mode appreciately excited is v7 (CHs rock), whose observed

fundamental frequency is 1060 cra"_.ss The degree of vibrational excitation is,

however, still small; if we compute Franck-Condon factors assuming two harmonic

oscillators of the same frequency, for anion and neutral, displaced by the calculated

value, a short progression is predicted with a (v=l)/(v=0) peak intensity ratio of 14%.

The changes in geometry from CH3OHF- to CH30 are also small; for the CH30

equilibrium geometry we use the UMP2/6-31++G** optimized structure calculated in
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C. symmetry, which describes the lower Jahn-Teller component (A'). 42 Performing the

the internal coordinate transformation into displacements of CHsO(2A ') normal

coordinates (this time derived from the UHF/6-31++G** force field of CH30), we

determine that no mode is significantly excited, i.e. no mode has (v=l)/(v=O) intensity

ratio greater than 5%.

This Tranck-Condon picture' therefore predicts relatively small effects in the

CH3OHF- spectrum from the presence of additional vibrational modes. While this

treatment is quite approximate in that it is largely independent of the details of the

potential energy surface in the F + CH3OH transition state region, we point out that

the product state-resolved studies ]9 show that only 2% of the energy released in the

F + CH3OH reaction appears as vibrational excitation in the v3 C-O stretching mode

of CH30. Although this was the only product vibrational mode investigated, these

results suggest that the bath modes play only a minor role in the dynamics of the F

+ CH3OH reaction.

We stiU are faced with the question of explaining the differences in widths in

the OI-IF- and CH3OHF-photoelectron spectra. Our ab initio calculations indicate

that the COH angle remains strongly bent in CH3OHF . as in CH3OH. Therefore

some of the energy released in the dissociation of the [CH3OHF] complex to HF +

CH30 (by far the more exothermic channel) is likely to end up in rotational motion of

both fragments. This rotational excitation may well provide a mechanism for adding

width to the peaks that correspond to HF + CH30 product states.

It is also worth noting that the precursor OHF- and CH3OHF- anions are

most likely characterized by a non-zero temperature and some degree of vibrational

excitation will be present. In OHF-, the O-F vibration is calculated to have the
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lowest frequency (_1 = 433 crel), whereas in CHaOHF- there are three low frequency

modes (Table 6-IV): 0)9= 391 cm"_(O-F stretch), colo= 167 cn1"1(FOC bend), and co_s

= 77 cm "1(hindered rotation). Assuming the two anions are formed at the same

temperature, the excitation of the additional low frequency modes in CHsOHF- could

lead to broader features in the photoelectron spectrum.

4_ Electronic effects

In the analysis of the photoelectron spectra of BrHI, C1HI- and FHI, we

presented 7 a full discussion of the role of multiple neutral electronic surfaces. For the

F + CH3OH and F + C2I-I5OH systems the situation is similar to those X + HY

systems. In the entrance valley, the three-fold spatial degeneracy of the _P F atom

(neglecting spin-orbit interactions) is broken by the approach of ROH, and all three

resultant states may contribute to the photoelectron spectra. The states that

correspond to approach of F on the H-O axis of HOR with the unpaired electron in a

type orbital will be much more repulsive than the ground state a type interaction.

Morokuma et al.74have shown from ab initio work that there is a contribution from

the first electronically excited neutral state in the photoelectron spectrum of C1HC1-

that closely overlaps the band to the ground state. Experimentally we have recently

determined that transitions to excited F + I-Lz potential energy surfaces overlap

transitions to the ground state surface in the photoelectron spectrum of FH2-. 75 It

is reasonable to expect this to occur in the ROHF-spectra also.

For F + OH there are many more low lying electronic states than for X + HY,

even when ignoring spin-orbit coupling and constraining the geometry to be linear.

These can be considered either by constructing a full correlation diagram or by using
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the molecular orbitals of the anion (Figure 6-6) and depicting the various [OHF] states

formed upon removal of an electron. The latter is simpler and more useful as it

includes the selection rule for a photodetachment process, namely that only one-

electron processes are allowed. This reduces the number of neutral states to be

considered. Sloan et al. considered four potential surfaces, SN, sZ, lA, and 1[I, all of

which are accessible from the 21"Ianion. _3 We have already looked at two of these

potel,tial energy surfaces in the simulation section.

To estimate if the other states will play a role in the photoelectron spectrum

we have performed an ab in,rio calculation for the electronic energy of each state at

the anion geometry. Table 6-VIII shows these energies, and the electronic

configurations of each state with reference to anion molecular orbitals shown in

Figure 6-6. These energies, which should be viewed as crude estimates only, indicate

roughly where maximum intensity will occur in a photoelectron band to this state.

They do not indicate where the onset of vibrational (or continuum) structure

assignable to the respective surface would occur in the photoelectron spectrum. The

energies in Table 6-VIII are calculated using single-reference wave functions that also

suffer from spin contamination; the effects of the latter have been projected out by

the standard method available in the Gaussian 88 program. 76 The above ab initio

problems were not an issue for the anion calculations presented earlier. In

comparison to the results in Table 6-VIII, the multi-reference calculation of Sloau et

al.23orders the states slightly differently: 311,3Z, lA, 11"1.Further the RMOS fitted

surfaces yields a 3n - _Aseparation at the anion geometry of only 0.63 eV. Apparently

all four surfaces should be considered before assigning all of the experimental
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spectrum'sfeatures.Inaddition,theinclusionofthespin-orbitinteractionwillresult

inevenmore potentialenergysurfacestobe considered.

5. Summary

We have shown thatthe photoelectronexperimentsuccessfullyprobesthe

transitionstateofan asymmetrictriatomichydrogenabstractionreaction,namelythe

F + OH reaction.The natureof the system,where allatoms are firstrow and

consequentlyfewelectronsareinvolved,makes itamenabletoa highlevelab initio

potentialsurfacecharacterization.We hopetheresultspresentedherewillstimulate

such theoreticalinterest.The photoelectronspectraofCHaOHF- and CsHsOHF-

have demonstratedtheextensionofour method topolyatomicreactions,and have

shown thatvibrationalstructureatthetransitionstatecan stillbe resolvedeven

when the transitionspecieshas ten atoms. The interpretationofour spectrais

relativelysimpleata qualitativeleveland mirrorstheworkon thebihalidesystems.

A simulationthatexplicitlytreatsthecollineardynamicsofF + OH, usinga multi-

reference ab initio potential surface, has been performed and yields reasonable

agreement with the experimental result.

However a detailed understanding of the spectra is clouded by a number of

difficult theoretical questions. The simulation for the F + OH system assumes that

the transition state is collinear, and ignores the effect of the bending degree of

freedom on the dissociation dynamics and, thus, on the photoelectron spectra.

Schatz 77has reviewed the theoretical formalism of photodetachment to the transition

state of a bimolecular reaction in three dimensions. Schatz has also compared the

results of exact collinear treatments, like this one, with three-dimensional J=0
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Coupled Channel Hyperspherical (CCH) simulations for the C1HC1- and IHI-

photoelectron spectra. He finds good agreement in the qualitative features. For the

bihalide systems, the assumption of a collinear transition state is more reasonable

than it is here. There is considerable evidence 78that the O(3P) + HC1 -_ OH + C1

reaction proceeds via a bent transition state; Gordon et al.79 have calculated the

saddle point geometry and find L OHC1 = 138 °. The question then arises whether the

coUinear3[IinteractionO(SP)+HF isalsounstablewith respecttobending,and

whethera benttransitionstateispreferredforthisreactionalso.However a major

differencebetweenthetwo reactionsisthatO + HCI isapproximatelythermoneutral

whereas0 + HF isendoergicby 34 kcal/mol. The similarityin the OHF,

CH3OHF, and C2HsOHF-spectra indicatesthatthepseudo-triatomicmodel fairly

successfullydescribesthe polyatomicsystems'spectra. However developmentof

theoreticalmethods of treatingpolyatomicreactionsystemsisclearlydesirable.

Furtherexperimentsfrom thislaboratorywillbe forthcomingon transitionstate

spectrafortetra-atomicsystems,theresultsofwhichshouldbeabletotesttheoretical

methodsforsuchsystems.
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Table 6-I: Hydrogen abstraction reactions of Fluorine ,,

Reaction AHO29sa AEOo b k29sc Eb d

kcal/mol kcal/mol 10ncm3s "1 kcal/mol
---.

F + H-O • -34.0 -34.0 4.1

F + H-OCH 8 -32.2 -32.6 7.7

F + H-OC_H 5 -32.0 -32.3 6.3

F + H-H -32.1 -32.1 2.5 - 2
, , ,,, ,

F + H-OH -17.2 -17.5 1.4 4

F + H-CH2OH -42.2 -42.9 1.7f

F + H-CH(CH3)OH
and -43.2 -43.9 1.4f

F + H-CH2CH2OH

a) Exothermicity, AH°2_, calculated from DHzgs(H-X) for CH3OH (ref. 31), C2HsOH
(ref. 32), I-I20 (ref. 33), H-CH2OH and H-CH(CH3)OH (ref. 34) and D°ofor OH,
I-I2and HF (ref. 37).

b) Exoergicity, AE°o, calculated by correction to AH°2_ using vibrational
frequencies for CH3OH and I-I20 (ref. 35), CH30 and CH2OH (ref. 36);
vibrational corrections for ethanol reactions assumed equal to those of
methanol. All molecules are assumed to be ideal gases, and both hindered and r_
full rotations are treated classically.

c) Kinetic data collected from refs. 12, 17, 22, and 72.

d) Estimated classical barriers _'romrefs. 69, 70, and 72.

e) Products O(3P) + HF.

f) This is the measured rate divided by the number of available chemically
equivalent hydrogen atoms for abstraction.
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Table 6-H: Estimated peak centers and widths from the photoelectron spectra of
OHF-. Onsets of four highest energy steps are also given. All energies in eV;
approximate uncertainties shown in parentheses.

Electron kinetic energy

Peak Onset ° Center b Widthb

A 2.46 (0.01) 2.25 (0.02) 0.35 (0.03)

B 1.95 (0.02) 1.82 (0.02) 0.31 (0.03)

C 1.51 (0.02) 1.38 (0.04) 0.30 (0.04)

D 1.16 (0.02) 1.01 (0.02) 0.30 (0.04)

E 0.80 (_.01) 0.15 (0.03)

F 0.45 (0.03) ~ 0.4

a) Step onsets are measured at 50% of rising edge.

b) Centers and widths are estimated by a six Gaussian fit to the photoelectron
spectrum. Because bands overlap, the estimated uncertainties are large.
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Table 6-nrI: Ab initio geometries and zero point energies for CH3OHF- and CHsOH

CH3OHF" CH3OH

RHF/ I RMP2/ RHF/ I RMP2/6-31++G** 6-31++G** 6-31++G** 6-31++G**
i ii J iii

R, (O-H) Jk 1.004 1.059 0.942 0.964
iii iii

R, (H-F) ,_ 1.462 1.373

L OHF 173.8 175.3

R, (C-O) ,_, 1.376 1.399 1.401 1.427

L COH 108.4 106.4 110.5 108.6
i ii

Ro(C-Htr)tI, 1.092 1.095 1.081 1.085
,,

Re(C-Hg) ,_ 1.094 1.099 1.087 1.091

L OCH_ 109.4 109.3 107.1 106.2

L I-It,CH8 107.5 107.6 108.6 108.9

L HsCH¢ 107.0 106.8 109.0 109.3

Zero Point Energy 1.513 1.426 1.496 1.434
(eV)
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Table 6.IV: Harmonic frequencies (in cre'l), calculated with 6-31++G** basis set, for
CHaOHF-

, . ,,

.HF ni
II II

co1(a') 3133 3102 o_ (a') 1600 1498 {o11(a') 3115 3060

(a') 3106 3016 _ (a') 1253 1178 o_2 (a') 1610 1526
.., ,,, ,

, 0%(a') 2901 2215 0%(a') 1230 1132 _s (a') 1282 1248

co4 (a') 1731 1649 a%(a') 333 391 o_4 (a') 1214 1189
,,.,,,. i , ,,,

_5 (a') 1634 1556 _0_o(a') 168 167 o_s (a') 94 77

Table 6.V: Ab initio Energies for CH3OHF", including zero point energies.

Eo RHF/6-3I++G**// RMP2/6-31++G**// RMP4/6-3I++G**//
Total Energy" RHF/6-31++G**b RMP2/6-31++G** RMP2/6-31++G**c

a.u. I eV a.u. eV a.u. [ eV", ,.., , ,,, ,=.,, ,

CHsOHF" -214.45671 0.000 -215.02240 0.000 -215.04730 0.000
equilibrium

F"+ HOCH3
separated -214.41611 1.104 -214.97545 1.278 -215.00124 1.253
fragments

CH30"+ HF
separated -214.39208 1.758 -214.95104 1.941 -215.97621 1.934
fragments

,,,.,

a) Zero Point energies calculated from force field evaluated at same level of
theory as energy, except MP4 where MP2 zero point energies are used.a

b) Notation "a//b" means energy evaluated with theoretical model a at the
optimized geometry calculated with model b.

c) RMP4(SDTQ) frozen core energies.
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Table 6-VI: Ab initio Geometry and Frequencies for OHF-

Method R, (O-H)" R, (.H-F) A OHF Frequencies <$2>
A A (cre"1)

i

379

UHF/6-31++G** 1.031 1.400 180.0 1070, 1227 0.756
2514

..... ,,

433

UMP2/6-31++G** 1.078 1.346 180.0 1064, 1225 0.752
2015

a) R,(O-H) in the free hydroxyl radical is 0.955 ,/_ (UHF/6-31++G**), 0.973 ti,
(UMP2/6-31++G**) and 0.970 ,i_ (experimental, ref. 37).

Table 6.VII: Ab initio Energies for OHF-, including zero point energies.

Eo UHF/6-3 I++G**// UMP2/6-31 +.G**// UMP4/6-31+ +G**//
Total Energy* UHF/6-31++G** UMP2/6-31++G** UMP2/6-31++G** b

au lev au leV_. ,,, ,,,,

OHF" equilibrium -174.84998 0.000 -175.21214 0.000 -175.22800 0.000

F" + HO(_n)
separated -174.80273 1.286 -175.16113 1.388 -175.17375 1.476
fragments

0 (_P)+ HF
separated -174.78075 1.884 -175.13652 2.058 -115.15280 2.046
fragments

,,,,,,

a) Zero pointenergiescalculatedfrom forcefieldevaluatedatsame leveloftheory
as energy,exceptforMP4 where MP2 zeropointenergiesused.

b) UMP4(SDTQ) frozencoreenergies.
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Table 6.VIII: Possible low-lying electronic states of [OHF] accessed in the
photoelectron spectrum of OHF-

PUMP4(SDTQ-FC)/6-31G** Electronic Configuration
energ_ at Anion Equilibrium (with reference to

Geometry b Figure 6-6)

a.u. I eV

i

!

sH -175.033816 0.0 .. 50_ I_ 4 2_x I 2Ky 2 6_ 1

3Z" -175.009523 0.6 .. 50_ I_ 4 2_ 1 2Ky I 602,,

irl -174.931654 2.8 .. 5o2 lg 4 2_, 1 2Ey 2 601

lA -174.911790 3.3 .. 502 1K 4 2gy 2 602

a) Spin projected UMP4 energies (see ref. 76)

b) MP2/6-31++G** anion geometry used, see Table 6-VI
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Captions for Chapter 6.

Figure6-1. Photoelectron Spectra of (top) CH3OHF- and (bottom)

C_-IsOHF- recorded at 213 nra. Arrows against axis indicate

energies corresponding to product and reactant asymptotes (see

text). Step onsets are indicated by arrows above spectrum.

Figure 6-2. Photoelectron Spectrum of CH3ODF-recorded at 213 nm.

Arrows as for Figure 6-1.

Figure 6-3. Photoelectron Spectrum of OHF- recorded at 213 nra. Arrows

against the axis indicate energies corresponding to asymptotes

for formation of O(3P) + HF, F + OH, and O(_D) + HF, in order

of decreasing electron kinetic energy.

Figure 6-4. Calculated geometry for CH3OHF-(top) and OHF-(bottom).

Bond lengths (A), and angles, are those calculated by full

geometry optimization at MP2/6-31++G**.

Figure 6-5. Potential energy profile along the hydroxyl hydrogen stretching

coordinate in CH3OHF-. Cuts are calculated fixing geometry

parameters at the MP2/6-31++G** equilibrium values and

varying Rort. To simplify calculations the F-H-O angle is treated

as linear (this increases electronic energy by 2 x 104 a.u.) and

the ROFis fixed at the sum of MP2 equilibrium Roll and RHF.

CH3OHF- potential variation shown at HF/6-31++G** level

(dashed - for absolute HF energy subtract 214.527 a.u.) and at

MP2/6-31++G** (solid - for absolute MP2 energy subtract

215.077 a.u.)
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Figure 6-6. Schematic molecular orbital diagram for OI-IF_ Orbital

occupancy shown is for sri ground state of anion.

Figure 6-7. Potential energy profile for 2ri and SZelectronic states of OHF-

along hydrogen stretching coordinate at MP2/6-31++G** (solid

lines).CutscalculatedwithRoF heldat21-Istateequilibrium

value.Forabsoluteenergiessubtract175a.u.Dottedlineshows
/

Morse functionusedtoapproximateOHF- hydrogenstretching

potentialforconstructionofanionwavepacket.

Figure 6-8. SimulatedOHF- photoelectronspectrumfromtwo-dimensional

wavepacketpropagationon the 3riRMOS surface(dashed)

superimposedon experimentalspectrum(solid).Alsoshown is

theresultofa one-dimensionalsimulation(sticks)describedin

text.Labelsabove sticksrefertov3quantum numbers (see

Figure6-11).Bothsimulationshavebeenshiftedby 0.22eV to

higherelectronkineticenergy(seetext).

Figure 6-9. Wavepacket dynamics on the RMOS 31"Ipotentialsurface.

Equallyspacedcontoursofi_F(t)iaresuperimposedoncontours

ofthe potentialenergyfor(a)t---0,(b)t- 31,(c)t- 62,(d)

t= 93 femtoseconds.The potentialcontoursdrawn are for

energies0.25,0.75,1.25,1.75and 2.25eV abovebottomofO(3P)

+ HF weil,and the saddlepointismarked by an X. The

propag_,_tioniscarriedoutinmass-scaledcoordinates(definedin

ref.7),whicharealsothecoordinatesusedintheplots,ona grid

with 128 x 64 point_alongx and y respectively.A 10 point
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absorbing strip boundary is used to absorb flux leaving grid (see

ref. 61). The initial wavepacket (see text for details) is

propagated for 7680 time steps of I a.u. each.

Figure 6-10. Absolute value of the time autocorrelation function calculated in

the two-dimensional propagation on the SFlRMOS surface.

Figure 6-11. One-dimensional potentials for v3 mode in OI-IF-and [OHF].

Anion potential (bottom) is the Morse potential shown in

Figure 6-7; neutral effective potential (upper) is a cut through sN

RMOS surface at constant x = xe (see text). Calculated

eigenstates are labelled by their v3 quantum numbers.

Figure 6-12. Simulated OHF- photoelectron spectrum sho_ing contribution

of 31"Iand lA electronic surfaces. Component deriving from the

lA surface is shown by short dashed line. The sum of two states'

simulated photoelectron profiles, convoluted with the

experimental resolution function, is shown by dashed line. Each

state's profile simulated via independent wavepacket

propagations; both have been shifted to higher electron kinetic

energy by 0.22 eV (see text). The initial wavepacket and

propagation parameters are identical in two simuations, and are

those given in caption of Figure 6-9.
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Figure 6-13. Simulated SH band (dashed) of OHF- photoelectron spectrum

using the two scaled RMOS surfaces (see text), superimposed on

the experimental spectrum (solid). (Top) The RMOS-A surface

has the correct reaction exoergicity; the simulated spectrum has

been shifted to higher electron kinetic energy by 0.23 eV.

(Bottom) The RMOS-B surface has the correct exoergicity and a

reduced barrier height of 0.29 eV. This simulated spectrum has

not been shifted. The initial wavepacket and propagation

parameters for both simulations are once again identical to those

in Figure 6-9.
}
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7. Postscript: new experimental results for OHF-

Since publication of this work, we have recorded new spectra of OHF-in our

laboratory. _ Our signal-to-noise has been much improved and the background due

to stray electrons has been significantly reduced in the meantime. This has allowed

to us to record spectra of OHF-with the lase: polarized parallel (0 = 0°) to the

direction of electron collection, where the signal is much lower. Figure 6-14 shows a

comparison of the OHF- photoelectron spectrum at 0 = 90° (as data shown earlier)

and 0 = 0 °. The feature at lowest electron kinetic energy (labelled F as in preceding

text) is clearly accentuated relative to all other peaks in the 0 = 0° spectra. As we

have already discussed in Chapter 1, this behavior is indicative of transitions

occurring from the anion to different electronic states, and in these transitions the

electron is probably being removed from molecular orbitals of different symmetry.

This result confirms our tentative assignment, which was based only on the wave

packet simulation analysis, that this single peak F in the photoelectron spectrum is

due to a transition to an excited electronic surface of [OHF], possibly the lA. This is

not only rather gratifying but also demonstrates, once again, the power of measuring

the photoelectron angular distribution in assigning overlapping bands in these

complicated transition state spectra.

1. E.H. Kim, unpublished work, 1992
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Figure caption for 6.7

Figure 6-14. OHF-photoelectron spectrum recorded at 213 mn. (Top) 0 = 0°, and

(Bottom) 0 = 90°.
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Chapter 7. Photoelectron Spectroscopy of FI_- : results for the F +

para.I_ reaction and analysis of the _TIelectronic bands.

1. Introduction

In this chapter we describe some new results on the photoelectron spectroscopy

of FI-I2- and extend our analysis of these spectra in the hope of characterizing the

transition state of the prototype F + H2 reaction. This reaction, along with its D atom

isotopic variants, has been very extensively studied both experimentally and

theoretically, particularly in the description of product and angularly resolved cross

sections. It is not our purpose here to review that work; Alex Weaver has given an

excellent historical review of work on this system in her Ph. D. thesis. 1 Indeed our

group has already reported a number of observations on the F + H 2 reaction, including

previous photoelectron results, 1_'a'4which are briefly summarized here.

Our earliest results, the 266 nm photoelectron spectrum of FH=- recorded with

the laser polarized perpendicular to the direction of electron collection, showed little

detailed structure, 2but allowed comparison with some theoretical results of Zhang and

Miller on F + I-I2.5 The FH2- photoelectron spectrum represented an attractive target

for Zhang and Miller to simulate with their accurate J=0 three-dimensional quantum

calculation because, in contrast to the full collision experiments, the photodetachment

spectrum has only small contributions from higher angular momentum states and is

a particularly sensitive and local probe to the dynamics in the three atom interaction

region. (See Figure 7-1; the anion equilibrium geometry calculated by Nichols et. al e

is very close to the saddle point geometry on the T5a potential energy surface7).

Subsequently, Weaver et al. reported far more extensive results for FI_, FD2- and
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FDH-at two different laser polarizations. 3 The results with e = 0 °, i.e. with the laser

polarized parallel to the direction of electron detection, showed very powerfully how

transitions from the negative ion to excited electronic states could be virtually

eliminated. The excited state bands overlap and obscure transitions to the ground

reaction surface in the e = 90 ° spectra. The FH2- e = 0 ° spectra showed a wealth

more information than the earlier spectrum, and the isotopically substituted spectra

provided valuable clues on the origin of the observed peaks. Zhang and Miller

extended 4 their scattering calculations on the T5a potential energy surface, so as to

simulate the photoelectron spectrum of FH2-over the entire energy range covered in

the experiment and additionally simulated the FD2-spectrum. In most respects, the

results agreed very satisfactorily with experiment. The experimental work up until

August 1991, and comparisons with theory, have been reviewed in detail in Weaver's

thesis. _

The purpose of this chapter is to describe new work in our laboratory, notably

the synthesis of FI_- from para-H 2 and the photoelectron spectra of this species, and

to report improved spectra of FI-I2- recorded with normal-I-I2. The new normal-I-I2

spectra are superior for two experimental reasons: (a) our signal-to-noise for electron

detection is improved by about a factor of three, and (b) we have constructed a new

pulsed nozzle source for these experiments which should allow increased cooling of the

rotations and internal modes of the FI-I_- anion. Additionally, photoelectron spectra

of FH 2- (normal.H_) have been taken at a higher laser photon energy (5.82 eV, 213

mn) to complete the search for features due to excited electronic surfaces. Along with

this new experimental work, we have examined several theoretical issues, notably the

impact of nuclear spin statistics in the anion, and its effect on the photoelectron
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spectra. We will comment on the treatment of the anion in the theoretical work of

Zhang and Miller. Finally, quantitative analysis of the contribution of the

electronically excited states to the e = 90 ° spectra are presented for the first time,

including simulations of these bands. Prospects for new experiments on this

interesting system are discussed.

2. Experimental

The instrument employed in this study is the same time-of-flight photoelectron

spectrometer described in our earlier work on FI-I2-;2'8therefore here we will describe

only modifications to the experimental apparatus and the particular details of the

experiments carried out. FI-I2- ions are made in the source region by clustering of

F, produced from dissociative electron attachment to NF 3, with I_. This is achieved

by crossinga 1 keV electronbeam witha pulsedfreejetexpansionofreagentgases.

The reagentgases,inthe ratio8% NF 3,32% I-I2 and 60% N 2,are allowedtomix

thoroughlyinastainlesssteelcylinderbeforeuse;atruntimethestagnationpressure

ofthemixed gasesbehindthepulsedvalveis80 psig.

Ions are made from both normal and para hydrogen. Recall that normal

hydrogen is a 3:1 mixture of ortho and para hydrogen. The normal-H 2 used in these

experiments was obtained commercially and is 99.99% purity. Para-I'I 2 was prepared

by the U. C. Berkeley Department of Chemistry Low Temperature Laboratory. It was

stored in standard aluminum gas cylinders, so as to reduce the para - ortho inter-

conversion, and to reduce any isotopic exchange processes of impurities. The

concentration of the para-t-I_ on preparation is 99.7%. It has been observed that the

half life for conversion of para-H s to normal-Hs when stored in this way is on the
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order of three to four weeks, s'9 In these experiments the para-H2 was used within

a few days of preparation to make a gas mixture suitable for the photoelectron

experiment. The NFa/para hydrogen/nitrogen gas mixture was only temporarily (few

hours) held in the stainless steel cylinder for premixing of the gases prior to use. The

stainless steel surfaces of this vessel were certainly poisoned, as far as their properties

for catalysis of para - ortho hydrogen conversion, because of prior use of the mixing

cylinder with other gas mixtures. It is not known, therefore, how much para. ortho

conversion occurred at this stage, but clearly at least 50% para-H2 remained, else it

would seem unlikely for us to observe any differences in the photoelectron spectra of

FI-I2- made from normal-Hs and para-I-I2.

The ion source has been modified from previous experiments to incorporate a

new higher intensity pulsed valve, which is also more stable in its operation. The 213

' nm spectra reported here, as well as previously published spectra, were recorded with

the original pulsed valve, a General Valve Series 9, which is of a spring/solenoid

design. The new source incorporated a piezo-electric valve, of the design of Proch and

Trickl. TM This valve accomplishes larger gas throughput in a shorter pulse, and has

better shot-to-shot reproducibility. Superior cooling of the H2 is expected with this

valve. The electron beam crosses the free jet at 90°. The position the two intersect

is controlled by deflection of the electron beam. It is found that there is a strong

variation in the temperature of the ions formed in the source depending on how far

from the orifice the electron beam interacts with the jet. The ions appear to be

created colder, i.e. the photoelectron spectrum is less congested and better resolved,

if the electron beam intersects the jet some 25 mm from the orifice. This is

considerably further away from the nozzle orifice than we normally operate the source,
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but the characteristicsofhydrogencoolingin a freejetexpansionare somewhat

unusual. The degreeofcoolingofthe FHs- ionswas similarlyimprovedwhen

nitrogenwas includedintheexpansion.

The negativeionsareextracted,mass selectedand photodetachedintheusual

way. 11 Spectra reported here were recorded with laser wavelengths of 213 nra (5.82

eV) as well as 266 nm (4.66 eV). The pulsed laser light is plane polarized; as before

we can adjust the angle 0 between the electric vector of the laser radiation and the

direction of electron detection by rotation of a half-wave plate. The second major

changetoourapparatushasbeentheupgradeoftheelectrondetector.The electrons

photodetachedbythelaseraredetectedattheend ofa I meterflighttube,and their

energyisanalyzedby time-of-flight.For thisdetectorwe now use a pairof75 mm

diametermicrochannelplates,ratherthana pairof40 mm plates.12Thisincreases

theelectroncollectionefficiencyby a factorof3.5,witha similarimprovementinthe

signal-to-noise.There isa slightlossinelectronenergyresolution;typicallythe

instrumentalresolutionis12 mev at0.65eV, and,as before,degradesforhigher

electron energies as Es_.

3. Results

Photoelectronspectrawere recordedforthe FH 2-ionat bothparalleland

perpendicularpolarizationsofthelaser.Both normaland para hydrogenwas used

tomake theions.The spectraarepresentedinFigure7-2.The form ofthe two

normal-I-12spectraare verysimilarto thosereportedearlier,_ exceptthereisa

noticeableimprovementin signal-to-noisein the {}= 90° spectrum. The detailed

structureinpeaksA, A'and B inthe0 = 0° isa littledifferentfromthatobserved
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earlier; peak C is also a little better resolved in the new 0- 0° spectrum. '_ We

believe these differences are due to differences in source temperature. This will be

examined in more detail below. The striking feature in Figure 7-2, however, is the

pronounced differences between the spectra recorded with para hydrogen and those

with normal hydrogen, particularly between 0.85 and 1.1 eV in the 0 = 0° spectra.

Peak positions are listed in Table 7-1. There appears to be au extra peak (A') at 0.97

eV electron kinetic energy that, because of its unimpressive nature in the normal.I_

spectra, was not previously thought significant. However, it is the dominant peak in

the para-H2 spectra. It appears that the peaks A and B do also appear in the para-H2

spectra but as shoulders to the central peak A'.

The two peaks observed in ali four spectra at 1.26 and 1.21 eV are due to a two

photon process and correspond to the photoelectron spectrum of F-; the first photon

dissociates FI_- to F- + I-I2,the second photon detaches F_ 3

Table 7-1: Peak positions (electron kinetic energies) in the 0 = 0°, 266 mn
photoelectron spectra of FI_-

peak position / eV'

FI_- from A A' B C D

normal-H 2 1.000 0.972 0.941 0.815 0.54

para-I-I2 0.996 0.970 0.942 0.81 0.51

a) Peak positions in Table 7-1 and the spectra shown in Figure 7-2 have been
corrected for the small space charge shift (< 5 meV) in the electron kinetic
energies. Uncertainties in peak positions are 0.005 eV, except for peaks C and
D where the uncertainty is approx. 0.015 eV.

•1 The peak labelling scheme of Refs. 1_ 3 and 4 is also used here to prevent

confusion.
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The 213 nra photoelectron spectra of FI-I2-,where the ion has been synthesized

only from normal-I-_, are shown in Figure 7-3. The photon energy is 1.17 eV higher.

The spectra are essentially identical to their respective 266 vm counterparts, except

for the 1.17 eV shift to higher electron kinetic energy (eKE) and the diminished

spectral resolution. The polarization dependence of the signal is the same. The

important result is that no additional bands are observed for FI-I2-photodetachment

that are not present in the 266 mn spectra.

4. Analysis and Discussion.

4.1 Nuclear spin statistics in the anion and its effect on the photoelectron

spectrum.

The results for the photoelectron spectra of FI-I2- from para-I_ are somewhat

surprising. As we will show, the differences in the FI-I2- spectra with the ion

prepared from normal and para hydrogen are due to differences in the nuclear spin

statistics in the anion. The nuclear spin states of hydrogen, ortho and para, are

carried through to the anion FI-I2_ The two forms of FH2-(para and ortho), which

we will loosely call para-FH2- and ortho-FI-I_-, overlap two distinct sets of scattering

states in the neutral, namely the states whose scattering wavefunction is symmetric

to exchange of the H atoms (para states) and those that are antisymmetric (ortho).

For example, scattering states that are symmetric with respect to hydrogen

permutation are those that correlate to F + H2 (J = even).

Let us examine the anion in more detail. The restriction on the anion

rovibrational wavefunction imposed by the nuclear spin symmetry appears in the

bending / hindered rotor mode. This is well known for molecules of type A2B
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belonging to the C._ point group, such as N20. TM The nature of the bending energy

levels of FI-I2- is shown in Figure 7-4. Free rotation of _ correlates into the bending

states of the linear '2 triatomic ion as shown in the Figure. This corre]ation diagram

derives from work by Henderson and Ewing on Ar-O_ and Ar-N2 complexes. 14 In me

free rotor limit, as for free I-I2, the para form exists only in even J states, where J is

the internal rotor quantum number, and the ortho form of the triatomic only in odd

J states. The nuclear spins are not scrambled in the clustering collision of F-with

to form the weak van der Waals complex, as the H-H bond is not broken. The

correlation diagram shows that, in the limit of strong anisotropy in the angular

potential, i.e. a large barrier to internal rotation of H 2 in the complex, the energy

levels become identical to those of a degenerate harmonic oscillator. However, there

is a doubling of each state due to the two equivalent positions of the H nuclei. For

each state there is a pair of wavefunctions: one is symmetric and the other

antisymmetric with respect to H permutation. In the rigid bender limit, the two

ground state levels are degenerate but have wavefunctions of opposite permutation

symmetry. In either limit, the relative proportions of symmetric to antisymmetric

states reflects the ratio of para to ortho hydrogen used in the clustering process.

Therefore para-I-I2 will form only even symmetry states of FI-I2- shown in Fig. 7-4;

norrr_l-I-I 2 will form 1:3 symmetric to antisymmetric states.

,2 The equilibriumstructureofFI-I2-isassumed tobe linearon thebasisofab

initiocalculationsof Simonse. A linearstructureisconsistentwith the

electrostaticforcesofa chargeinteractingwiththeH2 quadrupolemoment.
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We shallassume thebarriertointernalrotationislarge,'3thatthebendcan

be approximatelytreatedasa degenerateharmonicoscillator,and thatthesplitting

between thetwo groundstatewave functions(a,s symmetry)isnegligibleinthe

followingdiscussion.Thismaybe a poorapproximationifthebend isverystrongly

coupledtothevan derWaals stretchingmode. Inthatcase,Figure7-4givesussome

ideaofthestatesformedintheintermediateanisotropyregime.

InZhang and Miller'scalculation,4'sinordertocomputetheFranckCondon

overlapoftheanionwiththeF + I-I2scatteringstates,theseauthorsassumed the

degenerateharmonicoscillatorlimitforthe bend and used the geometry(RF_ =

2.138,%;RH-H= 0.796,_)and harmonicfrequencies(coI= 302 cmI,a_= 693 cmI and

eas= 3816cm"I)fromearlierresultsofNicholsetaLs However,Zhang chosetheanion

ground statewavefunctionto be symmetricwith respectto nuclearexchange,s

thereforethe Frank Condon overlapsare computed with only the even setof

scatteringstates.InfactZhang'scalculationemploysa separationofthescattering

matrixby thenuclearinversionsymmetry,TM onlyoneblock,thepara block,isbeing

used in the Franck-Condoncalculation.Thus, the appropriatecomparisonwith

,3 Our ab initiocalculationson FI-12-suggestthatthebarriertointernalrotation

of_ isabout3000 cm"I.The barrierisrelativelylargecomparedtothe

rotationalconstant,60 cm_. The calculationscompare the energyat the

MP2/6-31++G** optimizedlineargeometry,whichisclosetoNichols'CCSD

geometry,_and theenergyfortherotatedconfiguration(C2v)withRF.H2and

RH.Hheldconstant.The calculatedbarrierisapproximatelyinvarianttothe

levelofcorrelationcorrectiontotheenergy.RHF, RMP2 and RMP4(SDQ) all

giveaboutthesame barriertointernalrotation.
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experiment is with the para-FI-I 2- spectrum, and not with the norma/-F_-

spectrum as previously done.s' 4 Figure 7-5(a) shows the correct comparison of

Zhang's 3D simulation of the FI_- photoelectron spectrum with our para-FH2-

results. The comparison is noticeably poorer with the para experimental spectrum

than with the normal spectrum, and thus agreement between theory and experiment

is not nearly as good as had been previously been thought the case. a'4

The normal-FH 2- spectrum, in contrast, contains transitions that are 75% due

to antisymmetric states. Therefore to simulate this photoelectron spectrum a

computation of the anion overlap with ortho scattering wavefunctions should be made

and then added to the para simulation shown in Figure 7-5(a) in the correct ratio.

Very recently, Manolopoulos has carried out exactly this calculation. Using a three-

dimensional scattering code xe that employs a methodology similar to that of

Schatz, x''he has repeated (and reproduced) Zhang's result for para-FI-I2-, and has

gone onto compute the ortho scattering states and their Franck Condon overlap with

the antisymmetrized anion wave function. Together these simulations yield the

theoretical photoelectron spectrum of normal-FH2- shown in Figure 7-5(b), TMwhere

it is compared to the experimental normal-FI-I2- spectrum. Taken together, the

agreement of the para-FHz- and normal-FH2-simulations on the T5a surface with

our respective experimental spectra is quite disappointing.

However, there is one further effect of the nuclear spin statistics relevant to

the anion formed in our experiment we should consider. It relates to the populations

of excited anion bending states, and hence the appearance of hot bands in our spectra.

Let us consider the distribution of _he H2 rotational states that we expect in the free

jet. Para-H2 has approximately 53% J=0 and 47% J=2 at room temperature, compared
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to 10%,67%, and 11% J= 0, 1, 2 for normal-I-I2 respectively. Because relaxation of the

rotational energy in _ may only occur by AJ = 2 inelastic collisions, normal-H2 is not

cooled well by a free jet expansion, however para-H2 is cooled much more effectively.

Typical rotational distributions for pure I-I2in collimated continuous molecular beams

have been given by Pollard et al. as a function of Pod, the stagnation pressure-

aperture diameter product. TM These distributions are measured by the rotationally

resolved photoelectron spectra of H2. In our work with pulsed valves, the calculated

Pod would be of the order of 2500 Torr.mm. However, the molecular beam is not

skimmed in our apparatus and the effective nozzle diameter of the pulsed valve may

be somewhat less than the physical orifice size. It seems reasonable, therefore, to

assume a lower effective Pod for the pulsed expansion. In the Pod - 100 Torr-mm

regime, which may be considered a worst case limit, the rotational distribution of I-I2

f,

may be estimated from the work of Pollard as 18% J=0, 75% J=l and 7% J=2 for

normal-H2 and 70% J=0, 30% J=2 for para-H2.

If we assume that the J, M state distribution in _'__i__.'reeH2 is mapped onto the

anion quantum state distribution, i.e there is no further _-_:blingin the expansion after

clustering, then we may use the above _ rotational distributions and the correlation

diagram Fig. 7-4 to yield a conservativ_ estimate of _hc_bend state population in the

FI_- complexes formed. Even if additicn_:_,i_'c_)hn_"does take place after clustering,

the nuclear interchange symmetry restricti_n._ _flI restrict scrambling of states with

opposite permutation symmetry.

Therefore, FH 2- made from normal-H2 may have a large number of excited

anion states populated, maybe as high as 50% v2=1 if the M states are statistically

distributed among the v2, # states (see Figure 7-4). This possibility suggests that the
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normal-FI-I 2- photoelectron spectrum may have major contributions from anion hot

bands. In the para-FI-I 2- spectra, we suspect the contribution due to hot bands is

smaller but may still be significant; hot bands in this case are derived only from

J=2 states (<30%).

4,2 New work on the F + H_ reaction using the 5SEC surface.

Tn_ar and coworkers have proposed another surface for the F + I-I2 reaction,

the 5SEC, that improves the description of the entrance channel and saddle point.

The saddle point is earlier and lower than on the T5a surface and the bending

potential is also flatter in the saddle point region. 2° The product valleys for the two

surfaces are essentially the same.

Kress and Hayes have recently performed three-dimensional scattering

calculations for F + H2 and made a correspondence between peaks and thresholds in

their calculated cumulative reaction probability (CRP) with expected Franck Condon

factors from the anion. 21 These calculations were performed on both the T5a and

' 5SEC surfaces, and the results on the former were in good agreement with Zhang's

Franck Condon simulation. 4 This would seem to support using the CRP to predict the

photoelectron spectrum. Kress's CRP results for the 5SEC surface are qualitatively

different from the results on the T5a. The authors show that the resonance structure

in the cumulative reaction probability calculated for the two surfaces is very different.

In the same way as Zhang's calculations comment only on the F + para-H2 reaction,

Kress' cumulative reaction probability is an even permutation sum (i.e. _ ( j = even)

only). Thus the energies and appearances of dynamical features in this calculation

should also only be compared with our para-FH_-spectra.
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Interestingly,Kresspredictsa trappedstateresonance,labelledintheirpaper

'a',betweenthefeaturesthatareassignedtothepeaksA and B ofour photoelectron

spectra.Couldthisindeedbe thedominantfeatureinthepara-FH2-photoelectron

spectrumwe have calledA'? The spacingbetweenA, a,and B intheircalculation

are15and 28 meV, whichcomparefavorablywiththespacingsinTable7-1.The fact

thatpeak A'isrelativelydiminishedinournorma!,FI-I_-photoelectronspectrumis

alsoconsistentwith the5SEC assignmentofthismiddlepeak to a trapped-state

resonance,a,incontrasttoA and B beingquantized-bottleneckstates.#4 However,

preliminarycalculationsoftheFranck Condon factorsfrom theion (wavefunction

symmetricwithrespecttoH permutation,i.e.para)witheachofthesestatesdoesnot

supportpeak'a'havinglargeintensityinthephotoelectronspectrum.TM

Fullsimulationsforbothparaand normal-FI-12-willbe shortlyavailableand

willallowa more quantitativediscussionofthemeritsofthispotentialsurface)s'_

Clearlythereisa greatdealmore work tobe donebeforewe canfullyinterpretthe

photoelectronspectraofFI-_-and itsisotopicvariants!

Thereissome variationintheterminologyusedtodescribereactiveresonances

intheliterature.We have typicallyusedtheterm resonanceonlyforstates

thatare trapped,or quasi-bound,alongthereactioncoordinate.These are

what Kresscalls"trapped-state"resonances.The othertypeofpeaksobserved

inourphotoelectronspectra,whichwe call"directscattering"states,arecalled

"entrancechannel"or"in-charmer'resonancesby someauthorsand "quantized

: bottlenecks"by Kress.
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4_ Electronic effects

The approach of an F atom with a ground state I-I2molecule may occur on three

potential energy surfaces, 12A ', 2A" and 22A ' in the most general symmetry of collision,

C,; the upper 2A" and 22A' surfaces become degenerate in C._ (collinear approach) so

that there are two surfaces 2Z and 2rl. Figure 7-6 shows the h_ghest occupied

molecular orbitals for the anion, where the C._ point group is appropriate.

Photodetachment of an electron from the filled 1_ and 4a orbitals leads to the 2Z and

21"Istates, respectively, in the neutral. Only the lowest surface, the 2Z, where the

fluorine atom approaches with the p orbital containing the unpaired electron along the

bond, adiabatically leads to reaction. The introduction of spin orbit coupling in the

F atom splits the degeneracy of the upper 21-1surfaces in C._ and the correct state

labels are 2_;1_,21-13_and 21"1_.The 2P_2- 2p_ splitting in the fluorine atom is 0.0501

eV. 23 A correlation diagram is shown in Figure 7-7(a).

A number of theoretical studies were made in the 1970's on the role of the two

excited surfaces in F + _ collisions. Initially Truhlar and Muckerman considered

how much the calculated reaction rate constant should be reduced because only one

of the three orientations of fluorine approach would lead to reaction at thermal

energies. 24 Blais and Truhlar constructed semi-empirical valence bond surfaces for

the 2_ and 21"1states, but did not use the upper state surface in their classical

calculations? 5 The effects of Slain orbit term in the Hamiltonian and non-adiabatic

coupling between surfaces were next treated theoretically to assess the contribution

of F(2p_) on the reactive cross section. Two early ab initio studies were made on the

potential variation along the collinear F to I-is center of mass coordinate, RF,H2, for

both 2Z and, 21-Istates. 26_7 Spin-orbit coupling was included semi-empirically into
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one ofthesecalculations,=6and bothstudiescalculatedthe non-adiabaticcoupling

strengthsbetweenthe surfaces.Tullyappliedthe diatomics-in-molecules(DIM)

methodtoconstructpotentialcurvesforallthreestates,asa functionofRz_=,inboth

collinearand side-ongeometries.=8 In thiswork the spin-orbitinteractionwas

included,and non-adiabaticcouplingstrengthswereonceagainevaluated.Faistand

Muckerman reformulatedthe DIM method and constructeda completesemi-

quantitativecorrelationdiagramforreactionbetweenseveralstatesofthefragment

atoms and diatoms.=9

BothTullyandMuckerman demonstratedthattheF(_PI_)+ _ may contribute

significantlytotheoverallreactionrateconstant,vianon-adiabaticinteractions,even

atthermaltemperatures.=8_9Quantum calculationsby Zimmerman etal.and LePetit

etal.extendedthiswork and showed varyi'ngresult_forthebehaviorofthemulti-

surfacesystem,a°'31The main problem in these authors'assessmentof the

importanceof the sI'[surfacesto the reactiondynamics was the barelysemi-

quantitativeknowledgeofthe shapesofthesepotentialenergysurfacesand their

separationfromthegroundstate.The non-adiabaticcouplingsarestronglydependent

ontheenergyseparationsasa functionofnuclearcoordinates.Mosttheoreticaleffort

subsequentlyconcentratedon dramaticallyimprovingthequalityofthe=Z_ surface

so as to reproducenewer experimentalresults,while assuming thatthe upper

surfaceswere not significantin the reaction.A recentstudy,usinglow energy

scatteringof magneticallyanalyzedF atoms with D=, reportsexperimentally

determinedpotentialsforallthreestates.3s However,onlythe longrange partof

eachpotentialischaracterizedintheseexperiments.To ourknowledgeonlyWright

and coworkershave consideredthe upper statesurfaceat shortrangerecently,s3
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Our photoelectron results may finally address some of the questions about the shape

of the excited state surfaces and their separations from the ground state surface in the

latter's transition state region.

Presumably the reason for the absence of theoretical work on the upper state

surfaces was because experimental work provided little data in this area.

Experiments either did not explicitly look at the reaction of F(_P_) + H2, or found, in

contrast to some of the theoretical predictions, 29'a°it to be insignificant compared to

_.he reaction of ground state fluorine atoms. Neumark et al. concluded that F(2pI_)

was unreactive in their cross beam studies of F + I-I2 , HD and D2.34 This implies

that non-adiabatic effects in the entrance channel are not large enough, at least at the

collision energies employed in their study (0.68 - 3.42 kcal/mol), 34 to make this

pathway competitive with the electronically adiabatic ground state reaction. Hepburn

et al. made a crossed molecular beam study of a related system, F + HBr, and

although they observed a significant exit channel non-adiabatic process forming

Br*(2pI/2) product from ground state F(2p_) + HBr rather than from F(2p_), they

concluded again that F(2PI_) was unreactive compared to F(2P_). 3s

What do our photoelectron spectra tell us about these excited state surfaces?

The 213 nm results (Figure 7-3) show no additional electronic bands within 2 eV of

the 2_ band except those seen in the 266 mn spectrum appearing at polarization

0=90 °. Muckerman's semi-quantitative correlation diagram predicts that only the two

211states are expected within 6 eV of the ground state. Hence we may confidently

assume that the allowed transitions from the anion to the 2Flistates are those in the

266 nm spectrum between eKE = 0.5 and 0.9 eV. Now it has been shown that, by

setting the polarization of the laser parallel to the electron collection direction, the
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contribution of the 2N states may be all but eliminated. 3 This spectrum may then be

used as a reference spectrum for the 2_;band, and we may subtract this spectrum,

appropriately scaled, from the spectrum collected with the perpendicular laser

polarization geometry. Let us assume that feature A (at highest _ _E) in the normal-

FI_- spectrum has no contribution from the excited electronic states, and so this peak

is a marker of the contribution of the 2Z1_surface to the photoelectron spectrum for

the scaling procedure in the subtraction.

Figure 7-8 shows the subtracted result which we will assume represents the

spectrum of transitions from the anion to the 21"1_,1_states only. The two photon F-

peaks at 1.21 and 1.26 eV appear with relatively large intensity in the difference plot

because the F(2P_, _) _ F- transitions also have electron angular distributions

peaked at 0 = 90°. The noise in the region 0.9 - 1.1 eV we assume is due to slight

differences in the 2Z band shape due to incomplete signal averaging, which is

amplified in the subtraction process. The structure we are interested in lies between

0.5 and 0.9 eV. The band rises fairly sharply at eKE = 0.9 eV, peaks at approximately

0.8 eV and has a full width half maximum (FWHM) of ca. 0.3 eV. We note that the

band is quite asymmetrical.

As described above, potential energy curves have been calculated for the 2rl

state. We may therefore attempt to simulate this photoelectron band using these

potentials. Tully calculated Vnas a function OfRF,H2with RH.H fixed at the equilibrium

distance in H 2 for both spin orbit components. Blais and Truhlar, ignoring the spin

orbit interaction, calculated a valence-bond potential energy surface for the 21-1state

and show a potential map as a function of RF,H2and RH. H for C_ v. Subsequent collinear

dynamical calcu_-*_ionshave used a modified form of tile Blais-Truhlar surface or DIM
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surfaces. The Vn potentials are essentially non-reactive as they correlate to high

lying, repulsive, states of HF (see Fig. 7-7a). They may be approximated by the

separable function

vn-- V_._(Rn.H)+ V_(RF_2) (X)

where Vb_d is the bound 1Z_potential curve ofI-I2, modelled by, say, a Morse function,

and Vmpis the repulsive interaction of the F atom with H2 in a VIconfiguration. The

repulsive potential can he modelled by an exponential curve fit to each of Tully's 2H

DIM curves, 2sh

v_ --A3_exP(-P3_RF.S2)
(2)

¢., - _ exp(-p_ SF.S2)+ A

where A = 0.0501 eV, the spin orbit splitting in fluorine, z_and V is in units of eV and

1_,.2 in ._.

To simulate the photoelectron band we need to calculate the overlap of the

anion ground state wavefunction with the scattering states supported by each 2H

surface. If'we assume that electronic and nuclear motions are uncoupled, i.e. ignore

non-adiabatic effects, a relatively simple quantum mechanical calculation using the

potential function given by Eqn. 1 will yield the scattering states for each spin-orbit

surface; a fully coupled collinear calculation would resemble the formalism used by

LePetit. 31 A wavepacket propagation in the time domain is formally equivalent to a

time-independent calculation of scattering states, and so, as before, ae we adopt this

methodology to perform the simulate, on of the 2rl band. The contribution of the 91"I

states, and the model we are using to describe it, is very similar to the contribution
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of the F + HO --, HF + O(11)) reaction to OHF- spectrum, a7 In the Franck-Condon

region the Vn potentials are fairly repulsive, compared to the sZ potential, so the

wavepacket moves quickly out of this region, and only a short propagation time is

necessary. The simulated bands due to the 2rI_ and 2rIl_ are shown in Fig. 7-8. In

the simulation we have assumed Simon's best ab initio geometry, a coupled cluster

CCSD(T) optimized structure (P_.½ = 2.075 A, R,. H = 0.770 A), and his MCSCF

harmonic frequencies for the anion, e For Vn, the Morse parameters for V_d are

derived from the constants in Huber and Herzberg. _

The first simulation assumes _ = 5.53/_.1, A_ = 3022 eV, _ = 5.60/_'_ and

A_ = 2950 eV in Eqn. 2; these parameters give the best fit to the curves shown in

Figure 2 of Tully's paper. _sb Each has similar shape and the shape reproduces the

experimental band shape in that it rises fairly rapidly at lower scattering energies

(high eKE) and has a longer tail at low eKE. However, it is immediately apparent

that V_p is not repulsive enough to reproduce the FWHM of the band. The FWHM

in the simulation, for each _l'lcomponent, is only 0.065 eV. Further, the onset of the

band (the high eKE edge) is very close to the F + _ asymptote, and in comparison to

the experimental band is at too high electron kinetic energy. The collision energy

scale, i.e. the energy, E<°),above F + H2 (v=0), of the calculation is anchored to the

electron energy scale by the formula s

eKE (eV) = 0.999 - £_ (eV) (3)

which assumes a value for the dissociation energy of FH2- of 0.260 eV. 3

The second simulation uses a V_,pthat mimics the much more repulsive Blais-

Truhlar potential; 2s here we have considered just one Sl] surface and found A = 68.2

eV and _ = 2.40 ik_ by comparison to the contour plot, Figure 2, of Ref. 30. This
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simulated band's onset is at much lower eKE (0.75 eV) and the band has a much

wider FWHM, 0.41 eV, than the simulations of the DIM-like potentials. This is

clearly at the opposite extreme; the surface is now too repulsive at the anion

geometrical configuration. The third simulation shown is a compromise "fit". It has

simulated bands due to both _1-1_and 2rl_ surfaces, Vre p has the same form as in

Tully's plot, but has the correct slope and potential energy at the Franck-Condon, i.e.

anion, F to _ separation. The VR curves for this fit potential are shown in Figure

7-7(b) along with the ground state potential. The vertical energy differences from the

_Z_ to the 21"I_and _1"1_surfaces at the anion geometry are 0.18 eV and 0.21 eV,

using the TSa potential 7 for the 2Z and the above "fitted" for 2rl. In comparison,

Simons' ab initio calculation suggested 0.25 eV for the 2Z-21"1splitting at this

geometry, e whereas Tully's DIM curves suggest 0.01 eV and 0.06 eV separation from

the _Z_ to the 2rl_ and _1-1_respectively. 2s Wright gives the 2Z-21"1separation at the

lower's saddle point geometry is ca. 0.78 eV._ The simulated bands in Figure 7-8(c)

are separated by 0.03 eV at the band maximum and the band FWHM for the 2rl_ and

21-I1_are 0.23 and 0.21 eV respectively. The sum of the two simulated bands

approximately reproduces the whole unresolved band in our experimental spectrum.

All simulationsshow a small bump at lowesteKE's in both spinorbit

components.The bump isdue tooverlapwithstatescorrelatingtoH2 (v=l);there

isoverlapto thesevibrationallyexcitedstatesbecausethe anion has a slightly

elongatedH-H bond,and thevalleysintheV nsurfaceshaveRH.Hsetatequilibrium

I_. The intensityofthisband dependson two factors,thedegreeofH-H elongation

intheanionand on theanharmonicityassumed alongtheH-H stretchintheanion.

ltseems reasonabletoexpectc0exeforthismode tobe atleastaslargeintheanion
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as itisforfreeI-_,which we have assumedinthesimulation,and itismost likely

larger(whichwould yieldmore intensityinthev-1 bump). Thismay accountfor

some ofthesignalextendingouttolow eKE'sintheexperimentaldifferenceplot.

The importantresulthereisthatthesI'[surfacesrisemore steeplyinthe

interactionregionthanpredictedby thediatomics-in-molecules(DIM)approach,and

we havedetermineda more realisticformforthepotentials,ltmay now bepossible

toestimate,withsomewhat more certainty,thenon-adiabaticcouplingbetweenthe

threesurfacesintheentrancevalley,and onceagainassessthereactivityofF(_PI_)

with1-12.

5. Summary

In thiswork we have shown thattherearepronounceddifferencesin the

ground statephotoelectronband ofFI-I2-when synthesizedfrom norr,aland para

hydrogen.Thishasbeenrationalizedintermsofthenuclearspinrestrictionsonthe

anionwavefunction.Three dimensionalquantum scatteringresultsemployingthe

T5a surfacearecomparedtotheexperimentalspectra.There are likewisestrong

differencesinthetheoreticalFranckCondon overlapstoorthoandparaparitystates.

ltshouldberestatedthatthepreviouscomparisonsofquantum scatteringcalculations

(whichused onlythepara symmetry states)withthenormal-FH2-spectrumwere

erroneous.When we make thecorrectcomparison,theagreementbetweenthetheory

and experimentisnotasgoodaswe originallyhad thought.The same considerations

shouldbe takenintoaccountforthepublishedcomparisonofthethree-dimensional

Franck Condon overlapsand the experimentalspectrumfornormal-FD2-4 New

simulationsforthephotoelectronspectrumofnormal-FD2-(l:2para:ortho),aswell
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as a calculation on FDH, where there have been none to date, would be useful in

determining where the discrepancies between theory and experiment lie.

Quantitative consideration of the excited state bands, assigned to the 2H_ and

_[I_ states,has been made here,and collinearsimulationshave allowedthe

determinationoftheshapeofthesepotentialcurvesalongtheRF,Hscoordinateinthe

interactionregion.We hopethiswillstimulatesome abinitiowork oncharacterizing

thesesurfaces,and theirnon-adiabaticcouplingtothegroundstatesurface.

There isclearlymuch stilltolearnabout the F + I_ reaction,and our

photoelectronexperimentshave broughta new dimensionintothe fittingofthe

potentialsurfaces,bothinthetransitionstateregionforthegroundreactionsurface

and intheinnerregionsoftheuppernon-reactivesurfaces.Furtherexperimentsto

extracteven more detailare possible.Zero electronkineticenergy (ZEKE)

photodetachmentspectra,with an attainableresolutionof 5 cm"I,would be

particularlyusefulforthistransitionstatesystem.As thefeatureA inthenormal-

FI-I_-spectrumisquitenarrow,a more concreteassignmentofthe FI-_-internal

statesgivingrisetothepeaksinthisregionshouldLepossibleina ZEKE spectrum.

One ofthemost seriouslimitationsinderivinghard informationaboutthe

neutralpotentialenergysurfacesfromourphotoelectronspectraistheabsenceofhigh

qualitydataon the anionprecursor,notablythe clusterdissociationenergy,the

equilibriumstructureand theanionvibrationallevels.Ab initiocalculationsareused

extensivelyin the placeofhigh resolutionspectroscopicdata. However,various

'consequence',or'action',spectroscopiescouldbeappliedona mass-selectedionbeam

toperform,forexample,vibrationalspectroscopy.One finalexperimentalapproach,

thatisbeingpursuedinourlaboratory,istoattemptphotoelectronspectroscopyof
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selectively-prepared vibrationally excited negative ions. This idea has already been

outlined in Chapter 1. In Chapter 5 we saw that the photoelectron spectra of AHB-

ions in the v3 = I quantum state reveals very different information about the neutral

reaction surface. For FH 2. pumping one quantum in the Hz stretching mode, e.g. via

a stimulated Raman process, 39would allow overlap with a very different part of the

2Z reaction surface. Although a quantum of vibrational energy in the H_ stretch

exceeds the calculated ion dissociation energy, the vibrational predissociation lifetime

may be longer than the time for the excited molecule to interact with the

photodetachment photon.
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Figure Captions for Chapter 7

Figure 7-1. Plot of F + H2 --_ HF + H ground state reaction surface with the FI-I2-

ground vibrational state wavefunction shown shaded. The contours for

the neutral potential surface are determined from the TSa potential

function of ref. 7. The saddle point (RF.H2 = 1.953 A, RH. H = 0.762/_) iS

marked with a cross. The anion wavefunction assumes the ab initio

CCSD(T) equilibrium geometry (1_ = 2.075/_ and RR. _ = 0.770/_) and

MCSCF harmonic frequencies of Nichols et al. (ref. 6); the ellipse

represents the 90% probability limits of the wavefunction. The axes for

the plot are massed scaled Jacobi coordinates: x = (tlF,H2/ _1H2)122 R_,H2

and y = RH. H. The skew angle for FH_ is 46°.

Figure 7-2. Photoelectron spectra of FI-I2- at 266 nra. (Top) Ions made from

normal-H 2 (3:1 ortho/para), and (Bottom) ions made from para-H 2.

Spectra recorded at two polarizations of the photodetachment laser:

(Left) parallel [0 = 0°] and (Right) perpendicular [e = 90°] to direction

of electron collection.

Figure 7-3. Photoelectron spectra of FH 2. made from normal-H2, at 213 nra. (Top)

polarization parallel ((}= 0°) and (Bottom) perpendicular ({}= 90°) to

direction of electron collection.

Figure 7-4. Correlation diagram for bend/hindered rotor energy levels of FI_-

Labels J and M correspond to the free rotor total angular momentum

and its projection on the body fixed axis; v2 and Qare the vibrational

quantum number and the vibrational angular momentum for the

degenerate linear bend. The solid lines indicate vibrational states that
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are symmetric with respect to H nuclei permutation, the dashed lines
,.

for antisymmetric states. Figure adapted from that for Ar..O2 from Ref.

14.

Figure 7-5. (a) Three dimensional simulation (thin line) of FH 2- photoelectron

spectrum, considering only symmetric permutation states, of Zhang and

Miller (Ref. 4) compared to e - 0° FH_-(para-H2) experimental spectra

(solid line). (b) Three dimensional simulation (thin line) of FH2-

photoelectron spectrum, considering both symmetric and antisymmetric

permutation states, of Manolopoulos (Ref. 18) compared to the e = 0°

FI_-(normal-H2) experimental spectrum. The simulation is a weighted

sum of transitions to ortho and para states. Both calculations assume

the same anion and neutral parameters.

Figure 7-6. Highest r_lecular orbitals for FI-I2-, showing the 3c, the 1_ and the 4a,

all of which are fully occupied in the anion. Detachment (removal) of

an electron from the 4c accesses the 2Z reaction surface of F + I-I2,

whereas detactunent from the 1_ accesses the upper 21_surfaces. The

molecular orbitals are the optimized MP2/6-31++G** orbitals evaluated

at the computed equilibrium structure for the FI_- ion at the same

level of theory.

Figure 7-7. (a) Electronic correlation diagram for F + I_. (b) The variation of

potential energy for the three lowest lying electronic states of FI_ as a

function of the F to H2 distance. Lowest curve (2_;_) is calculated from

the T5a surface (Ref. 7), upper 21_3_' _ surfaces are those calculated to

best fit difference spectrum Figure 7-8 (see text).
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Figure 7-8. (a) Difference plot of the 266 nm norrnal-I-I 2 spectra. Here the 0 = 0°

spectrum has been scaled and subtracted from the 0 = 90° spectrum to

yield the band due to transitions from the anion to the 2Ha_ and 2Hm

FI-I2 states. (b)-(d) Collinear simulations of the 2H bands described in

text. Parameters in Vmp used for simulations are chosen to (b)

approximate DIM curves of Ref. 28, (c) approximate Blais-Tnthlar

surface, Ref. 25 and 30, and (d) yield a fit to photoelectron band (a). In

simulations (b) and (d) transitions to both spin orbit components of the

212 state have been considered, and are assumed to have equal

transition probability (dashed and dot-dashed lines). The sum of the

two sub-bands are shown by the solid line.
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Figure 7-2
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Appendix A. Propensities in photoelectron angular distributions for

linear molecular anions

The following table indicates whether the intensity in the photoelectron bands

of the following negative ions favors a sin2e (intensity peaked around e_ = 0°, _ < 0)

or cos2e (em_ = 90 °, _ > 0) distribution.

Linear negative ions listed by molecular point group.

Ion Anion MO em_ Neutral electronic
Electronic removed state
State

C._

FI-_- _Z. c 0 X(2Z.)
n 90 A(21"D

BrHI- 1Z. a 0 X(_Z.) 1
90 A(21"I)

OHF- 21-1 a 90 X(SH)
0 a(_n)

CN- IZ_ c 0 X(2Z.)
90 A(21"I)

NCS- IZ. n 90 X(2H)

NCO- 1Z. n 90 X(21"I)

NO- 3Z" n 90 X(2FI)
n 90 a(41"l)

At 213 nm theX stateintensityisapprox,same atboth0 = 0°and 0 = 90°.
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Ion Anion M0 (}max Neutral electronic
• Electronic removed state

State

V.h

IHI- 1Zs'+ a,_ 0 X(2Zu.) 2
_g 90 A(2rls)

x( zf)
02- 21-1g _ 90 a(1AB)

N.B. All transitions in D.h that remove a _s electron are forbidden in ZEKE.

2 213 nra; at 266 nm the absolute counts are higher for e=90 ° to the ground 2Zu. state
than at 0 = 0°.
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Appendix B. Calibration and Background Subroutines for

experimental code TENURE.

1. Introduction

These subroutines represent the part of the data acquisition code, TENURE,

which deal with energy scale calibration and the fitting and subtraction of background
i

spectra. The TENIYRE program is used to control data acquisition on the Neumark

group photoelectron spectrometer. The calib2.pas routine is a completely revised

version of the calibration routine found, along with the remainder of the TENURE

source code, in the thesis of Dr. R. B. Metz. Fourier transformation and Wiener

filtering is implemented in the subroutines ftshort.pas and fourl.pas to smooth

background spectra. Subtraction of the smoothed background is performed by the

scale.pas subroutine. The source is written entirely in PASCAL and is suitable for

compilation in the Borland Turbo Pascal 3.0 environment.

The use of, and principles behind, these two procedures are described in

Chapter 2. Calibration is invoked with the <ALT>-C combination from within the

TENURE program. The user is prompted for the detachment laser wavelength he or

she wishes to calibrate. The time-of-flight, uncertainty and ion beam energy

information is entered for each calibration line. A linear or quadratic fit to these

calibration points is performed; the fitting parameters and indicators of the fit quality

are output. The user is then asked whether he/she accepts the fit. If so the entered

calibrant information is saved to disk and the fitted parameters become the current

ones used for time-of-flight to electron kinetic energy conversion in the main program.

The fitting of a background spectrum with the Fourier/ Wiener filtering
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routines is activated by the <ALT>-F combination. The time-of-flight dataset

currently active is fast Fourier transformed and saved to disk (FOURTR.DAT). The

user then selects a Lorentzian filter function for the Wiener filtering by entering a

half-width in number of channels: typically 15 gives good filtering. If this filter

results in too much smoothing of the background, the Lorentzian filter width should

be increased. After multiplication by the filter the Fourier dataset is back

transformed into time-of-flight; the filtered dataset may then be stored at this point.

The subsequent scaling and subtraction of the now smoothed background spectrum

from one (or many) time-of-flight photoelectron dataset(s) is achieved with the <ALT>-

N combination. I!

2. Source Listing

calib2.pas

(*Define some statistical routines from Numerical Recipes*)

(* These are for Linear Regression *)
FUNCTION gammln(xx: real) : real;
CONST

stp = 2. 50662827465;
half = 0.5;

one = 1.0;

fpf = 5.5;
VAR

x, tmp, ser: double;
j: integer;
cof: ARRAY [I..6] OF double;

BEGIN

cof[l] := 76.18009173;
cof[2] := -86.50532033;
cof[3] := 24.01409822;
cof[4] := -1.231739516;
col[5] := 0.120858003e-2;
cof[6] := -0.536382e-5;
x := xx-one;

imp := x+fpf;
tmp := (x+half)*lM(tmp)-tmp;
ser := one;

FOR j := 1 to 6 DO BEGIN
x := x+one;

ser := ser+cof[j]/x
END;

gammln := sngl(tmp+in(stp*ser))
END;
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PROCEDURE gcf(a,x: real; VAR gammcf,gln: real);
LABEL 1;
CONST

itmax=100;

eps=3.0e-7;
VAR

n: integer;
gold,g, fac,bl,b0,anf,ana,an,al,a0: real;

BEGIN

gln := gammln(a) ;
gold := 0.0;
aO := 1.0;
al := x;
b0 := 0.0;
bl := 1.0;
fac := 1.0;
FOR n := 1 to itmax DO BEGIN

an := 1.0*n;
ana := an-a;
aO := (al+a0*ana)*fac;
b0 := (bl+b0*ana)*fac;
anf := an*fac;
al := x*a0+anf*al;

bl := x*b0+anf*bl;
IF (al <> 0.0) THEN BEGIN

fac := 1.0/al;

g := bl*fac;
IF (abs((g-gold)/g) < eps) THEN GOTO i;
gold := g

END
END;

writeln('pause in GCF - a too large, itmax too small'); readln;
i: gammcf := exp(-x+a*In(x)-gln)*g
END;

PROCEDURE gser(a,x: real; VAR gamser,gln: real);
LABEL 1 ;
CONST

itmax=100;

eps=3.0e-7 ;
VAR

n: integer;
sum, del,ap: real;

BEGIN

gln := gammln(a) ;
IF (x <= 0.0) THEN BEGIN

IF (x < 0.0) THEN BEGIN

writeln('pause in GSER - x less than 0'); readln
END;

gamser := 0.0
END ELSE BEGIN

ap := a;
sum := 1.0/a;
del := sum;
FOR n := 1 to itmax DO BEGIN

ap := ap+l.0;
del := del*x/ap;
sum := sum+del;

IF (abs (del) < abs (sum)'eps) THEN GOTO 1
END;

writeln('pause in GSER - a too large, itmax too small'); readln;
i: gamser := sum"exp(-x+a_in(x)-gln)

END

END;

FUNCTION gammq(a,x: real): real;
VAR

gamser, gln : real;
BEGIN
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IF ((x < 0.0) OR (a <= 0.0)) THEN BEGIN

writeln('pause in GAMMQ - invalid arguments'); readln
END;
IF (x < a+l.O) THEN BEGIN

gser (a, x, gamser, gln) ;
gammq := l.O-gamser

END ELSE BEGIN

gcf (a,x, gamser, gln) ;
gammq := gamser

END
END;

PROCEDURE fit(x,y: glndata; ndata: integer; sig: glndata; mwt: integer;
VAR a,b, siga, sigb, chi2,q: real);

(* LINEAR REGRESSION FIT - Numerical Recipes *)

(* Programs using routine FIT must define the type
TYPE

glndata = ARRAY [l..ndata] OF real;
in the main routine. *)

VAR

i: integer;

wt, t, sy, sxoss, sx, st2, ss, sigdat : real;
BEGIN

sx := 0.0;

sy := 0.0;
st2 := 0.0;
b := 0.0;
IF (mwt <> O)THEN BEGIN

ss := 0.0;
FOR i := 1 to ndata DO BEGIN

wt := l.O/sqr(sig[i]);
ss := ss+wt;
sx := sx+x[i]*wt;

sy :: sy+y[i]-wt
END

END ELSE BEGIN
FOR i := 1 to ndata DO BEGIN

sx := sx+x[i];
sy := sy+y[i]

END;
ss := ndata

END;
sxoss := sx/ss;
IF (mwt <> O)THEN BEGIN

FOR i := i to ndata DO BEGIN

t := (x[i]-sxoss)/sig[i];
st2 := st2+t*t;

b := b+t*y[i]/sig[i]
END

END ELSE BEGIN
FOR i := I to ndata DO BEGIN

t :" x[i)-sxoss;
st2 := st2+t*t;

b := b*t*y[i]
END

END;
b := b/s_2;

a := (sy-sx*b)/ss;
siga := sqrt((l.O+sx,sx/(ss,st2))/ss);
sigh :- sqrt(l.O/st2);
chi2 := 0.0;
IF (mwt = O)THEN BEGIE

FOR i := 1 to ndata DO BEGIN

chi2 := ch12+sqr(y[i]-a-b*x[i])
END;
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q := 1.0;
sigdat := sqrt(chi2/(ndata-2));
siga := siga*sigdat;
sigb := sigb*sigdat

END ELSE BEGIN
FOR i := 1 to ndata DO BEGIN

chi2 := chi2+sqr((y[i]-a-b*x[i])/sig[i])
END;

q := gammq(O.5*(ndata-2),O.5*chi2)
END;

END;

(* The next three are for Generalized Least Squares fitting *)

PROCEDURE gaussj(VAR a: glcovar; n, np: integer;
VAR b: glnpbymp; m, mp: integer);

(* Programs using GAUSSJ must define the types
TYPE

glnpbynp = ARRAY [l..np, l..np] OF real;
glnpbymp = ARRAY [l..np, l..mp] OF real;
glnp = ARRAY [l..np] OF integer;

in the main routine. *)
VAR

big, dum, pivinv: real;
i, icol,irow, j,k,l,l!: integer;
indxc, indxr, ipiv: glnp;

BEGIN

FOR j :- I to n DO BEGIN
ipiv[j] := 0

END;
FOR i := 1 to n DO BEGIN

big := 0.0;
FOR j := I to n DO BEGIN

IF (ipiv[j] <> i) THEN BEGIN
FOR k := I to n DO BEGIN

IF (ipiv[k] = O) THEN BEGIN
IF (abs(a[j,k]) >= big) THEN BEGIN

big := abs(a[j,k]);
irow := j;
icol := k

END

END ELSE IF (ipiv[k] > i) THEN BEGIN
writeln('pause 1 in GAUSSJ- singular matrix'); readln

END
END

END

END;

ipiv[icol] := ipiv[icol]+l;
IF (irow <> icol) THEN BEGIN

FOR 1 := 1 to n DO BEGIN

duro := a[irow, l];
a[irow, l] :_ a[icol,l];
a[icol,l] := dum

END;
FOR 1 := I to m DO BEGIN

duro := b[irow, l];
b[irow, l] := b[icol,l];
b[icol, 1] := dum

END

END;
indxr[i] := irow;
indxc[i] := icol;
IF (a[icol, icol] = 0.0) THEN BEGIN

writeln('pause 2 in GAUSSJ - singular matrix'); readln
END;

piuinv := l.O/a[icol,icol];
a[icol,icol] := 1.0;
FOR 1 := I to n DO BEGIN

a[icol,l] := a[icol,ll-pivinv
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END;
FOR 1 := 1 to m DO BEGIN

b[icol,l] := b[icol, l]*pivinv
END;
FOR ii := I to n DO BEGIN

IF (ii <> icol) THEN BEGIN
dum := a[ll,icol];
a[ll, icol] := 0.0;
FOR 1 := 1 to n DO BEGIN

a[ll,l] := a[ll,l]-a[icol, l]*dum
END;
FOR 1 := 1 to m DO BEGIN

b[ll,l] := b[ll, l]-b[icol, l]*dum
END

END
END

END;
FOR 1 := n DOWNTO I DO BEGIN

IF (indxr[l] <> indxc[l]) THEN BEGIN
FOR k := 1 to n DO BEGIN

dum := a[k, indxr[1]];
a[k,indxr[l]] := a[k, indxc[l]];
a[k, indxc[l]] := duro

END
END

END

END;

PROCEDURE covsrt(VAR covar: glcovar; ncvm: integer; ma: integer;
lista: gllista; mfit: integer);

(* Programs using routine COVSRT must define the types
TYPE

glcovar = ARRAY [l..ncvm, l..ncvm] OF real;

gllista = ARRAY [l..mfit] OF integer;
in the call ing program. *)
VAR

j,i: integer;
swap: real;

BEGIN

FOR j := 1 to ma-I DO BEGIN
FOR i := j+l to ma DO BEGIN

covar[i, j] := 0.0
END

END;
FOR i := 1 to mfit-i DO BEGIN

FOR j := i+l to mfit DO BEGIN
IF (lista[j] > lista[i]) THEN BEGIN

covar[lista[j],lista{i] ] := covar[i, j]
END ELSE BEGIN

covar[lista[i],lista[j]] := covar[i,j]
END

END

END;

swap := covar[l,l];
FOR j := i to ma DO BEGIN

covar[l,j] := covar[j,j];
covar[j,j] := 0.0

END;

covar[lista[l],lista[l]] := swap;
FOR j := 2 to refit DO BEGIN

covar[lista[j],lista[j]] := covar[l,j]
END;
FOR j := 2 to ma DO BEGIN

FOR i := 1 to j-I DO BEGIN
covar[i, j] := covar[j,i]

END
END

END;
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(* The supplied function that generates polynomial basis functions
for Generalized least squares fit *)

procedure funcs(x: real;VAR afunc: glmma; ma : integer);
BEGIN

afunc[l] := i; afunc[2] := x; afunc[3] := sqr(x);
END;

PROCEDURE Ifit(x,y, sig: glndata; ndata: integer; VAR a: glmma; mma: integer;
lista: gllista; refit: integer; VAR covar: glcovar;
ncvm: integer; VAR chisq: real);

(* Programs using routine LFIT must define the types
TYPE

glndata = ARRAY [l..ndata] OF real;
glmma = ARRAY [l..mma] OF real;
gllista = ARRAY [l..mma] OF integer;
glcovar = ARRAY [l..ncvm, l..ncvm] OF real;
glnpbymp = ARRAY [l..ncvm, l..l] OF real;

in the main routine. *)
VAR

k, kk, j,ihit, i: integer;
ym, wt, sum, sig2i : real;
beta: glnpbymp;
afunc: glmma;

BEGIN
kk := mfit+l;

FOR j := I to mma DO BEGIN
ihit := 0;
FOR k := 1 to refit DO BEGIN

IF (lista[k] = j) THEN ihit := ihit+l
END;
IF (ihit = 0) THEN BEGIN

lista[kk] := j;
kk := kk+l

END ELSE IF (ihit > i) THEN BEGIN

writeln('pause in routine LFIT');
writeln('improper permutation in LISTA'); readln

END
END;
IF (kk <> (mma+l)) THEN BEGIN

writeln('pause in routine LFIT');
writeln('improper permutation in LISTA'); readln

END;

FOR j := 1 to refit DO BEGIN
FOR k := 1 to mfit DO BEGIN

covar(j,k] := 0.0
END;

beta[j,l] := 0.0
END;
FOR i := 1 to ndata DO BEGIN

funcs(x[i],afunc,mma) ;
ym := y[i];
IF (refit < mma) THEN BEGIN

FOR j := (refit+l) to mma DO BEGIN
ym := ym-a[lista[j] ]*afunc[lista[j]]

END

END;

sig2i := 1.0/sqr(sig[i]);
FOR j := 1 to mfit DO BEGIN

wt := afunc[lista[j] ]*sig2i;
FOR k := 1 to j DO BEGIN

covar[j,k] := covar[j,k]+wt*afunc[lista[k]]
END;

beta[j,l] := beta [j, l] +ym,wt
END

END;
IF (mfit > I) THEN BEGIN
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FOR j := 2 to mfit DO BEGIN
FOR k := 1 to j-I DO BEGIN

covar[k,j] := covar[j,k]
END

END

END;

gaussj (covar, mfit, ncvm, beta, I, I) ;
FOR j := 1 to mfit DO BEGIN

a[lista[j]] := beta[j,l]
END;

chisq := 0.0;
FOR i := i to ndata DO BEGIN

funcs(x[i],afunc,mma) ;
sum := 0.0;
FOR j := 1 to mma DO BEGIN

sum := sum+a[j]*afunc[j]
END;

chisq := chisq+sqr_ (y[i]-sum)/sig[i])
END;

covsrt (covar, ncvm, mma, lista, mfit)
END;

(* Now for main calibration routine *)
(* S. E. Bradforth 1988; revised 5/91, and 8/92 *)

procedure calib;

VAR

ques :string [1 ];

wavelength: integer;
wavestr: string[3];

ndata, ndataold, mwt, i, count :integer;
cm, tt, temp, tempsig, tempFloat, temptime, tempspace, rmserr :real ;
a, b, c, chi2, q, siga, sigb, sigc : real;
x,y,e, float,t,sig,sg,m, sp,Ecalc: glndata;
j : text;

(* The following variables are for the generalized least squares routine *)
covar: glcovar; (* Covariance matrix *)

aa: glmma; (* Vector of paramters solved for *)

listaa: gllista; (* List of parameters to vary *)
ma, mfit, ncvm: integer; (* number of parameters, number to fit and

dimension size of covariance matrix *)

BEGIN

writeln('Least Squares Fitting of Energy vs. TOF dataset');

writeln('All times should be from Time-of-flight display screen');
gotoxy(l,4) ;
Wavelength: =213 ; (*Default*)

write('Laser wavelength you wish to calibrate (213,266,299,355 nm available)
? ' ,Wavelength) ;

gotoxy (73, 4) ;

readln (Wavelength) ;
gotoxy(l,6);

writeln(' ':7,'Mass',' ':3,'Energy (eV)',' ':3,'Time (ns)',' ':4,'error
(ns)',' ' :4,'Float (V)',' ':2,'Shift (meV)');

wavestr :=' ';

str (wavelength, wavestr) ;
If Exist('calib.'+ wavestr) = FALSE THEN

BEGIN

writeln('Not available');
Delay (I000) ;

END ELSE
BEGIN

assign(j,'calib.,+ wavestr) ; reset(j) ;
read(j,ndata);
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writeln;
FOR i:= 1 To ndata DO
BEGIN

read (j, T [i] ,E[i], sig [i] ,M[i] ,Float [ii );
gotoxy (8,7+i) ; write (M[i] :5:1);
gotoxy(17,7+i); write(E[i] :7:5);
gotoxy(30,7+i); write(T[i] :6:1);
gotoxy(41,7+i); write(sig[i] :6:1);
gotoxy(58,7+i); write (Float[i] :6:1);
sp[i] :=0.0;
IF (M[i] = 26.0) OR (M[i] = 30.0) THEN
BEGIN

gotoxy(70,7+i); write(0.0:4:l) ;
END;
writeln;

END;

Close (j );
writeln;

writeln('Set Error Bar = I000 to ignore data point');
gotoxy (I, 7+ndata+3) ;
write('EDIT - Return for no change, Typover for new value. Do not use

cursor keys:');

(* Edit line by line the elements, T[i], Sig[i] and Float[i] *)
REPEAT
FOR i:= 1 to ndata DO
BEGIN

(* Time element first *)
tempt ime :=0;

• gotoxy (30, 7+i) ;

readln (temptime) ;
IF (temptime<>0) AND (temptime<>-l) THEN BEGIN

T [i] :=temptime;
END;

IF temptime=-i THEN
BEGIN

IF sig[i]=1000 THEN sig[i] :=2.5 ELSE sig[i]:=1000;
gotoxy(41,7+i) ; write(sig[i] :6:1);

END;

gotoxy(30,7+i); write(T[i] :6:1);

(* Sigma element next *)
tempsig:=0 ;
gotoxy (41,7+i) ;
readln (tempsig) ;
IF (tempsig <> 0) AND (tempsig < I001) THEN sig[i] :=tempsig;
gotoxy(41,7+i); write(sig[i] :6:1);

(* Float element last; Float is defined as the float voltage plus one
half the extraction voltage of the ion beam when running the
calibrant line photoelectron spectrum*)

, tempFloat :=0 ;
gotoxy(58,7+i);
readln (tempFloat) ;
IF (tempFloat > 0) AND (tempFloat < 2500) THEN Float[ii := tempFloat;
gotoxy(58,7+i); write (Float[i] :6:1);

(* IF calibrant is CN- or NO- allow a space charge correction to the
expected electron energy *)

IF (M[i] = 26.0) OR (M[i] = 30.0) THEN
BEGIN

tempspace := 0.0;
gotoxy(70,7+i); readln(tempspace);
IF (tempspace > 0 ) AND (tempspace < I00.0) THEN

sp [i] :=tempspace/i000.0;
gotoxy(70,7+i); write (sp[i]*1000:4:l);
END;

END; (* next data point *)
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gotoxy (i, 7+ndata+4) ;
write ('Ali correct ? n');
gotoxy (15, WhereY) ;
read (ques) ;

UNTIL (ques='y') OR (ques='Y');

writeln;
count :=0;
FOR i:= 1 To ndata DO

BEGIN

IF sig[i]<>1000 THEN
BEGIN

count :=count+l ;

cm:=Float [i] "5.485802e-04;

(* sp[i] is the space charge correction to the expected eKE *)
X[count] :=I.0/(sqrt(E[i]+sp[i]-cm/M[i])) ;
Y[count] :=T[i];

sg[count] :=sig[i];
END;

END;
ndataold :=ndata;
ndata :=count ;

(* Now fit the X-Y data to a linear or quadratic model *)

IF ndata<3 THEN
BEGIN

writeln('Too few datapoints, need at least three to do a linear
regression. ' );

Delay (2000) ;
END ELSE

BEGIN
writeln;
write('Choose (L)inear or (Q)uadratic fit (L/Q) ? : ');

readln (ques) ;
IF (ques='Q') OR (ques='q') THEN

BEGIN

writeln('Quadratic calibration fit; Generalized linear least squares');
writeln;

write('Vary Quadratic compression factor (gamma) ? (Y/N) : ');
rtest2:='' ;
readln (rtest2) ;

IF (rtest2 = 'y') OR (rtest2 = 'Y') THEN
BEGIN

ma:=3;
mfit :=3;
listaa[3] :=3;

END ELSE
BEGIN

REPEAT

write('Enter value to fix gamma at during fit; gamma = ');
c:=O.0;
readln (c) ;
UNTIL (c < 200.0) AND (c >-200.0);

aa [3] :=c;
ma :=3;

mfit :=2 ;
listaa[3] :=0;

END;

listaa[l] :=I; listaa[2] :=2;
ncvm :=3 ;

(* AA is returned with the values of a, b, and c; the fitted parameters

COVAR has the 3x3 covariance matrix, and chisq is the chi squared for
the Quadratic Least Squares fit *)

If it (x, y, sig, ndata, aa, ma, listaa, mfit, covar, ncvm, chi2) ;
writeln;

writeln('Quadratic least squares fit, using uncertainties as supplied');
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siga:=sqrt(covar[l,l]) ;
sigb:=sqrt(covar[2,2]) ;
sigc:=sqrt(covar[3,3]) ;
a:=aa[l] ;
b: =aa [2] ;
c:=aa[3] ;
q:= gammq(0.5*(ndata-mfit), 0.5*chi2);
writeln(' ':5,'a= ',a:13:6,' ':6,'uncert.= ',siga:9:6);
writeln(' ':5,'b= ',b:13:6,' ':6,'uncert.= ',sigb:9:6);
writeln(' ':5,'c= ',c:13:6,' ':6,'uncert.= ',sigc:9:6);

writeln(' ','chisq= ',chi2:13:6,' ':6,'for ',ndata,' datapoints');
writeln('Goodness of fit (Q) = ',q:8:4);

writeln;

writeln('T0 = ',a:6:2,' ns +/- ',siga:6:2);
writeln('l = ', (b*5.93094e-02):6:2,' cm +/-

', (sigb*5.93094e-02) :6:2);
writeln('gamma = ',c:6:2,' eV.ns +/-', sigc:6:2)-

{Fit is to curve of the form t = tzero + b sqrt(I/E-DELTAE) + gamma/(E-DELTAE) }

END ELSE (* End of quadratic calibration fit *)

BEGIN

mwt:=l; (* Use the uncertainties in sig vector for the linear fit *)
fit (x, y, ndata, sg, mwt, a, b, siga, sigb, chi2, q) ;

(* set the quadratic factor to zero, as not fitted for here: *)
c:= 0.0; sigc:=0.0;
writeln;

writeln('Linear least squares fit using uncertainties as supplied');
writeln(' ':5,'a= ',a:13:6,' ':6,'uncert.= ',siga:9:6);
writeln(' ':5,'b= ',b:13:6,' ':6,'uncert.= ',sigb:9:6);
writeln(' ','chisq= ',chi2:13:6,' ':6,'for ',ndata,' datapoints');
writeln('Goodness of fit (Q) = ',q:8:4);
writeln;

writeln('T0 = ',a:6:2,' ns +/- ',siga:6:2);
writeln('l = ', (b*5.93094e-02):6:2,' cm +/- ', (sigb*5.93094e-02):6:2);

{Fit is to line of the form t = tzero + K sqrt(I/E-DELTAE) }
END; (* ques = 'L' *)

writeln;

writeln('The following makes permanent any changes you made to the
calibrant file');

writeln('and passes these fitted calibration parameters through to main
program' ) ;

write('Use these calibration parameters ? ');
rtest2:='' ;
readln (rtest2) ;

IF (rtest2 = 'y') OR (rtest2 = 'Y') THEN
BEGIN

Param[10] .Value:= a; {New TO}
Param[ll].Value:=(b*5.93094e-04)*100.0; {New length i}
Param[13] .Value:=c; {New quadratic compression factor}
PulseDelay := Param[10] .Value + 40.0;

PulseSlope := 284.3174 . Sqr(Param[ll].Value);

(* Write back to calibrant file *)

assign(j,'calib.'+ wavestr) ;
rewrite (j) ;
writeln(j,ndataold) ;
FOR i:= 1 To ndataold DO
BEGIN

writeln(j,T[i]:6:l,' ':3,E[i]:7:5,' ':3,sig[i] :6:1,'
' :3,M[i] :5:1,' ' :3,Float[i] :6:1);

END;

Close (j) ;

(* Now Check on fit *)

writeln('With these parameters, the fit is as follows:');
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writeln (' ');

writeln(' Mass',' ' :4,'Exact ',' ','Calib. ',' Deviation','
Ignored' ) ;

writeln(' ' :9,'Energy Energy');
rmserr :=0.0;

FOR i:= 1 To ndataold DO
BEGIN

IF (ques='Q') OR (ques='q') THEN
(* As calibration numbers are from tor display,
they have not been corrected by 40.0 ns, Thus do not use PulseDelay
but Param[10] .Value directly for TO here *)

BEGIN

cm:=Float Ii] *5.485802e-04 ;
tt:=(T[i]-Param[10].Value);
temp:= (PulseSlope + 2*tt*c +

sqrt(PulseSlope*(PulseSlope+4*c*tt)) ) / (2*sqr(tt));
Ecalc[i]:= temp + cm/M[i];

END ELSE

BEGIN
cm: =Float Ii ]*5. 485802e-04 ;

Ecalc[i] :=PulseSlope/sqr(T[i]-Param[10] .Value) + cm/M[i];
END;

IF sig[i]<> i000 THEN
BEGIN

writeln(M[i] :6:1,' ' :3,E[i]+sp[i] :5:3,' ' :5,Ecalc[i] :5:3,'
' :4,E[i]+sp[i]-Ecalc[i] :6:3);

rmserr:=rmserr + sqr(E[i]+sp[i]-Ecalc[i]);
END

ELSE BEGIN

writeln(M[i] :6:1,' ' :3,E[i]+sp[i] :5:3,' ' :5,Ecalc[i] :5:3,'
' :4,E[i]+sp[i]-Ecalc[i] :6:3,' ' :7,'***');

END;

END; (* FOR *)

rmserr :=sqrt (rmserr/ndata) ;
writeln('');

writeln('Root Mean Square Deviation = ',rmserr:6:4,' eV';;
writeln('');

write('<Press Any Key to continue>');
WHILE NOT KeyPressed do

END; (* If rtest2 = y *)

end; {else part of if ndata<3 }

END; (* ELSE file exists *)

END ;

ftshort.pas

(*Fourier transfomation on time of flight spectrum, expects <1024 point
datafile*)

procedure ftfit(var totdata : rmbuf);

const

nn=1024;
nn2=2048;
nn3=512;
nn4=513;

var



3O9

i,ii : integer;
data : gldarray;
avg : real;
olddir : Bufstring;

TYPE

BufString = String [50];
parray = array[l..nn4] of real;

Procedure WriteFilea(writedata : rmbuf);
(* write data file. *)

var

FileVar : text;
i : integez;
FileName,OldDir : bufstring;
NewFormat : boolean;

begin
write(' Name of output file (data\noise\NAME.dat) : ');
readln (FileName) ;
CheckDir (FileName) ;

Assign (FileVar, FileName) ;
Rewrite (FileVar) ;

writeln (FileVar, 'A' );
writeln (filevar, round (Param [4 ] .Value) );
writeln (filevar, round (Param [3] .Value) );
writeln (filevar, round (Param[2] .Value) );
writeln(filevar,'l'); (*Marker to indicate smoothed file*)
writeln (filevar, round (Param [5] .Value) ) ;
writeln (filevar, round (Param [i0] .Value) );
writeln (filevar, round (Param [ii ] .Value) );
for i:= 1 to round(Param[3] .Value) do
begin

writeln(FileVar,writedata[i] :0:i) ;
end;
Close (FileVar) ;
Writeln (' ' );

Writeln(i,' Data Points written') ;
end; ( procedure }

Procedure WriteFour;
VAR

FileVar :text [5800] ;

i : integer;
BEG IN

assign (FileVar,'FOURTR.DAT');
rewrite (FileVar) ;
For i:=l to nn2 do

Writeln (FileVar, data [i] );
Close (FileVar) ;

END;

PROCEDURE ReadFour;
VAR

FileVar : text [$800] ;
i: integer;

BEGIN

assign (FileVar,'FOURTR.DAT');
reset (FileVar) ;
For i:=l to nn2 do

Readln(FileVar,data[i]);
Close (FileVar) ;

END;

Procedure Fourierl;
var

i,Thecase, ii,io,cut!,cuto : integer;
Noise, freq,a: real;
Filter: parray;
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BEGIN

(* Wiener Filtering - see Numerical Recipes by Press et al..*)
Writeln(' Wiener Filter : Smooth Lorentzian Filter');
a:=15;
Write('FWHM/2 of Lorentzian (default=fS) ? ');
Readln (a) ;

FOR ii:= 1 to nn3+l DO

Filter [ii] :=l.0/(l+sqr(int(ii-1))/sqr(a)) ;

For ii:=l to nn3+l do
BEGIN

i :=_'_*ii;
data [i-I ] :=data [i-i ] *filter [ii ];
data[i] :=data[ii*filter[ii] ;

END;
For ii:=nn3+2 to nn do
BEGIN

i:=2*ii;
data [i-i ] :=data [i-I ]*filter [nn-ii+2 ];
data[ii :=data [i] *filter [nn-ii+2] ;

END;
end; {procedure }

(*Main procedure*)
BEGIN

Olddir :=Directory;
Directory :=' \turbo\data\noise\' ;
Writeln('Fourier Transformation of a ',round(Param[3] .Value),' point time of

flight spectrum') ;
Writeln;

Write('Is the transformed spectrum already stored as FOURTR.DAT ? (l=yes) ');
Readln (i) ;
IF i <> 1 THEN
BEGIN

For ii:=l to round(Param[3] .Value)-10 do
BEGIN

data[2*ii-l] :=totdata[ii] ;
data [2*ii] :=0;

END;

avg:=0.0;
For ii:= round(Param[3].Value)-9 to round(Param[3] .Value) do (*extrapolate

the last ten points out to nn*)
BEGIN

data[2*ii-l] :=totdata[ii];
data [2*ii] :=0;

avg :=avg+totdata [iii ;
END;

avg: =avg/10.0;
For ii:=2_round(Param[3] .Value)+l to nn2 do

data[ii] :=avg; (pad end with average of last ten points}
FOURl(data,nn, I); {transform into frequency space}

WriteFour; { store the frequency spectrum}

END {if}
ELSE BEGIN

ReadFour; (*Read fourier transform file*)
END;

FOURIER!;

FOUR1 (data, nn,-l) ; {Inverse Transform)

writeln;

For ii:=l to round(Param[3].Value) do
BEGIN

totdata[ii] :=data[ii*2-1]/nn;
END;
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(* Set first two points to min and max of input data for comparison*)
totdata[l] :=maxval;
totdata[2] :=0;

LastFile:='FTFIT'+ LastFile;

Write('Save the smoothed spectrum ? (l=yes, default = no) ');
i:=0; {default}
Readln(i) ;
IF i=l THEN

WriteFilea (totdata) ;

(*in any case the smoothed spectrum is passed back to main routine for display*)
Directory:=OldDir; {reset to old directory}
Param[l].Value:=l; (* Set number of Scans to i to mark the fact that this is sub
file*)

END;

fourl.pas

PROCEDURE fourl (VAR data: gldarray; nn, isign: integer);
(* Programs using routine FOUR1 must define type
TYPE

gldarray = ARRAY [l..nn2] OF real;
in the calling routine, where nn2=nn+nn. *)
VAR

ii, jj,n,mmax,m, j,istep, i: integer;
wtemp, wr,wpr,wpi,wi,theta: real;
tempr, tempi: real;

BEGIN

n := 2*nn;
j := i;
FOR ii := 1 to nn DO BEGIN

i := 2*ii-l;

IF (j > i) THEN BEGIN
tempr := data[j] ;
tempi := data[j+l] ;
data[j] := data[i];
data[j+l] := data[i+l];
data[i] := tempr;
data[i+l] := tempi

END;
m := n DIV 2;

WHILE ((m >= 2) AND (j > m)) DO BEGIN
j := j-m;
m := m DIV 2

END;

j := j+m
END;
mmax := 2;
WHILE (n > mmax) DO BEGIN

istep := 2*mmax;

theta := 6.28318530717959/(isign*mmax);
wpr := -2.0*sqr (sin(0.5*theta)) ;
wpi := sin (theta);
wr := 1.0;
wi := 0.0;
FOR ii := 1 to (mmax DIV 2) DO BEGIN

m := 2*ii-l;

FOR jj := 0 to ((n-m) DIV istep) DO BEGIN
i := m + jj*istep;
j := i+mmax;

tempr := wr*data[j]-wi*data[j+l];
tempi := wr*data[j+l]+wi*data[j];
data[j] := data[i]-tempr;
data[j+l] := data[i+l]-tempi;

data[i] := data[i]+tempr;
data[i+l] := data[i+l]+tempi

END;
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wtemp := wr;
wr := wr*wpr-wi*wpi+wr;
wi := wi*wpr+wtemp*wpi+wi

END;

mmax := istep
END

END;

seale.pas

procedure scale;

type
BufString = string[50];

var

FileVar : text;

FileName : bufstring;
i : integer;
NumOfScans, PointsPerScan,TimePerPoint,r : real;

teststr : BufString;
ErrFlag, NewFormat : boolean;
con : real;
olddir : BufString;

BEGIN

ErrFlag: =FALSE; (*Initialize flag*)
IF round(Param[3].Value) > ((MAXSIZE-10)/2) THEN
BEGIN

ErrFlag :=TRUE;
writeln(#7+'Dataset too many points for subtraction, must be <= 1200 pis');
Delay (1500) ;

END;

IF (InitSub=FALSE) AND (ErrFlag = FALSE) THEN
BEGIN

For i:= 1 to round(Param[3] .Value) do
BackData[i] :=Data[i];

olddir :=Directory;
Directory:=' \turbo\data\noise\' ;
write('Filename (Default is dataknoise\) : ');
readln (FileName) ;
CheckDir (FileName) ;
IF Exist(FileName)=FALSE THEN
BEGIN
Writeln('File does not exist');

Delay (500) ;
ErrFlag:=TRUE;

END;
If Exist(FileName)=TRUE THEN

BEGIN

Assign (FiieVar, FileName) ;
Reset (FileVar);
Readln(FileVar,teststr);
IF (teststr[l] = 'A') then NewFormat := TRUE
else New._ormat := FALSE;
IF NOT NewFormat then Reset(FileVar);
Readln (FileVar, TimePerPoint) ;
IF (TimePerPoint = Param[4] .Value) then
BEGIN

Readln(FileVar, PointsPerScan);
if PointsPerScan < Param[3] .Value then Param[3] .Value :=

PointsPerScan;

Readln(FileVar, r) ;
Readln (FileVar, NumOfScans) ;
Param[l] .Value := Param[l] .Value + NumOfScans;

Readln (FileVar, r) ;
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IF NewFormat then
BEGIN

Readln (FileVar, r) ;
Readln (FileVar, r) ;

END;

for i:= i to round(Param[3] .Value) do
BEGIN

Readln (FileVar, r) ;
BackData[round(Param[3] .Value)+i] := r;

END;
Close (FileVar) ;
Writeln('Data Read');

END
else
BEGIN

Writeln(#7 + ' Time per Point is Wrong : Cannot Add Data Set');
Close (FileVar) ;

Delay(500);
ErrFIag:=TRUE;

END; {This ends the Time per point IF :}
END; (*if Exist FileName*)

Directory:=Olddir; {reset directory to what it was on entry}
END

ELSE writeln('Using Original datasets for the raw spectrum and background
Fit ') ;

{now if InitSub was set or not}

IF ErrFIag=FALSE THEN
BEGIN

Write('Scale by #Scans of data/#Scans of Background = ? ');
Readln (con) ;
for i:=l to I0 do

begin
Data[i] :=0;

end;
for i:= !i to round (Param[3] .Value) do

Data[i] := BackData[i] - con * BackData[round(Param[3].Value)+i];
IF InitSub=FALSE THEN

LastFile := 'SUB ' + LastFile;

InitSub:= TRUE; (* Now true because full file reaa, and plot filename
set*)

Writeln(' ') ;
Writeln (' Subtraction Done');

Delay (500) ;
END;

END; {procedure}
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Appendix C. Time Dependent Wave packet Propagation Codes

1. Introduction

Codes have been developed to calculate the time-dependent dynamics of a wave

packet in both one- and two-dimensional space. The resulting wave packet dynamics

is used to compute the autocorrelation function and, in turn, the simulated

photoelectron spectrum. The number of dimensions corresponds to the number of

independent coordinates explicitly represented by the wave packet. A wave packet

propagation is merely a solution of the discretized time-dependent Schrodinger

Equation.Assuming a two-dimensionalspace,thisiswritten

= (1)

where _*(ix, i_) is the n-th wave packet in time and is a complex function expressed

in space at each grid point (ix, iy ). The method we adopt fo_-solv;;ng (1) and the

relevant references are detailed in Chapter 4. Here we co),_entra_e on how to use the

code, and how the code is constructed.

The Hamiltonian is time independent and, as usual, made up of a kinetic and

potentialenergyterm. The kineticenergyisevaluatedby theFouriermethod _ve

Chapter4)-thisisgeneralizableintoN-dimensions.Inone-dimension,thepotential

energycan be a bound or repulsivefunctionofthe singlecoordinate,x. In two

dimensions,thepotential,V(x,y ),may bebound (i.e.possessa weil)orbeofa more

generalform,e.g.unbound orcontaininga saddlepoint.The propagationcodescan

handle any potential function. It is useful for the po_mntial to be an analytic function

ofthecoordinates.
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We willbe concentratingon potentialenergysurfacesfordirectbimolecular

reactions,i.e.thosewithno wellsand a singlesaddlepoint,fortheneutralinthe

followingdiscussion.For reactionsurfaces,simpleanalyticforms,such as the

London-Eyring-Polanyi-Sato(LEPS)function,areveryoRen used.More recentlyab

initiosurfaceshavebeencomputedforlightatom reactions(e.g.H + I-I_,F + I-I_,O +

HF, O + Hcl,and CI+ Hcl);theseareusuallyonlyevaluatedata setofpoints.In

some casesanalyticfunctionshavebeenfittothepoints,ora splineinterpolationfor

thefullsurfacehasbeengiven.Inprinciple,asourmethod ofsolutionofEquation(1)

._luiresthepotentialonlyata setofgridpoints,itisconceivablethatthepotential

couldbe evaluatedateachpointon thegridbyab initiomethods.

The two-dimensionalcode(prop2d22)grew outoftheone-dimensionalcode

(prop10),but thvtwo-dimensionalcodeisa lotmore flexibleintermsofpotentials

Pllowedforthe anionand neutraland thecontrolsthe usermay implement. The

b_sicusageofthecodesisverysimilar.The one-dimensionalcodeisusefulmainly

for p_l_minary calculations and for instructional use. Other more efficient techniques

are available to solve the Schrodinger equation in one dimension on a grid for bound

or purely repulmve potentials. Actually, the wave packet propagation does prove

useful(andefficient)foran intermediatecasewhere thedynamicsinvolvesa region

oftheupperstatepotentialthatcantrapthewave packetand anotherregionwhere

thewave packetmoves todissociation.An exampleofthisisa wave packetthatis

launchedfairlyhighup on a Morse orLennard-Jonespotential(seeFigure4-1(iii)).

One importantuse of the one-dimensionalcodeisto examine the form of the

autocorrelationfunctionthat derivesfrom motion in justone dimensionwhen

comparingtoa fulltwo-dimensionalpropagation(seeChapter5).
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2. One.dimensional Propagation Code- proplO

The executable code, propl0, is compiled by using the UNIX make utility and

the makefile makepropl0. The code depends on four files of FORTRAN source,

koslofrT.f, lepsl.f, anionmorsewfl.f and wave2.f. If any of the source files to propl0

are modified, the propl0 program should be recompiled; to do so use the make utility

as follows:

make -f makeprop 10

The code can be compiled and run on a Sun SPAECstation as the numerical demand

is small enough that this machine is fast enough to cope with a reasonable length

propagation; a 400 femtosecond propagation (4 a.u. time steps, 4096 steps) on a 64

point spatial grid consumes only 14 CPU seconds on a SPARCstation ELC.

The code is used as follows. An input deck (called koss.dat) is constructed

that controls not only the way the code proceeds but also contains all physical

information such as the potential parameters. The input deck is not free format, but

comments may be left to the right of the input line to assist the user in making

changes to a template file. A typical input deck is shown below:

0,0,0 Control parameters: save lower/ upper po_./ wavepacket
1.0 Reduced mass (in amu)

8192.00,2.00 Total propagation time and time step (in a.u.)
0.0,6.0,64 X_,,, X_ and number of grid points in X
1 LOWER (anion) potential type
3.0,1000.0,0.0,0.0 Parameters (e.g.X., (_o and _,x.) for LOWER potential
1 UPPER (neutral) potential type
4.0,1000.0,0.0,0.0 Parameters (e.g.X., _). and Q_,x.) for UPPER potential
0.00 Dephasing constant gamma (0 = automatic window chosen)

0.00,2.00 Min. and Max. energies (eV) in Fourier trans, spectrum
16,2048 No. of time steps to save self overlap and full wavepacket

Thisistheonlyinputtotheprogram;noentryisexpectedfromthekeyboard.Most

linesoftheinputdeckareselfexplanatory.Line1 setstheparameters(0= no,1=
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yes) that control whether the potential evaluated either for the lower or upper

surfaces is to be saved to disk (in files called potlA.out and potlB.out) and whether

the wave packet, or the wave packet and its derivatives, are to be saved to disk (in

files called wavepkt.out and wave.drw). Wave packets, with our without

derivatives, are saved at intervals determined by the second number in the final line

of the input deck. The wave packet derivatives are useful only for debugging; if

derivatives are selected, ¢(kz, k_ ), the momentum space representation of the wave

packet, and the result of the operators T, V, and H acting on the wave packet (TO, V0

and H0) are saved into the files as well as the wave packet. This consumes disk space

fairly rapidly, so save only a few wave packets! The wave.drw file, which is

unformatted binary, can be read into a lD wave packet graphing program draw3. If

the control parameter for wave packet derivative storage is set to a value of-l, then

no information on the wave packets or its derivatives are saved to disk.

Total propagation times and the time step are entered on line 3 in atomic

units. Atomic time units are the natural unit for a propagation; 1 femtosecond is

approximately 41 a.t.u. The time step is chosen by consideration of criterion (25) in

Chapter 4; if a too large time step is selected, the program will terminate with a

message indicating that the propagation would be unstable. Next the grid range and

grid size is determined on line 4. Remember that the range in coordinate space and

the grid size determines the grid spacing Ax, which in turn determines the maximum

kinetic energy that is possible on the grid (and therefore the largest energy

eigenvalue). The selection of these parameters is the trickiest part of the whole

operation. However, some very simple guidelines should ensure success: (i) The

number of grid points must be a power of two, and should be at least 32 and never
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need exceed 256; usually 64 is adequate. Using a higher number of points than

required will force the time step to be very small. (ii) Choose a range of coordinates

that covers all the important parts of the anion and neutral potential surfaces -

physical intuition is all that is required here. For example, if there is a big change

in geometry between anion and neutral then one knows that there will be high

amplitude motion involving large kinetic energies. (iii) Start the calculation going and

look at the value output for the maximum kinetic energy that the program calculates

from your Ax. If it is reasonable then continue; if it is huge, then you can reduce the

number of grid points and achieve a much faster propagation. If it is smaller than

physically desirable, you need to reduce the grid range or increase the number of grid

points.

The next few lines contain information on the lower and upper potentials.

Information on the lower (anion) potential is required to compute an initial wave

packet for the propagation; the ground state wave function for a harmonic potential

or a Morse potential is constructed analytically for this purpose. For each potential

the first control line indicates the potential type; this choice determines the form of

the input expected on the following line(s). The potential types the program accepts

are the following (the number indicates the potential type parameter to be entered on

the control line):

(0) Morse function (data required on next line is R, in Jk, D, in eV, _ in A'_and

Vo, the potential offset constant, in eV ).

(1) Harmonic/Morse function (data required on next line is R, in A, toeand co,x,

in cm"1and V0 in eV).



319

(2) LEPS potential function cut (data required on next six lines: line 1 - Vo,

line 2 - masses of atoms A, B, and C in a.m.u., lines 3 - 5 contain the data ]3,

in eV, _ in k 1, Re and the Sato parameter for each fragment AB, BC and AC

respectively and finally line 6 - the value of R^c for which the lD cut will be

made).

(3) read potential from potB.in file (data required on next line Vo only).

Once information on both potentials has been entered, the final three lines of the

input deck supply the windowing function parameter y (defined in Equation (29) of

Chapter 4), the range of energies to be written to the output i'de absspec.out (which

contains the final simulated energy spectrum o(E)), and the step intervals for the

program to calculate the autocorrelation A%_pand to save the wave packet. If Yis

chosen to be zero, the program calculates a default (conservative) window function

that eliminates any spurious ringing in the energy spectrum.

The output is generated as follows: a summary of the input parameters, the

potential function and the grid as well as the consistency checks on the norm and the

average energy of the wave packet during the course of the propagation are sent to

the file out.dat as well as to the screen. The norm should stay close to unity and the

energy should remain constant. If the norm starts increasing wildly, this means the

time step is too large, or perhaps the potential needs shelving (see Section 3.3.1 of

Chapter 4). The autocorrelation is written to a file auto.dat (real part, imaginary

part and modulus of C(t)) and the final energy spectrum to absspec.out suitable for

plotting with a simple X-Y plotting package. The wave packet output has already

been described. Some simple checks that can be performed on the calculation to make

sure that everything proceeded smoothly are graphing the wave packet file with the
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draw3 program, plotting the autocorrelation and checking for smooth behavior and

convergence checking by repeating the calculation with a reduced time step and grid

spacing.
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3. Two-dimensional Propagation code - prop2d22

The executable code, prop2d22, can be compiled by using the UNIX make

utility and the makefile makeprop2d22 (make -f makeprop2d22). If using the San

Diego Cray Y/MP a convenient script file called prop2d that takes care of retrieving

the source from the DataTree, as well as compiling and executing the code is

available. To retrieve this execute the commands

dti get thne/prop2d

prop2d

on logging in. The prop2d script can also be used subsequently as a convenient

interface for executing the code.

The two-dimensional propagation code depends on three flies of FORTRAN

source, koss2d22.f, potread2.f and graphicsy.f and the NAG numerical library and

local graphical libraries. The dimensioning of arrays that determine grid size are

controlled by an include file, param.inc. This file contains a single line dimension

statement and should be edited prior to compiling the code to match the grid size that

the user has specified in his/ her input deck. The graphicsy.f file is machine

dependent; ali graphics routines have been bundled into this source file; the file

shown here uses the Computer Associates DISSPLA graphics library with a

GKS/NCAR graphics interface available on the San Diego Supercomputer Center's

Cray Y/MP. The prop2d22 code is generally run on this supercomputer as it makes

heavy use of a vectorized two-dimensional fast Fourier transform routine. However

it is possible to use the code on a fast scalar workstation, and one envisages that it

could be readily be ported to a RISC based scalar machine with suitable libraries



322

_nstalled. If the NAG library routine used for the two-dimensional FFTs is not

available, the code may be compiled with an extra source file (twodfl_.f) however the

speed will be significantly reduced. To do this, the koss2d22.f code should be edited

(as indicated in comments in the code) to remove reference to the NAG routine. The

twodfl_.f file contains subroutines based on code in Section 12.11 of Numerical Recipes

- The Art of Scientific Computing by W. H. Press, B. P. Flannery, S. A. Teukolsky and

W. T. Vetterling, Cambridge University Press, Cambridge (1989).

Typical run times are 20 Cray CPU seconds for a 320 femtosecond propagation

(1.3 a.u. time steps, 10240 steps) on a 64 x 32 point spatial grid. Memory

requirements are modest; for such a typical job 350 kwords (2.8 Mbytes) are required.

Propagations of 2 psecs on a 128 x 64 grid are the largest jobs that have been

attempted. These large jobs yield excellent energy resolution, and the limitation at

this point is less a question of CPU time but more expected errors accumulating in the

phase of the wave packet (see Chapter 4).

The two-dimensional code is used in a very similar way to the one-dimensional

code, however this code can treat a completely general wave packet propagation on a

bimolecular reaction surface, suitable for two-coordinate photodissociation or

photodetachment to a continuum. The quantum dynamics is exact, in contrast to the

2D adiabatic approaches employed by Metz (Ph. D. thesis, U.C. Berkeley (1991)),

which are strictly applicable only in limiting heavy-light-heavy cases. However,

because the calculation treats the two coordinates generally (fully coupled), it is

computationally more demanding for a given dimensionality. At present we have not

extended this method to three-dimensions, although other authors have achieved such
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three-dimensional wave packet calculations, and the code presented here should be

easily generalizable. (See chapter 4, section 4 for references).

The code is used as follows. An input deck (called koss2d.dat) is constructed,

in a very shnilar way to the one-dimensional code. Once again, no input from the

keyboard is required. This file controls the way the code proceeds and contains all

physical information such as the masses of the atoms and potential parameters. The

input deck is not free format, but comments may be leR to the right of the input line,

or at the end of the file, to assist the user in mal_g changes to a template file. The

reader is directed to remarks in Section 2 above concerning the meaning of many of

the input lines which are common to both codes. A typical input deck is shown below:

0,0,-I, 0,0 Line 1
78.918, 1.00728, 126.9045 Line 2
512.00, 1.0000 Line 3
22.00,35.00,64,0.9500,3.10,32 Line 4
2 Line 5

i,I,0,0 Line 6
3.88, I00.00,0.000,0.00 Line 7
1.55,1276.30,178.10,0.00 Line 8
2,1 Line 9
3.920 Line I0

3.920,1.810,1.414,0.186 Line II
3.196,1.751,1.609,0.055 Line 12
1.834,1.876,2.469,0.220 Line 13
0.00 Line 14
2.293 Line 15

1,128 Line 16

# Line i: (Flags) SavePotA, SavePotB, SaveWavepackets,ReadInitialwavepacket,
# Restart

# All flags except SaveWavepackets can be 0 (NO) or 1 (yes)
# SaveWavepackets can be -I (NONE)
# 0 (only wavepackets saved)

# or 1 (wavepackets and k-space wavepacket saved)

# Line 2: (Mass) Atom A, Atom B, Atom C (all in amu.)

# Order is important A + BC -> AB + C

# Line 3: (Time) Total propagation time, time step (both in atomic units)
# time step is usually around 1.0 a.u. and this should be varied to assure
# numerical convergence.

# Line 4: (Grid) Xmin,Xmax, NXpts,Ymin,Ymax,NYpts (in mass scaled coords.)

# Range of x and y should be supplied in mass scaled coordinates
# (amu^0.5 . Angs), and Nxpts and Nypts should be the same as

# nlpts and n2pts, respectively, in the param.inc include file.
# Both nXpts and nYpts should be powers of two.
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# Line 5: (Flag) Absorbing boundaries:
# 0 (No)

# 1 (Yes, supplied on extra following line, see source)
# 2 (Yes, use defaults, no extra line required)

# Next section varies depending on choice of potential
# (see comments in subroutine Potread for details)

# Line 6: (Lower) Potential type (see comments at top of Main code for
# potential types)
# Line 7: (Lower) Potential data along one dimension (parallel to x)
# Line 8: (Lower) Potential data along other dimension (parallel to y)

# Line 9: (Upper) Potential type

# Line 10-13 (Upper) Potential data (non seperable LEPS potential)

# Line 14: (Real) Damping Constant (0.0 = default)
# This determines how much damping takes place before taking Fourier
# Transform of autocorrelation function to produce photoelectron spectrum
# Usually set to 0.0, where program calculates optimal value.

# Line 15: (Real) Origin in spectrum that corresponds to zero of
# upper potential suface (This is just an offset)

# Line 16: (Steps) How many steps between saving overlap, wavepackets

# This sample input deck performs a 512 step propagation on a mass weighted
# grid 64x32 in size with absorbing boundaries. The time step and grid size
# is set up so that the calculation converges correctly and the numerical
# propagation is stable.

This template file has a set of detailed comments describing the purpose of each entry

and line. This should be used in consultation _ith the comments below and in the

header to the main code. Criteria related to the grid and time step are common to

those described for lD propagations. All lines marked "(flags)" should contain only

integers; further nXpts, nYpts, both step intervals indicating when to save the overlap

and the wave packet, and the flags indicating potential type should be integers. Ali

remaining entries should be real numbers.

Let us describe the input parameters that are new. The purpose of the extra

flags ReadInitialwavepacket and Restart are fairly self-explanatory. If either flag

value is set to one, the program attempts to read the a wave packet from the

wave.dump file either for use as the t = 0 wave packet or to continue the propagation

from a previous propagation. Note ReadInitialwavepacket and Restart cannot both

be one. See comments in subroutine initB source for more information on this
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advanced option. The mass of the three atoms is required to determine the

appropriate reduced masses for the mass-scaled Jacobi coordinate grid. (See Chapter

4, section 3.1 for definitions). The range of x and y are expected in this mass-scaled

coordinatesystem,howevertheequilibriumgeometrydatainthepotentialparameter

inputisexpectedintherelevantinternalcoordinateswithoutmass-scaling.

The absorbingboundaryinformationrequiredinline5 isagainfairlyself-

explanatory.Use ofthedefaultboundariesfora dissociativesystemisrecommended

forinitialcalculations;forbound problemstheabsorbingboundariesshouldbeturned

off.Refertosection3.3.2ofchapter4 fordetailson absorbingboundaries.

Mostofthepotentialtypesarecommon tothelD codeand havebeendescribed

above.Noticethatforthelowerpotential,fourintegersareexpectedon Line6:two

to describethe potentialtypein each spatialdirectionand two to describethe

quantum stateoftheinitialwave function.If0,0 ischosenforthelatterpairthen

theground statewave functioniscomputedforthepotentialtyperequ=:,_d.Note

thatthe potentialcan be Morse oscillatoralongonlyone spatialdirection;that

directionmust be alongthey coordinate.The upperpotentialrequiresonlytwo (but

itmust have two)integersdescribingthepotentialtype.In additiontoharmonic/

Morse (0and 1),LEPS (2)and read-from-file(3),two new potentialtypeshavebeen

added,and theLEPS potentialextended.The LEPS functiondataisinputexactlyas

beforeexceptthemass datahas alreadybeen enteredinLine2 and no cutR^c is

relevantorrequired.The otherintegerflagonthepotentialtypelineallowsthezero-

pointbend correctiontobe addedtotheLEPS potentialenergyateachpoint(0= no

correction,1 = ZPB correction).The zero-pointbendcorrectionwas suggestedinthe

reduceddimensionalitywork of Prof.J. M. Bowman (Emory Univ.).The new
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functions available are (4) user-defined subroutine upotfn (compiled into code) and (5)

rotated-Morse-oscillator spline (RMOS) function. (4) is useful for specific potentials,

e.g. Lennar_)_Jones, quartic anharmonic oscillator or elaborate reaction potentials

such as the T5a and 5SEC surfaces (of Truhlar and coworkers) for the F + H_ reaction.

The RMOS potential type is very useful for fitting ab initio reaction surfaces;

references for this potential type appear in Chapter 6.

If either a potential or an initial wave function is read from disk, this must be

constructed in a rectangular array of the same size as the propagation grid with the

same grid points. The imposition of a shelving criterion to the potential energy helps

reduce computation time by allowing a larger propagation time step (see section 3.3.1

in Chapter 4). This is hard-coded in the source for all potential types. To modify the

shelf value the user must edit the code and recompile. See section 4 below.

Completing the description of input parameters, Line 15 is a constant offset for

calculation of the origin in the final photoelectron simulation. Unlike the lD code,

this code transforms the simulation from the neutral internal energy scale to a true

electron kinetic energy scale by use of formula (2) in Chapter 4. A, of formula (2), is

the offset supplied on this line.

The program, if run so as to produce graphical output (this is carried out by

keywords on the prop2d22 command line or via the prop2d script), will generate all

of the important computed information in graphical form. Graphical output is possible

to any device the graphics software supports; typically this is to a Textronix 4013

emulator or to a graphics metafile. The latter may be converted into many other

formats such as Xl 1 bitmap or PostScript. The graphics capability of the code makes

error checking and general use particularly easy. The values of the wave packet norm
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and energy (which are conserved only if there is no flux absorbed by absorbing

boundaries) is displayed along with the contour plots of the wave packet. On these

plots, contours of the upper potential surface are also shown. Plots are displayed at

time intervals specified by wave packet step interval on the last line of the input deck.

Viewing eight or so wave packets as a function of time is usually sufficient to interpret

the wave packet dynamics.

Inadequacies in the choice of grid range and absorbing boundary are manifest

in this moving image of the wave packet dynamics. To check the performance of the

grid in the momentum domain (i.e. whether the full range of momenta in the wave

packet fits on the Fourier space grid), the SaveWavepackets flag may be set to 1, and

¢(kz ,k_) will also be graphed as well as saved to the wavepkt.out file. _'he use of

graphics is extremely important in giving the user a feel for the calculation he or she

is attempting, and suggesting possible remedies if problems with the propagation

arise.

Outputtofilesout.datandauto.datisasforthelD code.The potlA.outand

' potlB.out files containing the lower and upper potentials, and the wavepkt.out file

containing the wave packet, are now two dimensional arrays of potential/wave packet

values; the wavepkt.out file gets very large, very quickly. The file absspec.out is

in the same format as for the lD code but gives the spectrum as a function of the

electron kinetic energy rather than of the neutral internal energy. There is no

wave.drw file. finally there is a dump file (wave.dump) written for the final wave

packet of the propagation for restarting purposes.
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4. How the prop10 and prop2d22 programs work

This section is really only intended for users who wish to make changes to the

codes.The methodologybehindbothcodesisdescribedinChapter4 ofthisthesisand

the simple use of each code is described in sections 2 and 3 above. Both codes have

very similar layout and the names of subroutines and functions are in may cases

identical. The basic organization is as follows (subroutine names given in italics).

The main routineinitializesthe graphicsdevice(ifapplicable)and calls

subroutine con.st which defines some fundamental constants and then reads the input

deck (file koss.dat or koss2d.dat). The necessary input is described in detail in

section 2 and 3 above. This subroutine establishes the parameters for the

propagation, converting them into atomic units where appropriate, and (if applicable)

theabsor_g function.The potentialparametersareread,and thelowerand upper

potentials are stored in the potential array xypot in subroutine potread. Ali the

necessary conversion of coordinates for the 2D code are performed by statement

functions like AMStoRab. Potread calls one of an assortment of subroutines to

evaluate the potential depending on the potential type - lepstore (for LEPS potentials),

upotfn (for user defined potentials) and rmos (for the RMOS spline functions) are the

starting subroutines for calculation of each of these non-separable potentials.

For the upper state potential, where the propagation will proceed, the potread

subroutine imposes a shelf on the highest numeric value the potential may take. The

purpose ofthis is described in Chapter 4, section 3.3.1. This shelfvalue is hard-wired

in the code for each potential type. If the value is unsuitable for the user's

application, heJ she should change the value in this routine and recompile the code.

One way toestimatean appropriatevalueforthepotentialshelfistoconsiderthe
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classical turning points for motion on the upper surface, and the energy at the turning

point. One classical turning point is xi,iu, the center of the initial wave packet, and

the energy is given approximately by the <H> evaluated by the program at t=0. This

energy must be considerably less than the chosen shelf value. Errors from choosing

a value for the shelf that is too low will be obvious when the wave packet propagation

is graphed; parts of the wave packet will spill into regions of configuration space that

they should not be in! If in doubt raise the value of the potential shelf, and reduce

the time step as necessary, and check for convergence.

Returning to the main routine, the input data is written to the output stream

and to the file out.dat. The maximum kinetic energy supported by the grid is

calculated and the program aborts if it finds the chosen t'_me step is too large to

maintain a stable propagation. The potentials are saved (potlsave) to disk, if the user

has so requested, and the wave packet disk file(s) are initialized (initpkt). In the 2D

code, if the NAG 2D-FFT routine is used, it is initialized now. The initial wave packet

is now set up by a call to initB.

InitB determines if there is to be a restarted propagation or if the wave packet

is to be read from disk (readwave) or calculated. If the latter, the routine determines

whether an analytic form for the initial wave packet exists (i.e. if the lower surface

is harmonic or Morse), or whether a initial wave packet must be calculated

numerically (relax). The lD code is much more primitive in this subroutine - it will

not read from the disk or restart a propagation, and it allows only an analytic initial

wave packet. For calculation of the analytic initial wave packet, initWF or morsewf

is called. In the 2D code, these two routines will calculate a v = 1 wave function as

weU as v = 0, allowing some experimentation with "hot-band" photoelectron spectra.
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InitB finally propagates the initial wave packet for its first time step, to calculate _,

with second order Runge-Kutta. The initial wave packet, _1, along with _2 are passed

back to the main routine where the initial packet is saved to disk (phtsav). The norm

and average energy of the initial wave packet on the upper surface is evaluated (chh,

chhnrm_ chken ).

Finally we enter the main loop; the propagation now begins! This is the loop

that gives the iterative solution of the time-dependent Schrodinger equation by second

order differencing (SOD). In each pass through the loop, psi2 (or psi2ab, if absorbing

boundaries are being used) is called. This routine contains the SOD formula. If

absorbing boundaries are being used, it is at this point where the wave packet is

multiplied by the absorbing function. In each operation of the SOD formula, H¢ must

be calculated. This is also required each time the average energy is calculated

(chken). The operation of H on _ is performed in the routines Hpsi, KEmat and

PEmat; th_ is the core of the Fourier method.

KEmat evaluates the operation of the kinetic energy operator on the wave

packet. It does this by performing a pair of discrete fast Fourier transforms on the

data array. For the 2D code we use either c06fuf, the vectorized NAG library routine,

or twodff_, the (slow) Numerical Recipes routine. In the lD code the Numerical

Recipes FFT routine is employed. Between the two FFTs, the wave packet (now

represented in k space) is multiplied by (k_2 + k_2),or just k_2 in one dimension. The

KEmat routine is where both propl0 and prop2d22 spend most of their CPU time. In

contrast, PEmat performs a simple multiplication of the wave packet by the potential

at each grid point; each is already stored in memory.
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Inside the main loop the self overlap of the wave packet with the initial wave

packet is computed (oolp) and stored at regular intervals; the overlap is calculated by

Simpson's rule (zsimpint, ztrapint). At more infrequent, but still regular, intervals the

wave packet is checked for norm and average energy, and stored and graphed. These

regular intervals are determined by the last two parameters set in the input deck.

After the main propagation loop is complete some tidying up is done: the

autocorrelation function is saved to disk, the energy spectrum is calculated by a one-

dimensional FFT of the autocorrelation function and saved (savabs), and files and

graphics devices are closed up.

4.1 Source Code Listing

4.1.1 One.dimensional Code- prop10

makepropl0

FFLAGS=-cg89 -03 -delign -w
propl0: kosloff7.o wave2.o lepsl.o anionmorsewfl.o

f77 -cg89 -03 -dalign kosloff7.o wave2.o lepsl.o anionmorsewfl.o -o
propl0

kosloff7.f

C Version PROP10

C This is a ONE dimensional wavepacket propagation Code.
C Code based on routines of S.Y. Lee. Singapore.

C Adapted for photoelectron spectra of negative ions by S.E. Bradforth 2/26/89
C Address: Dept. of Chemistry,
C Neumark Research Group,
C University of California,
C Berkeley, CA 94720
C E-mail: neumark@violet.berkeley.edu OR neumark@violet.bitnet

C INPUT: koss.dat input deck (can be prepared by accompanying
C program or by following comments in supplied
C example)
C OUTPUT: out.dat summary of input parameters and details of
C wavepacket propagation
C auto.dat autocorrelation function (real, imaginary and
C modulus) as a function of time

C auto.pic autocorrelation function (suitable for x-y plot)
C modulus only as a function of time, damped by

C window function (gamma)
C absspec.out Fourier transform of autocorrelation function,
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C the absorption/photoelectron spectrum
C wavepkt.out real, imaginary and absolute value of wavepacket
C as a function of time

C (can include wavepacket derivatives)
C potlA.out lower potential
C potlB.out upper potential

C wave.out formatted direct access wavepacket output
C suitable for reading by
C wave lD tektronix plotting program

C

C It is helpful to be able to graph wavepacket evolution in time, for
C checking usefulness of run and that all criteria for successful propagation
C have been satisfied. The file wave.out can be

C plotted with the "draw3" (seperate) program.
C The files potlA.out and potlB.out, (the lower and upper
C potential energy surfaces), are provided for for graphing and checking.

C Potential types included are:

C 0: Morse (input Re, De and Be)
C i: Harmonic/Anharmonic (input Re, We, Wexe)
C (if wexe .he. 0 then uses Morse)

C 2: Leps (upper surface only)
C 3: Potential read form file

C other potentials may be added by modifying subroutine potread

C There is no provision for absorbing boundaries in this code,
C Also restarting from arbritary time point is not coded for.

C Notes for this version:

C 8/11/92 Input xmin, xmax range in Angstroms.
C Include shelf for potentials in potread.
C Include conversion constants common block.

C Remove Time step printout except every npktsav steps.
C Co_e does not stop to query for whether potentials are to be saved or
C Whether to save derivatives in wavepkt.out.
C Instead this now comes from input deck as in 2D code.
C 1989 Change format for input of potentials.
C All potentials stored as arrays. 5/10/89

C Note all quantities in main routine are in Atomic units,
C conversions performed in I/O routines {const(), savabs, pktsav, savovlp)
C Note all variables beginning with z are complex

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
double precision Ide, lre, lb
parameter (npts=1024,nFFT=8192)
dimension zpsiA0(npts)
dimension zpsiB0(npts),zpsiBl (npts),zpsiB2(npts)
dimension zovlp(nFFT)

dimension omega(nFFT), Eprsq(nFFT)
common/convert/harev,evwn, aO,amu,emu,harwn,amass,atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas, hb

common/const2/xOA, xomegA, v0A,xwexeA, dea,xalphaA, x0B,
xomegB, xwexeB,deB,xalphaB,v0B

common/const3/tmax,ntmax,delt, iderflag
common/const4/xmin,xmax, nXpts, dx,npacket
common/const6/gamm

common/const7/ Espmin,Espmax,domega,novsav, npktsav
COMMON/LEPS/LDE (3), LRE (3), LB (3), AM (3), DELTA (3) ,RCA

C

900 format (2x,'xmas =', f6.3 ,2x, 'hb =',f4.1)

910 format (2x, 'x0A =',f6.2,2x, 'xomegA =',fg.2,2x, 'v0A =',f6.3)
915 format (2x, 'x0A =' ,f6 .2, 2x, 'xomegA =',fg.2,2x, 'v0A =',f6.3,/,
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2 2x,'wexeA =',f9.2,2x,'alphaA =',f9.3,2x,'DeA =',f9.3)
920 format (2x, 'x0B =' ,f6 .2, 2x, 'xomegB =',f9.2,2x, 'v0B =',f6.3)
925 format (2x, 'x0B =',f6.2,2x, 'xomegB =',f9.2,2x, 'v0B =',f6.3,/,

3 2x,'wexeB =',fg.2,2x,'alphaB =',f9.3,2x,'DeB =',f9.3)
927 format (2x, 'v0B =',f6.3,2x,'kB =',e13.6)
930 format (2x, 'tmax =',f10.2,2x, 'ntmax =',i5,2x, 'delt =',f10.6)
940 format (2x, 'xmin =',fg.2,2x, 'xmax =',f9.2,2x, 'nXpts =',i5,2x,

1 'dx =', e13.6)

950 format (2x,'gamm =',e13.6)
960 format (2x,'Espmin=', fl3.6,2x,'Espmax=',fl3.6)
966 format (2x,'novsav=', i3,2x,'npktsav=',i4)
C
C

write (6, *)
write(6,*)'WELCOME TO THE ID WAVEPACKET PROPAGATION CODE'

C read the needed data and also define some useful constants.

write(6,*)'Reading input deck for job from koss.d@t'
write (6, *)

open (i, file= 'koss.dat')
C read in some control parameters for the run:
C Do I save lower and upper potential surfaces
C and DO I save wavepacket only, or wavepacket and derivs, or none

read(l,*)isavpotA, isavpotB, isavde

call const()
close (I)

C Change novsav and npktsav to be useful values .....
c novsav=2 *ntmax/nFFT

if (novsav .lt. I) novsav=l

c npkt sav=ntmax/16
if (npktsav .lt. i) npktsav=l

c then domega in circular frequency a.u. (ie hartrees) is
domega=2.0d00"pi/(ntmax*delt)

open (2, file= 'out.dat')
write(2,900) xmas/amu, hb
if (xwexeA .eq. 0.0d00) then

write (2,910) x0A"a0,xomegA*harwn,v0A*harev
else

write (2,915) x0A*a0, xomegA*harwn, v0A*harev,
^ xwexeA*harwn, xalphaA/a0, deA _harev

endif

if (xwexeB .eq. 0.0d00) then
write(2,920) x0B*a0, xomegB*harwn, v0B*harev

else

write (2,925) x0B*a0, xomegB*harwn, v0B*harev,

^ xwexeB*harwn, xalphaB/a0, deB*harev
endif

write (2,930) tmax*atu,ntmax,delt*atu

write (2,940) xmin*a0,xmax*a0,nXpts, dx*a0
write (2,950) gamm
write (2,960) Espmin*harev, Espmax*harev
write (2,966) novsav, npktsav
write (2,970) domega*harwn

C Write a few parameters to screen
write(6,")'Time parameters (fsecs), energy resolution (cre-l) :'
write (6,930) tmax*atu, ntmax, delt*atu
write (6,970)domega,harwn

970 format(2x,'domega =',fl0.1,' cm-l')

C criteria of succesful propagation given in Kos!off, J. Comput. Phys. 52, 35

C (1983); essentially the max kinetic energy representable on a grid with
C spacing dx is given (in au) by pi*pi/(2*xmas*dx_dx) and the stability
c criterion is {delt'( (pi'pi)/(2*xmas*dx"dx) + V ) <= 1.0}

sqkmax=4.9348d00/(xmas*dx"dx)
write(6,912)sqkmax'27.2116
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912 format(2x,'Maximum kinetic energy that can be represented is ',
4 f6.3,' eV')

write (6,913) sqkmax*delt
913 format(2x,'Stability at best, assuming zero potential, is ',f6.3)

if ( sqkmax*delt .gr. 1.0d00) then
write (6, *)

write(6,*)'*******THIS PROPAGATION WILL BE UNSTABLE**********'
write (6, *)

stop
endif

C

C Save the lower and upper state potential if required
C

if (isavpotA .eq. I ) then
write(6, *) 'Lower potential saved in potlA.out in eV'
call potlsave (I)

endif

if (isavpotB .eq. I) then
write(6,*)'Upper potential saved in potlB.out in eV'
call potlsave(2)

endif
c

c initialise wavepacket file if isavde set

if (isavde .ne.-I) call initpktsav(isavde)
c
c Notes
c
c

c will save autocorrelation function (overlap between t=0 zpsi and
c t=novlp*novsav*delt zpsi) at intervals determined by novsav
c and will Save the wavepacket in its entirety every npktsav point in time
c

tj=0.0d00
c

c Clear the overlap array
c

do 5 it=l, nFFT
zovlp (it) =zero

5 continue
c

c Generate the wavefunction on the ground state surface that determines the

c initial wavepacket. Generate zpsiBl by second order Runge kutta. This
c step is required to evaluate the time derivative in 2hd order differencing
c later on.
c

call initB(ti,zpsiB0, zpsiBl)
c

c Store the t=0 wavepacket for future use to calculate autocorrelation.
c

do i0 ix=l,nxpts
zpsiA0 (ix) =zpsiB0 (ix)

i0 continue

novlp=l

call ovlp(zpsiA0, zpsiB0,zovlp(novlp))

npacket=0
c

c save the zero wavepacket and derivatives to disk

if (isavde.ne.-l) call pktsav(zpsiB0,ti,npacket, 0)
if (isavde) 778,778,777

777 iderflag=!
778 call chk(2,ti, zpsiB0,rsnorm, Have)

write (6, 877) 'Norm of initial wavefn is ',rsnorm
write (2, 877) 'Norm of initial wavefn is ',rsnorm

write(6,878)'Energy (on upper surface) <H> =',Have/rsnorm,
% ' ',Have*harwn/rsnorm,' cm-l'

write (2, 878) 'Energy <H> =',Have/rsnorm,' ',
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& Have*harwn/rsnorm,' cm-l'
877 format (a, f12.6)
878 format (a, fl0.5, a, fl0.2, a)

write (6, *)
iderflag=0

c npacket =npacket + 1
c

c Start the propagation ....................
c Perform this by second order differencing (Kosloff)
c

do I00 it=l,ntmax

c check to see if we need to store overlap and/or write wavepacket to disk
if (mod(it,novsav) .eq. 0) then

novlp=novlp+l
call ovlp(zpsiA0,zpsiBl,zovlp(novlp))

endif

if (mod(it,npktsav) .eq. 0) then
if (isavde) 781,780,779

779 iderflag=l
780 npacket=npacket+l

call pktsav(zpsiBl,ti,npacket,0)
781 call chk(2,ti,zpsiBl,rsnorm, Have)

ti=it*delt

965 format (a, i6, a, f8.3)
write(6,965)'Timestep ', it, ', t = ', ti*atu
write(2,965)'Timestep ', it, ', t = ', ti*atu
write(2,877)'Norm of wavefunction is ', rsnorm
write (6,877)'Norm of wavefunction is ',rsnorm
if (rsnorm .gr. 2.0d00) then
write(6, *) 'Exceeded reasonable norm - terminating...'
stop

endif

write (6,878) 'Energy <H> =',Have/rsnorm,
^ ' ',Have*harwn/rsnorm,' cm-l'

write(2,878)'Energy <H> =',Have/rsnorm,' ',
^ Have*harwn/rsnorm,' cm-l'

write (6, *)

iderflag=0
endif

c determine the new wave function zpsiB2 from zpsiB0 and zpsiBl
call psi2(2,ti,zpsiB0,zpsiBl,zpsiB2)

c now we have zpsiB2 prepare for next step of propagation
c

call vcopy(nXpts, zpsiBl,zpsiB0)
call vcopy(nXpts, zpsiB2, zpsiBl)

c

c now round propagation loop again .....
c

I00 continue
close (2)

C Implicitly closes up the wavepacket file... (?)
c close(9)

c Wavepacket (and derivs) stored on disk for inspection and graphing,
c Now store Overlap for inspection of Autocorrelation function

call savovlp(zovlp, novlp)

c forward fourier transform for absorption (photoelectron) spectrum here
c Include a dephasing constant gamm to give finite width to peaks or to
C simulate experimental resolution.
C Include C(-t) at tail end of array zovip (in wrap around order) forcing
c C(-t)=C(t) so that absorption spectrum is real...

do 872 iFT=I,nFFT/2+I
ti=(iFT-l) _deltwnovsav

zovlp (JFT) =zovlp (iFT) *exp (-gamm*ti**2)
872 continue

do 560 iFT=nFFT/2+2,nFFT
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jFT=nFFT-iFT+2
zovlp(iFT)=dconjg(zovlp(jFT))

560 continue

write(6,*)'Performing final fast Fourier Transform'
call FFT(zovlp, nFFT, I)

c

c At the moment are using a two sided C(t) and checking I (w) to be real
c

domega=2.0d0*pi/(nFFT*delt*novsav)
absmax=0.0

jFT=0
do 120 iFT=_,nFFT

vl=(iFT-l)*domega
if (vl .ge. Espmin .and. vl .le. Espmax) then

jFt=jFT+I
omega (jFT) =vl
Eprsq (jFT) =dreal (zovlp (JFT))
if (Eprsq(jFT).it.0.0) Eprsq(jFT)=0.0d0
if (Eprsq(jFT).gt. absmax) absmax=Eprsq(jFT)

endif
120 continue

ninit=l

nfin=jFT
c Save spectrum(omega is in circular wavenumbers)

call savabs(omega,Eprsq, ninit,nfin,absmax)
c
c ...... All Done ................
c

stop
end

c
c

subroutine const()
C ..ww_._w***_w,_w.ww**w***

C ***read the needed data and also define some useful constants.

implicit double precision (A-H,O-Y)
implicit complex*16 (z)

parameter (npts=1024,nFFT=8192)
common/convert/harev,evwn,a0,amu,emu,harwn,amass,atu
common/const0/ zero, zeye, pi,c, twopi, sqrtpi,pisq
common/constl/ xmas, hb

common/const3/tmax,ntmax,delt,iderflag
common/const4/xmin,xmax, nXpts,dx,npacket
common /con st 6/ gamm
common/const7/ Espmin, Espmax,domega, novsav,npktsav

C
C set conversion factors

harev = 27.211608d0
evwn = 8065.479d0
aO = 0.52917706d0
amu = 1822.882d0
emu = 9.109534d-31
harwn = harev*evwn
amass = 1.66056d-27
atu=0.024199d0

C set const0

zero=dcmplx(0.0d00,0.0d00)
zeye=dcmplx(0.0d00,1.0d00)
pi = dacos(-l.0d00)
twopi= 2*pi
sqrtpi= dsqrt(pi)
pisq=pi*pi
c=2.99792458di0
hb=l.0d0

c speed of light in cm/s and hbar in atomic units
C
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C set constl (expect mass in amu )
read(l,*) xmas
xma s=xmas *amu

C set const3 (expect in a.u.)
read(l,*) tmax, delt
ntmax=tmax/delt

C set const4 (expect in angstroms)
read(l,*) xmin,xmax,nXpts
xmin=xmin/a0
xmax=xmax/a0

dx= (xmax-xmin)/nXpts

call potread()

C set const6

C set dephasing constant gamma (in atu**-2)
C If user enters zero then use optimal window function
C See Numerical recipes...

read(l, *)
if (gamm .eq. 0.0) gamm=5.0000/tmax/tmax

C
C set const7

c min and max energies of output spectrum (expected to be in eV.)
read(l,*) Espmin, Espmax

Espmin=Espmin/harev
Espmax=Espmax/harev

c converted to circular frequency in a.u. (this is equiv, to hartrees)
C

C set up counting variables
c

c save autocorrelation function (overlap between t=0 zpsi and
c t=novlp*novsav*delt zpsi) at intervals determined by novsav and
c Save the wavepacket in its entirety every npktsav point in time
c These are ignored right now .........

read (i, *) novsav, npktsav
if ( (2*ntmax/novsav) .gr. nFFT) then

write(6,*)'Too many overlap points - alter novsav'
stop

endif

c
return
end

c
c

subroutine potread()
tW* _** *WWW WW _WW** * W_ _****W_ WW ** _*WW*W*W****_*WW_* ****

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
double precision ide, lre, lb
parameter (npts=1024)

common/convert/harev, evwn, aO, anu, emu, harwn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas, hb

common/const2/x0A, xomegA, v0A, xwexeA, dea, xalphaA, x0B,
xomegB, xwexeB, deB, xalphaB, v0B

common/const4/xmin, xmax, nXpts, dx, npacket
COMMON/LEPS/LDE (3) ,LRE (3) ,LB(3) ,AM(3), DELTA (3) ,RCA
common/pot/zpot (npts, 2)
common/pottyp/ipottypA

C This routine reads in potential parameters for both surfaces and then
C stores potential at each grid point to save further computation.

C Read anion potential first

C set the potential by reading potential type
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read (i, *) ipottypA
if ((ipottypA .gr. 3) .or. (ipottypA .lt. 0)) then
write(6,*)'Problem with potential type in input deck'
stop

endif

C For each type read relevant parameters:
C (expect x0 in Angs, omega, and wexe in cm-I and Vo, De in eV, alpha in Angs-l)

if (ipottypA .eq. 0) then
read (I, *) x0A, deA, xalphaA, v0A

C convert to au

x0A=x0A/a0
deA=deA/harev

xalphaA=xa iphaA* a 0
xwexeA=xalphaA* "2/(2.0* xmas )
xomegA=dsqrt (4.0*xwexeA*deA)
v0A=v0A/harev

call morse (l, x0A, deA, xalphaA, v0A)

endif

if (ipottypA .eq. i) then
read (i, *) x0A, xomegA, xwexeA, v0A

C convert to au
x0A=x0A/a0

xomegA=xomegA/harwn
xwexeA=xwexeA/harwn
v0A=v0A/harev

C If Morse, convert potential parameters to reciprocal bohr and hartrees...
if (xwexeA .ne. 0.0d00) then

xalphaA=dsqrt (2.0d00*xmas*xwexeA)
deA=xomegA* *2/(4.0d00*xwexeA)
ipottypA=0
call morse (l, x0A, deA, xalphaA, v0A)

else

call harmonic(l,xmas,x0A,xomegA, v0A)
endif

endif

if (ipottypA .eq. 2) then
write(6,*)'Leps not supported for anion'
stop

endif

if (ipottypA .eq. 3) then
read (i, *) v0A
v0A=v0A/harev

open (7, file=' pot. in' )
do 821 ix=l,nxpts

read (7, .) pot
zpot (ix, i) =pot+v0A

821 continue
endif

C Now read neutral (B) potential :

read(l, ")ipottypB
if ((ipottypB .gr. 3) .or. (ipottypB .lt. 0)) then
write(6,")'Problem with potential type in input deck'
stop

endif

if (ipottypB .eq. 0) then
read (i, *) x0B, deB, xalphaB, v0B
x0B=x0B/a0
deB=deB/harev

xalphaB=xalphaB*a0
xwexeB=xalphaB**2/(2.0*xmas)
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xomegB=dsqrt(4.0*xwexeB*deB)
v0B=vOB/harev

call morse(2,x0B, deB, xalphaB, v0B)
endif

if (ipottypB .eq. i) then
read(l,*)x0B,xomegB, xwexeB, v0B

x0B=x0B/a0

xomegB=xomegB/harwn
xwexeB=xwexeB/harwn
v0B=v0B/harev

if (xwexeB .he. 0.0d00) then

xalphaB=dsqrt(2.0d00*xmas*xwexeB)
deB=xomegB**2/(4.0d00*xwexeB)
ipottypB=0
call morse(2,x0B, deB,XalphaB,v0B)

else

call harmonic(2,xmas,x0B,xomegB, v0B)
endif

endif

if (ipottypB .eq. 2) then
C Read in three atom masses in ainu of atom A,B,C repectively

read(l,*) v0B
v0B=v0B/harev

READ(l,*) AM (i), AM(2), AM (3)

C For each pair of atoms input the parameters De, Beta, Re, Sato
C where De (in eV); Beta (in Angs. -I); Re (in Angs.)
C In the order atoml-atom2 (A-B), atom2-atom3 (B-C) and then atoml-atom3 (A-C)

DO 2050 I=i,3
IF (I.EQ.3) THEN
J=l

ELSE
J=I+l

ENDIF

READ(l,*) LDE(I),LB(I),LRE(I),DELTA(I)
C convert to kJ/mol and nm-l, nm

ide (i) =Ide (i) *96.485
ib (i) =ib (i) *I0.0
Ire (i) =ire (i)/i0.0

2050 CONTINUE

C Now input the value of Rac that you want ID cut at (in Angstroms)
READ(I,*) RCA
rca=rca/10.0

C potential routine hardwired to expect kJ/mol and nm, nm-I !
call lepstore(v0B)

endif

if (ipottypB .eq. 3) then
read(l,*)v0B
v0B=v0B/harev

open(7,file='potB.in')
do 822 ix=l,nxpts

read(7,*)pot

zpot(ix,2)=pot+v0B
822 continue

endif

C Now zpot array contains A and B potentials at nXpts on grid
return
end

C **********************************************

subroutine initB(ti,zps±BO, zpsiB1)

c

c initialize the wavefunction arrays and then evolve this wavepacket
c using second order runge-kutta.
c
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implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
parameter (npts=1024)
dimension zpsiB0(1),zpsiBl(1)
dimension zpsiBI(npts),zHpsiBI(npts),zHpsiB0(npts)

common/conve rt/harev, evwn, aO, amu, emu, harwn, amass, atu

common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas, hb

common/const2/x0A, xomegA, v0A, xwexeA, dea, xalphaA, x0B,
xomegB, xwexeB, deB, xalphaB, v0B

common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpts, dx, npacket
common/pot typ/ipot typA

C

c place the initial wavepacket on surface A discretize it.
C If using a fully flexible potential, ie from a file, then need the
C initial (ground) wavefunction of the ground state surface supplied
C explicitly: use anionwf subroutine that reads ld wavefunction from file

, C in the format produced by the FCF program of Ellison.

if (ipottypA .eq. 3) then
call anionwf(l,zpsiB0)

else

if (ipottypA.eq. i) then
C else if using Harmonic/Morse potential then call respective routine

C that produces ground state wavefunction
call initWF(zpsiB0)

else

._all morsewf(zpsiB0)
endif
endif

C Check the norm and energy of the stationery state on the lower potential
call chk(l,ti,zpsiB0,rsnorm, Have)
write (6, *)
write(6,877)'Norm of initial wavefn is ',rsnorm
write(6,878)'Energy (on lower surface) <H> =',Have/rsnorm,

# ' ',Have*harwn/rsnorm,' cm-l'

write (6, *)
877 format (a, f12.6)

. 878 format (a, fl0.5, a, f10.2, a)
c

c evolve this wavefunctions for time delt/2 on the surface

call Hpsi(2,ti,zpsiB0, zHpsiB0)
do 20 ix=l, nXpts

zpsiBI(ix) = zpsiB0(ix) - zeye *(delt/2.00d00)*zHpsiB0(ix)/hb
20 continue

c Second order Runge Kutta using the intermediate derivative.
call Hpsi(2,ti, zpsiBI,zHpsiBI)
do 30 ix = !, nXpts

zpsiBl(ix)=zpsiB0(ix) - zeye*delt"zHpsiBI(ix)/hb
30 continue
c

return
end

c

subroutine initWF(zpsiA0)

c
c initialize wavefunction on lower surface A
c

implicit double precision (A-H,O-Y)

implicit complex'16 (z)
dimension zpsiA0(1)

common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas, hb

common/const2/x0A, xomegA, v0A, xwexeA, dea, xalphaA, x0B,
xomegB, xwexeB, deB, xalphaB, v0B
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common/const 4/xmin, xmax, nXpts, dx, npacket
C

C Initial wavefn on surface is ground harmonic oscillator

C Only does the ground state wavefunction (lowest quantum
C state); for higher vibrational wavefunctions see the 2d code

if (xomegA .eq. 0.0dO0) then
write(6,*)'No initial wavepacket as no omega available'
stop

endif
xt=x0A

pr=0.0d00
zat=dcmplx (0. Od00, xmas *xomegA/2.0d00 )
gr=- (hb/4.0d00) *dlog (2*dimag (zat) / (pi*hb))
zgt=dcmplx (0.0d00, gr)

c

c write (2,910) xt,pt, zat,gt
910 format (5(Ix,el3.6))
c

do 10 ix=l, nXpts
xi=xmin + (ix-l)*dx

zarg=zat * (xi-xr)* (xi-xr) + pr* (xi-xr) + zgt
zpsiA0(ix)= exp(zeye*zarg/hb)

10 continue
c

return
end

c

subroutine psi2(ipot,ti,zpsiA0, zpsiAl,zpsiA2)
C ************************************************************

c

c evaluate the new wavefunction zpsi2 from the old ones zpsi0 and zpsi2
c

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
parameter (npts=1024)
dimension zpsiA0(1),zpsiAl(1),zpsiA2(1),zHpsiAl(npts)

common/const0/ zero, zeye, pi, c,twopi, sqrtpi,pisq
common/constl/ xmas, hb

common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpts, dx, npacket

c

c compute H*zpsil (*) :
call Hpsi(ipot,ti,zpsiAl,zHpsiAl)
do i0 ix = i, nXpts

zpsiA2(ix)=zpsiA0(ix) - 2.0*zeye*delt*zHpsiAl (ix) /hb
i0 continue
c

return
end

C *eW WW_rWWWWW WW_*_WW* f_ WW*_ _**_*WW_W*WW_WWWW**

subroutine Hpsi(ipot,ti,zpsiA, zHpsiA)
C **_ _WW*W*W WW**WW_* _W_WWWW_* WW W_W_ W*_WWW*_WWWW

c
c

c compute H * psi = { KE + PE } * psi(x)
c

implicit double precision (A-H,O-Y)
implicit complex'f6 (z)
parameter (npts=1024)
dimension zpsiA(1), zHpsiA(1)

dimension zpsiPE(npts),zpsiKE(npts)
common/const0/ zero, zeye, pi, c, twopi, sqrtpi,pisq
common/constl/ xmas, hb

common/const3/tmax, ntmax, delt, iderflag
common/const4/xmin, xmax, nXpts, dx, npacket

c
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call KEmat(zpsiA, zpsiKE, ti)
call PEmat(ipot, zpsiA, zpsiPE)

c

do i0 ix = i, nXpts
zHpsiA(ix)=zpsiPE(ix) + zpsiKE(ix)

I0 continue
c

if (iderflag .eq. i) then
c write(9, *) 'This is the second derivative ..... '

npacket =npacket + 1
call pktsav(zpsike,ti,npacket,-l)

c write (9, *) 'This is the Vpsi ..... '
npacket =npacket + 1
call pktsav(zpsipe, ti,npacket,-2)

c write(9, *) 'This is the Hpsi ..... '
npacket=npacket+ 1
call pktsav(zHpsiA, tJ.,npacket,-3)

endif
c

return
end

c

subroutine KEmat(zpsiX, zpsiK,t)
C ***_**W*W*_ WW*W _*** W W W***_W***WW*WW WW WWW* W* WW*W e_ We*

c

c computes (-.hb**2)/(2"xmas))*(d/dx)**2[zpsiX] = zps_K
c note zpsix (1) <-> zpsi(x0), zpsi(nXpts) <-> zpsix(xf), etc.
c uses forward and backward FFT to evaluate 2hd derivative
c

implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
dimension zpsiX(1),zpsiK(1)

common/const0/ zero, zeye, pi,c,twopi,sqrtpi,pisq
common/constl/ xmas, hb

common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpt s, dx, npacket

c

c

c backward fourier transform : zpsiX(x) => zpsiK(k)
c

isign=-I

do I0 ix=l, nXpts
I0 zpsiK (ix) =zpsiX (ix)

call _FT(zpsiK,nXpts,isign)
if (iderflag .eq. i) then
npacket=npacket+l
call pktsav(zpsik,t,npacket,-4)

endif
c

c compute the second derivative in the momentum domain.
L=nXpt s/2
do 20 k=0,nXpts-I

if (k .le. L) then

zpsiK(k+l)= -k'K'zpsiK(k+l)/nXpts
else

zpsiK (k+l) =- (nXpts-k) * (nXpts-k) *zpsiK (k+l)/nXpts
endif

20 continue
c

c

c forward transform : zpsiK(k) => zpsix(x)
isign=l

call FFT(zpsiK,nXpts,isign)
c
c scale results

xL= xmax-xmin

c] = -0.Sd00*hb*hb/xmas
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C2= 4*pisq/(xL*xL)
c = ci*c2

do 30 ix=l,nXpts
zpsiK(ix)= c*zpsiK(ix)

30 continue
c

return
end

c

c

c calculate zpot(x)*zpsiX=zpsiP

c note zpsiX(1) <-> zpsiX(x0), zpsiX(nxpts) <-> zpsiX(xf), etc.
c

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
dimension zpsiX(1),zpsiP(1)
parameter (npts=1024)

common/const4/xmin, xmax, nXpts, dx, npacket
common/pot/zpot (npts, 2 )

c

do '_0 ixffil,nXpts
zpsiP (ix) =zpot (ix, ipot) *zpsiX (ix)

i0 continue
c

return
end

C *****************************************************

subrout ine harmonic (ipot, xmas, x0, xomeg, v0 )
C *****************************************************

implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
parameter (npts=1024)

common/convert/harev, evwn, aO, ainu,emu, harwn, amass, atu
common/const 4/xmin, xmax, nXpt s, dx, npacket
common/pot /zpot (npt s, 2 )

C Establish shelf for maximum value of potential so as to minimize
C unnecessary reduction of the time step.

shelf=2.0/harev

write (6,*)'Establishing shelf in harmonic potential',ipot
write(6,*)'so that full range of potential energy is '
write (6,99) 'no greater than ',shelf*hater,' eV'

99 format (a, fS. i, a)
write (6, *)

do 120 ix=l,nXpts
xiffixmin + (ix-l)*dx

zpot(ix, ipot)= 0.50d00*xmas*(xomeg*(xi-x0))**2 + v0
if (real(zpot(ix, ipot))-v0.gt.shelf) zpot(ix, ipot)=shelf+v0

120 continue
return
end

c

subroutine morse(ipot,x0,de,xalpha,v0)
C *_**_ ww *_ _w_* #w_*_ w_ w*ww*_*w**ww w**ww*_Wwww*eW***wW,W**

implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
parameter (npts=i024)

common/convert/harev, evwn, a0, amu, emu, harwn, amass, atu
common/const4/xmin, xmax, nXpts, dx, npacket
common/pot/zpot (npts, 2)

C Establish shelf for maximum value of potential so as to minimize
C unnecessary reduction of the time step.

shelf=2.0/harev
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write (6,*)'Establishing shelf in Morse potential',ipot
write (6,*)'so that full range of potential energy '
write (6, 99)'is no greater than ',shelf*harev,' eV'

99 format (a, f5. i, a)
write (6, *)

do 120 ix=l,nXpts
xi=xmin + (ix-1)*dx

zpot (ix, ipot)= de*(l.0d00-dexp(-xalpha*(xi-x0)))**2 + v0
if (real (zpot (ix, ipot))-v0.gt.shelf) zpot(ix, ipot)=shelf+v0

120 continue
return
end

c

subroutine potlsave (ipot)
C ***************************************

c

implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
parameter (npts=1024)
common/const4/xmin, xmax, nXpts, dx, npacket
common/pot/zpot (npts, 2)

c

if (ipot .eq.l) open(3,file='potlA.out')
if (ipot. eq.2) open(3,file='potlB.out')
do i0 ix=l,nXpts
xi=0. 529177* (xmin+ (ix-1) *dx)

a=dreal (zpot (ix, ipot) )*27.2116d00
write (3,930) xi, a

930 format (2x, f8.3,2x, f20. I0)
10 continue

close (3 )
return
end

c
c
C ***************************************

subroutine Vcopy(n, zA, zB)
C ***************************************

c

c copy a vector of length N from zA to zB
c

implicit complex*16(z)
dimension zA(1), zB(1)

c

do 10 ix=l,N
zB(ix) = zA (ix)

i0 continue
c

return

end
c
C ***************************************

subroutine FFT(x,n, isign)
C **_***Wt _W*W_WWWR_ _*WW*WW*WWWWWWW* _WW*

c

c * The computes screte fast Fourier transform of a *
c * sequence of n terms.
c * The forward FFT computes *

c * y(j)= sum (from k=0 to n-l) x(k)_exp(2*pi*i*j*k/n) *
c * the backward FFT computes *
c " y(j)= sum (from k=0 to n-l) x(k)"exp(-2*pi*i*j*k/n) *

c " x is a complex array of length n. *
c * n is a power of 2. n<=16384 *

c * isign is the direction of the transform. If isign >= 0 then*
c * the fft is forward , otherwise backward. *
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C *

c * Ref. Cooley, Lewis, Welch. The FFT and its applications *
c * IEEE Trans. on Education, vol. E-12 #I; p. 29 *
c ***************************************************************
c

implicit double precision (A-H,O-Y)
complex*f6 s,v,w,x(n),cstore(16384)
data ntbl/0/

c

c The roots of unity exp(pi*i*k/j) for j=l,2,4,..,n/2 and k=0,1,2,..,j-I
c are computed once and stored in a table.
c This table is used in subsequent calls of fft with parameter n<=ntbl
c

if (n .gr. ntbl) then
ntbl=n

pi=3. 14159265358979d00
j=l
icnt=0

I0 s=pi* (0, i)/j
do 20 k=0,j-I

icnt=icnt+l

20 cstore (icnt) =exp (s'k)
j--j+j
if (j .lt. n) goto I0

endif
c
c ******Bit reversal *********_
c

c the x(j) are permuted in such a way that each new place number j is
c the bit reverse of the original placenumber.
c

j=l
do 30 i=l, n

if (i .le. j) then
v=x (j)
x(j)=x(i)
x (i)=v

endif
ro=n/2

25 continue

if (j .gt. m) then

j=j-m
m=m/2

if (m .ge. I) go to 25
else

j--j+m
endif

30 continue
c

c ********_***Matrix multiplication**************"
c

c the roots of unity and the x(j) are multiplied
c

j=l
icnt=0

40 jj=j+j
do 50 k=l, j

icnt=icnt+ 1
w=cstore (icnt )

if (isign .lt. 0) w=dconjg(w)
do 50 i=k,n, jj

v=w"x (i+j)
x(i+j)=x(i)-v

50 x(i)=x(i)+v

j=jj
if (j .lt. n) goto 40

c
return
end
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c

subroutine chk(ipot,ti, zpsiA, rnorm, Hav)
C ************************************************

c
c

c Check that norm and energy are conserved
implicit double precision (A-H,O-Y)
implicit complex*16 (z)
dimension zpsiA(1)

call chknrm(zpsiA, rnorm)
call chken(ipot,ti, zpsiA, Hav)

return
end

c

c
C *WW*WWW*W***WW*W_*WW***W*_W**W_ W**e*W W*_W WW*W*W***

subroutine chknrm (zpsi, rnorm)
C W** W_*_*W*W_WW** W* WWW* WW**W*WW***W**WW****W* W**

c

c Check that the norm is conserved during numerical integration of TDSE.
implicit complex*16 (z)
implicit double precision (A-H,O-Y)
parameter (npts=1024)
dimension zpsi(1),psisq(npts)
common/const4/xmin, xmax, nXpts, dx, npacket

c

do I0 ix=l,nXpts
rpsi=dreal (zpsi (ix))
aipsi=dimag (zpsi (ix))
psisq (ix) =rpsi*rpsi+aipsi*aipsi

I0 continue
c

call simpint(nXpts,psisq, dx, rnorm)
c

return
end

c
C WW_ WWW*WW*WWW** WWW*WWW**WWe*WWW*_ WWW_*W*WWW_W*WW*

subroutine chken(ipot,ti, zpsiA, Hav)
C *************************************************

c

c check that energy is conserved during numerical intergration of the TDSE
implicit double precision (A-H,O-Y)
implicit complex*16 (z)
parameter (npts=1024)

dimension zpsiA(1), zHpsiA(npts),psiHpsi(npts)
common/const4/xmin, xmax, nXpts, dx, npacket

c

call Hpsi(ipot,ti,zpsiA, zHpsiA)
do I0 ix=l,nXpts

psiHpsi (ix) =dreal (dconjg (zpsiA (ix)) *zHpsiA (ix))
I0 continue
c

call simpint(nXpts, psiHpsi,dx,Hav)
c

return
end

c

subroutine simpint(nx, fl,dx, fint)
C _WWW_ W_ _W*%W_e_*WWW*_WW_*WW_WWWWWW_W*WWWW_W

c
c

c Simpson Rule integrator. This subprog _m calls the trapezoidal
c integrator twice. Because of cancellat_on of errors the result is
c accurate to the the order of (I/nx*"4)
c

c Rule valid only when nx odd. Hence for even nx the last piece of area
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c under ft(nx-1) and f2(nx) is added by trapezoidal rule.
c

c Reference 'Numerical recipes' Press, Flannery, Teukolsky, Vetterling
c Cambridge University Press, Cambridge (1986)
c

parameter (nypts=1024)
implicit double precision (A-H,O-Y)
dimension fl(nypts),f2(nypts)

c
c define :

dxl=_x
dx2=2.0d00*dx
ixn=0

c

if (nx .gr. nypts) then
write(6,*) ' simpint : nx .gr. nxpts = ', nypts
endif

c

if ((mod(nx,2) .eq. 0)) then
nxl=nx-I
nx2=0.50d00*nxl+l
fint=0.50d00*dx" (fl (nx-l) + fl (nx))

else
nxl=nx
nx2=0.50d00*nxl+l
fint=0.0d00

endif
c

c copy the odd elements of farray into f2
do i0 ix=l,nxl,2
ixn=ixn+l

I0 f2 (ixn) =fl (ix)
c

c Now integrate fl, f2 in two pieces.
c

call trapint(nxl, fl,dxl,fintl)
call trapint(nx2, f2,dx2,fint2)
fint=fint+(4.0d00*fintl - fint2)/3.0d00

c

return
end

c
c

C ***************************************************

subroutine trapint(npts, f,dx, fint)
C ***************************************************

c

implicit double precision (A-H,O-Y)
dimension f(npts)

c trapeziodal rule integrator for f(1)-f(npts) <-> f(x0)-f(xf)
fint=0.

c

do i00 i=2,npts-I
fint=fint+f (i)

i00 continue
c

fint=fint+ (f (I) +f (npts))/2.0d00
fint=fint"dx

c

return
end

c

subroutine ovlp(zpsil,zpsi2, ovp)

c

c finding the overlap integral
c

implicit double precision IA-H,O-Y)
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implicit complex_16 (z)
parameter (npts=1024)
dimension zpsil (1),zpsi2(1),zprod(npts)
common/const4/xmin, xmax, nXpts, dx, npacket

c

do i0 ix=l,nXpts
zprod (ix) =dconjg (zpsil (ix)) *zpsi2 (ix)

i0 continue
c

call zsimpint(nXpts,zprod, dx, zovp)
c

return
end

c
C *************************************************

subroutine zsimpint(nx, zfl,dx, zint)
C *************************************************

c

c complex simpsons rule integrator
c

implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
parameter (nypts=1024)

dimension zfl (nypts),zf2(nypts)
c

c define :
dxl=dx
dx2=dx*2.
ixn=0.

c

if (nx .gr. nypts) then
write(6,") ' zsimpint : nx .gr. nypts = ', nypts
endif

c

if ((rood(nx,2) .eq. 0)) then
nxl=nx-I
nx2=0.50d00*nxl+l

zint=0.50d00*dx* (zfl (nx-I) + zfl (nx))
else

nxl=nx
nx2=O .50dOO*nxl+l
zint=0.0d00

endif
c

c copy the odd elements of zfl array into zf2
do i0 ix=l,nxl,2
ixn=ixn+l

i0 zr2 (ixn)=zf! (ix)
c

c Now integrate zfl, zr2 in two pieces.
c

call ztrapint (nxl,zfl,dxl,zintl)
call ztrapint (nx2,zf2,dx2,zint2)
zint=zint+(4.0d00*zint! - zint2)/3.0d00

c

return
end

c

subroutine ztrapint(npts, zf,dx, zint)
C ***************************************************

c

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
dimension zf(npts)

common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
c trapeziodal rule integrator for f(1)-f(npts) <-> f(x0)-f(xf)

zint=zero
c
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do I00 i=2,npts-I
zint=zint+zf (i)

i00 continue
c

zint=zint+(zf(1)+zf(npts))/2.0d00
zint=zint*dx

return
end

c
C *************************************************************

subroutine savabs(arrayl,array2,ninit,nfin,absmax)
C *************************************************************

c

c save arrays
c

implicit double precision (A-H,O-Y)
implicit complex*16 (z)
dimension arrayl(1),array2(1)
common/cons%0/ zero, zeye,pi,c,two_i,sqrtpi,pisq

c

900 format (2(2x, f20.10))
c

write(6,*)'Writing absorption spectrum to absspec.out'
open (file='absspec.out', unit=8)
write (8,900) 0.0, 0.0

do 120 iw=ninit,nfin

c convert omega from a.u. to eV.
write (8,900) arrayi (iw) *27.2116, array2 (iw)/absmax

120 continue
C

close (8)
c

return
end

C *************************************************************

subroutine savovlp(zsav, novlp)
C *************************************************************

c

c save overlap (autocorrelation function)
implicit double precision (A-H,O-Y)
implicit complex*16 (z)
dimension zsav(1)

common/const3/tmax, ntmax, delt, iderflag
common/cons%7/ Espmin, Espmax, domega, novsav, npktsav
common/cons% 6/gamm

c

900 format (f9.2, Ix, f9.3, ix, f18.15, Ix, f18.15, ix, f18.15)
901 format (f9.3,2x, f18.15)

open(file='auto.dat', unit=8)

open(file='auto.pic', unit=7)
do I00 it=l,novlp
ti=novsav"(it-l)*delt
t fs=tj*2.4199d-2
re=dreal(zsav(it))

ai=dimag (zsav (it))
amod=dsqrt(re're+ai"ai)
write (8,900) ti, %fs, re, ai, amod
write (7,901) tfs,amod*exp(-gamm*ti**2)

I00 continue

close (8)
close (7)
return
end

wave2.f
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C ************************************************************

subroutine pktsav(zpsi,time,npkt, itype)

c Save the wavepacket at several shots in time in the same file
implicit double precision (A-H,O-Y)
implicit complex*f6 (z)
character char*l
character charl*4

dimension zpsi(1)
common/convert/harev, evwn, a0, amu, emu, harwn, amass, atu
common/const4/xmin, xmax, nXpts, dx, npacket

.C Append the new packet to the file
open (9, file=' wavepkt, out', fileopt=' eor' )

c

c And add extra record to the open random access file
c

900 format (f7.3,2x, f16. i0,2x, f16. I0,2x, f16. I0)
901 format (1024 (f16.10,2x))
910 format (ix, i3, 3x, f7. i, 3x, f7.3, 2x, a4)

t fs=time*atu

if (itype .eq.-i) char='T'
if (itype .eq. -2) char='V'
if (itype .eq. -3) char='H'
if (itype .eq.-4) char='k'
if (itype .eq. 0) char=' '
charl=char//' psi'
write (9,910) npkt, time, rf s, charl
do I00 ix=l,nXpts

xi=xmin+ (ix-1) *dx
xiA=xi*a0

re=dreal (zpsi (xx))
ai=dimag (zpsi (ix))
amod=dsqrt (re*re+ai*ai)
write (9,900) xiA, re, ai, amod

i00 continue

write (7,901,rec=npkt+2) (abs(zpsi(i)),i=l,nXpts)
c Close the sequential file so it is backed up

close (9)
return
end

subroutine initpktsav(isavde)

implicit double precision (A-H,O-Y)
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu

common/const3/tmax, ntmax, delt, iderflag
common /con st 4/xmin, xmax, nXpt s, dx, npacket
common/const7/ Espmin, Espmax, domega, novsav, npktsav
integer*4 irec

irec=nXpts* 18+1
size=float (irec* (isavde*4 +I) *ntmax/npktsav)
if (size .gr. i00000.0) then

write(6, W)'Too many wavepackets to save - thats 1 meg of storage!'
endif

istat=system('alias rm rra')
istat=system('rm -f wave.drw')
istat=system('rm -f wavepkt.our.')

write(6,*)'This version backs up the wavepacket file, and creates a
wave. drw file'

write(6,*)'"*** I HAVE Removed old wave.drw and wavepkt.out **_*'
open (7, file=' wave.drw', access=' direct', form=' formatted' ,recl=irec)
tlastpkt=int (ntmax/npktsav) *npktsav*delt
write(7,900,rec=l) isavde, irec, xmin*a0, xmax*a0, nXpts, 0.0,

& tlastpkt*atu, ntmax/npktsav+l
900 format(il,2x, i4,2x, f6.3,2x, f6.3,2x, i4,2x, f6.3,2x, fl2.3,2x, i3)

return
end
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lepsl.f

C Create a LEPS potential for a triatomic system.
C See Smith p. 44
C Indices:
C I = ab
C 2 = bc
C 3 = ca
C
C Variables:

C R(1) = ab distance (nm)
C Delta(l) = (I/S(1)) - I, where S is Sato Parameter
C De(l) = dissoc limit of ab (kJ/mol)

C Re(l) = equilibrium ab bond length (nm)
C B(1) = width of potential for _ab (nm -I)
C M(1) = mass of atom a (amu)
C

C Functions:
C V(R(1), R(2), R(3)) = LEPS potential (kJ/mol)
C Q(I,R(1)) = Q for ab and Rab
C AJ(I,R(1)) = J for ab and Rab
C VM(I,R(1)) = Morse potential for ab and Rab
C VaM(I,R(1)) = anti-Morse potential for ab and Rab
C
C

FUNCTION VM(I, R)
IMPLICIT DOUBLE PRECISION(A-H,O-Z)

DOUBLE PRECISION LDE,LRE,LB
parameter (npts=1024)

COMMON/LEP S/LDE (3 ), LRE (3), LB (3 ), AM (3), DELTA (3 ), RCA
X = -LB(I)*(R - LRE(I))
VM = LDE(I) * (DEXP(2.0*X) - 2.0*DEXP(X))
RETURN
END

C

FUNCTION VAM(I, R)
IMPLICIT DOUBL_[ ?RECISION(A-H,O-Z)

DOUBLE PRECISIO_ LDE,LRE,LB
parameter (npts=1024)
COMMON/LEPS/LDE (3), LRE (3), LB (3), AM (3), DELTA (3), RCA

X = -LB(I)*(R - LRE(I))
J VAM = LDE(I) * (DEXP(2.0*X) + 2.0*DEXP(X))/2.0

RETURN
END

C

i FUNCTION Q(I,R)
IMPLICIT DOUBLE PRECISION(A-H,O-Z)

DOUBLE PRECISION LDE,LRE,LB
parameter (npts=1024)
COMMON/LEPS/LDE (3), LRE (3), LB (3), AM (3), DELTA (3), RCA

Q = ((I.0 + DELTA(I))*VM(I,R) + (i.0 - DELTA(I)) * VAM(I,R))/2.0
RETURN
END

C

FUNCTION AJ(I, R)
IMPLICIT DOUBLE PRECISION(A-H,O-Z)
DOUBLE PRECISION LDE,LRE,LB
parameter (npts=1024)

COMMON/LEPS/LDE (3) ,LRE (3), LB (3), AM (3), DELTA (3), RCA



352

AJ = ((I + DELTA(I))*VM(I,R) - (i - DELTA(I)) * VAM(I,R))/2.0
RETURN
END

C

FUNCTION JSIGN(I,K)

IMPLICIT DOUBLE PRECISION (A-H,O-Z)
IF (I .EQ. K) THEN

JSIGN=I
ELSE
JSIGN=-I

ENDIF r_
RETURN
END

C ..... -- .....

FUNCTION ALV (RAB, RBC)
IMPLICIT DOUBLE PRECISION(A-H,O-Z)

DOUBLE PRECISION LDE,LRE,LB
parameter (npts=1024)
COMMON/LEPS/LDE (3) ,LRE (3), LB (3), AM (3), DELTA (3) ,RCA

DIMENSION R(3),T(3)
DOUBLE PRECISION JSUM

R(1) = RAB
R (2) = RBC
R(3) = RAB+RBC

QSUM = 0.0

DO i0 I = 1,3
T (I) =I. 0D0/(I .0D0+DELTA (I))
QSUM = QSUM + Q(I,R(I))*T(I)

10 CONTINUE

JSUM = 0.0

DO 20 I = 3, I,-i
DO 30 K = l,I
JSUM = JSUM + AJ(I,R(I)) * JSIGN(I,K) * T(I) * AJ(K,R(K)) * T(K)

30 CONTINUE
20 CONTINUE

ALV = QSUM - DSQRT(JSUM)
RETURN
END

C
C

C Asymmetric stretch potential
C k_

FUNCTION POTEN(DR)

IMPLICIT DOUBLE PRECISION(A-H,O-Z)
DOUBLE PRECISION LDE,LRE,LB
parameter (npts=1024)
COMMON/LEPS/LDE (3) ,LRE (3) ,LB (3) ,AM (3) ,DELTA(3) ,RCA L\

X = DR*0.052917706

C Convert from bohrs to nanometers

CIn this case Rac is distance between two heavy atoms
RAB = X
RBC = RCA - X

POTEN = ALV(RAB, RBC) /2625. 504
C Convert from KJ/mol to bar%rees

RETURN ',
END

C++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

subroutine lepstore(v0)
c++++++++4 +++++++++++++++++++++++++++++++++++++++++++++++++
c
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C Save the Leps potential in an array for later use...
C

implicit double precision (A-H,O-Y)

implicit complex*16 (z)
parameter(npts=1024)
double precision ide, lre, lb
common/const4/xmin, xmax, nXpts, dx, npacket
COMMON/LEPS/LDE (3), LRE (3), LB (3), AM (3), DELTA (3) ,RCA

common/pot/zpot (npts, 2 )
C

C Establish shelf for maximum value of potential so as to minimize

C unnecessary reduction of the time step.
C For LEPS set this at the three atom dissociation limit (0.0 eV)

shelf=0.0/harev

write(6,*)'Establishing shelf in LEPS potential'
write(6,*)'so that full range of potential energy is '
write(6,*)'no greater than from bottom of exothermic'
write(6,*)'channel valley to three atom dissociation'

do 120 ix=l,nXpts
xi=xmin + (ix-l)*dx

zpot(ix,2)=poten(xi)+v0
if (real(zpot(ix,2))-v0 .gr. shelf) zpot(ix,2)=shelf+v0

120 continue
return
end

C ************************************************************************

anionmorsewfl.f

C Anionwf stolen from READFCF8
C Read the wavefuction off the fort.4 file of a

C FCF program job (code of Ellison et al.)
C This can actually pull off any wavefunction (excited vibrational
C states) from the wavefunction calculated for the LOWER potential

C using that program. To use this feature change ILEVEL from 1 in
C calling routine

C This routine is mandatory if the user uses a general potential
C from a file for the LOWER potential in the wavepacket calculation
C

SUBROUTINE ANIONWF(ILEVEL, ZPSI)

IMPLICIT DOUBLE PRECISION (A-H,O-Y)
Implicit Complex*16 (z)
DIMENSION NEN(2),PCOEFS(2,6),XKOUT(75)
DIMENSION V(75,2),NPOT(2),E(2,50),VJ(2,70,50)
DIMENSION ZPSI(1)

common/const4/xmin,xmax, nXpts,dx,npacket

C
C Read data from file fort.4

C Lets allow the fort.4 file to have data about upper surface for compatibility
C

OPEN (4,FILE=' fort. 4' )

. READ (4,900) NOSC
900 FORMAT (I3)

IF(NOSC.EQ.I) THEN
READ (4,903) NEN(1),N

ELSE

READ (4,905) NEN(1),NEN(2),N
ENDIF

903 FORMAT(213)
905 FORMAT(313)

NKNOT = N + 4

READ(4,910) (XKOUT(I),I=I,NKNOT)
910 FORMAT(13(6FI2.6,/))
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READ(4,915) NPOT(1), (PCOEFS(I,I),I=I,6)
915 FORMAT (I2, 6F12.6)

READ (4,920) (V (I, I) , I=I,NKNOT)
920 FORMAT((6F12.7))

READ (4,925) (E (I, J) ,J=I,NEN (I))
925 FORMAT (20F 12.7 )

IF(NOSC.EQ.I) GO TO i0
READ (4,915) NPOT(2), (PCOEFS(2, I),I=I,6)
READ (4,920) (V (I, 2) , I=l, NKNOT)
READ (4,925) (E (2, J) , J=l, NEN (2))

I0 DO 20 I=I,NEN(1)
READ (4,920) (VJ(I, J, I) ,J=I,N)

20 CONTINUE

IF(NOSC.EQ.I) GO TO 40
DO 30 I=I,NEN(2)
READ (4,920) (VJ(2, J, I), J=I,N)

30 CONTINUE
CLOSE (4 )
XH = XKOUT(2) - XKOUT(1)

if ((xmin*0.529177- xkout(1)) .gt. 0.0005) then
write (6,*)'xmin= ',0.529177"dx
write (6, *) ' first knot at ',xkout(1)
write (6,*)' first points dont match - Stopping'
stop

endif

if ((xh-0.529177*dx) .gt. 0.0005) then
write (6,*)'dx= ',0.529177"dx

write(6,*)'knot spacing= ',xh
write (6,*)'Grid sizes dont match - Stopping'
stop

endif

if (nknot .he. nxpts) then
write(6,*)'nXpts= ',nxpts
write(6,*)'nknots= ',nknots
write(6,*)'Dont match - Stopping'
endif

40 PRINT(999)
999 FORMAT(' DONE READING')

C This has stored all needed and uneeded data ......
C

C Calculate wavefunction from spline coefficients
C Want the ground state wavefunction, I=l:

I= ILEVEL

ZPSI(1)=VJ(I,I,I) + VJ(I,2,I)/4

ZPSI(N)=VJ(I,N,I) + VJ(I,N-I,I)/4
DO i00 J=2,N-I

ZPSI(J)=VJ(I,J-I,I)/4 + VJ(I,J,I) + VJ(I,J+I,I)/4
i00 CONTINUE

C

C Get the correct sign for wavefunction (+ at beginning)
C

J=0
105 J=J+l %'

IF (real (ZPSI (J) ) .GT.0) GO TO II0
IF(reaI(ZPSI(J)).EQ.0) GO TO 105
DO 106 J=I,N
VJ (I, J, I)=-VJ(I, J, I)

106 ZPSI (J) =-ZPSI (J)
Ii0 CONTINUE

return
end

subroutine morsewf(zpsi)
C *******************************************************

C Calculate the ground Wavefn for anharmonic oscillator

C Wavefn has following form ( see J. Res. N.B.S. A 65, 451 (1961))
C psi(x) = norm * [K * expval(x)]^(0.5*(K-l)) * exp(-0.5*K * expval(x))
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C where : expval(x) = exp(-beta*x)
C norm = sqrt (beta/gamma(k-l) )

C This routine will only calculate lowest wavefunction of a
C Morse potential, for higher states (i.e. v=l !) see the 2d code

C This method of calculating the wavefunctions of a Morse oscillator

C fails when the anharmonicity is very small (i.e. in the limit
C of a harmonic oscillator) because the gamma function blows up.
C This limit is reached for mildly anharmonic oscillators
C e.g. NCO- where we=2149 cm-i and wexe=12.5 cm-l.

C In this case it is only a small approximation to use the H.O.
C wavefunction for the anion ground vibrational wavefunction

implicit double precision (a-h,o-y)
implicit complex*16 (z)
dimension zpsi(1)

common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/const4/xmin, xmax, nXpts, dx, npacket

common/const2/x0A, xomegA, v0A, xwexeA, dea, xalphaA, x0B,
xomegB, xwexeB, deB, xalphaB, v0B

C Form K = we/wexe and calculate gamma function of (k-I)
AK = xomegA/xwexeA

C evaluate the gamma fn.
a rg=AK- 1.0
APOLY=l+I/(12.0*arg)+I/(288*arg*arg) - 139/(51840*arg**3)

gak=dsqrt (twopi/arg) * (arg**arg) *dexp (-arg) *APOLY
Anorm=dsqrt (xalphaA/gak)

C write (6, *) AK, arg,APOLY, gak, Anorm

do 300 i=l,nxpts
r=xmin+ (i-l) *dx
x=r-x0A

expval=dexp (-xalphaA*x)

zpsi(i)=dcmplx(Anorm * (AK*expval)**((AK-l)/2)*dexp(-AK*expval/2),0.0)
C write (4,899)zpsi(i)
899 format (e22.16, 2x, e22.16)
300 continue

return
end

4.1.2 Two-dimensional Code. prop2d22

makeprop2d22

prop2d22: koss2d22.o potread2.o graphicsy.o
segldr -o prop2d22 -L /usr/local/lib -Isci, nagl4,diss,gksncar koss2d22.o

potread2.o graphicsy.o

koss2d22.o: param.inc
potread2.o: param.inc
graphicsy.o: param.inc

param.inc

parameter(nlpts=64,n2pts=32)
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koss2d22.f

C VERSION koss2d21.f

C This code has been tested to run under VAX/VMS Fortran, VAX/UNIX Fortran
C STARDENT GS2OO0/Stellix FORTRAN, SUN SPARC/_NIX/FORTRAN, Cray UNICOS Fortran,
C and SUN/UNIX Fortran. In most respects the code is generic FORTRAN !
C The code has been written to take maximum advantage of CRAY vector
C processors, and so may not run as optl _lly on a scalar machine as it could
C before vectorization! This code achieves greater than a 60 MegaFlops rating
C on a Cray X/MP
C

C This is a two-dimensional wavepacket propagation Code.
C

C This code is set up to solve specifically the photoelectron/photodissociation
C spectrum of a linear triatomic assuming collinear dynamics. It allows for the
C inclusions of the zero point bending motion adiabatically for LEPS potentials.
C However the code can be easily modified to solve any two dimensional coupled
C quantum dynamics problem.
C

C Code performs EXACT fully quantum mechanical calculation in 2D.
C

C
C Original sections of the lD code are from Dr. S. Y. Lee, Singapore
C Adapted for photoelectron spectra of negative ions by S.E. Bradforth 2/26/89
C Address: Dept. of Chemistry,
C Neumark Research Group,
C University of California,
C Berkeley, CA 94720
C E-mail: neumark@violet.berkeley.edu OR neumark@violet.bitnet
C
C

C Calculates photoelectron spectrum of triatomic system for completely
C general case where lower surface is bound (of any potential form) and
C upper surface is bourd or repulsive of any form.
C

C INPUT: koss2d.dat input deck (can be prepared by accompanying
C program or by following comments in supplied
C example)
C OUTPUT: out.dat summary of input parameters and details of
C wavepacket propagation
C auto.dat autocorrelation function (real, imaginary and
C modulus) as a function of time

C absspec.out Fourier transform of autocorrelation function,
C the absorption/photoelectron spectrum
C wavepkt.out absolute value of wavepacket as a function of time
C (can include wavepacket derivatives)
C

C potlA.out lower and upper potentials
C potlB.out

C wave.dump dump of wavepacket at last propagation step (for
C restarting purposes) &
C

C lt is extremely helpful to be able to graph wavepacket evolution in time, for
C checking usefulness of run and that all criteria for successful propagation
C have been satisfied, and for presentation. The files wavepkt.out,
C along with potlA.out and potlB.out, (the lower and upper
C potential energy surfaces), are provided for this purpose.
C

C The file graphics.f contains all the machine specific graphical
C routines. Usually the command line is used to indicate if the
C program should produce graphical output.
C See the comments at top of the header to gra D _ics.f
C

C Note: In comments within code that follows "lower", "A", and "anion" surface,

C as well as "upper", "B", and "neutral" surface are used interchangeably
C
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C Algorithm assumes no separation of variables or symmetry
C so general coupled potentials, or reaction surfaces are allowed
C for either anion or neutral.
C

C Note flexibility of potential is determined by subroutine potdef, at the
C present allows: (Number refers to potential type requested in input deck)
C

C 0 SHO or Morse (expressed with we and wexe)
C I Morse (expressed with De and Be)
C 2 LEPS (only for neutral) with/without, z.p. bend correction

. C 3 general supplied 2d potentials from a file (on ms grid)
C 4 general functional form for 2d potential supllied in function
C upotfn within this code
C 5 Rotated Morse Oscillator Spline function
C
C

C Revised to perform symmetric/asymmetric systems; to include absorbing
C boundary conditions and to start with a excited initial wavepacket.
C Will restart from any point and allows any form of starting wavepacket.
C Time dependent relaxation algorithm to find ground wavefunction of lower
C surface added 1990
C

C Code can use the Mark 13 NAG library for extremely efficient vectorised
C 2D FFT routine (10x faster). This routine also increases program speed (20%)
C on scalar machines. The NAG version is strongly recommended!
C THE PROGRAM SPENDS OVER 75% OF ITS CPU TIME INSIDE the 2D FFT
C ROUTINE SO IT IS ADVISABLE TO USE A VERY EFFICIENT ROUTINE, LIKE
C THE NAG ROUTINE c06fuf. IF SUCH A LIBRARY ROUTINE IS NOT

C AVAILABLE USE MUST BE MADE OF twodfft (from Numerical Recipes).
C

C Note all quantities in main routine are in Atomic units,
C conversions performed in I/O routines.
C

C Note all variables beginning with z are complex
C

PROGRAM PROP2D

implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
real*8 ide, lre, lb

character arg*70
inclu4_ "param.inc"
parameter(nFFT=8192)
dimension zpsiA0(nlpts, n2pts),zpsiB0(nlpts,n2pts)
dimension zpsiBl(nlpts,n2pts),zpsiB2(nlpts,n2pts)
dimension zovlp(nFFT),omega(nFFT),Eprsq(nFFT)

common/convert/harev, evwn, aO, ainu,emu, harwn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas,ymas, redmas, hb
common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xalphaA
common/const2xB/xOB, xomegB, xwexeB, xdeB, xalphaB, v0B
common/const2yA/y0A, yomegA, fcupA, ywexeA, ydeA, yalphaA

J common/const2yB/y0B, yomegB, ywexeb, ydeB, yalphaB, fcupB
common/const3/tmax, ntmax, delt,iderflag
common/const4/xmin,xmax,nXpts,dx, ymin,ymax, nYpts, dy, npacket
common/const6/gamm
common/const7/ Espmin,domega,novsav,npktsav

C workspace defined in fftwork common block is required for NAG routine only
common/fftwork/trigm(2*nlpts),trign(2*n2pts)
COMMON/LEPS/LDE(3),LRE(3),LB(3),DELTA(3)
common/mass/AMI,AM2,AM3,AMab, AMcxab,AJAcob
common/flags/isavpotA, isavpotB, isavde,ireadwav, irestart,iabs
common/absparam/xabs, yabs,cxabs,cyabs
common/wdraw/iwdrw, arg

C Check for argument on command line for graphics options

call argchk(igraFh, iwdrw, arg)
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C nlpts and n2pts define the grid size and are defined as constants
C within program. They should be powers of two.
C They can be changed by replacing every parameter statement within code or
C by using an include file if allowed in user's version of FORTRAN

C Initialize ........

C Check that nlpts is larger or equal to n2pts else problems
C with array construction ......

if (nlpts .it. n2pts) then
write(6,*)'nlpts .lt. n2pts - Change source code!!.''
stop

endif

C Start reading the needed input data and also define some useful constants.
open (i, file= 'koss2d.dat')
call const(nFFT)
close (I)

if (iwdrw.eq.l) call inidrw()

C Program arrays set so nxpts=nlpts >= nypts=n2pts -- Program checks for this.
if ((nxpts.ne.nlpts) .or. (nypts.ne.n2pts)) then

write(6,")'Illegal nxpts or nypts - check and remedy ''
stop

endif

C novsav should be a factor of the total number of time steps ntmax and should
C be such that 2*ntmax/novsav =< nFFT

C Change novsav and npktsav to be useful values .....
c novsav=2 "ntmax/nFFT

if (novsav .lt. i) novsav=l
if (2*ntmax/novsav .gr. nFFT) then

write(6,*) 'novsav is too large - Exiting'
stop

endif
if (mod(ntmax,novsav) .he.0) then

write (6, *) 'ntmax=', ntmax
write(6,*)'novsav is not a factor of ntmax - Please fix'

stop
endif

c if (isavde .eq. I) then
c if ((npktobe .lt. 2) .or. (npktobe .gr. 6)) np_:tsav=ntmax/4
c else

c if ((npktobe .lt. 4) .or. (npktobe .gr. 30)) npktsav=ntmax/8
c endif

if (npktsav .lt. I) npktsav=l
if (isavde .eq.-i) then

npktobe=0
write (6, *) 'There will be ',npktobe,' wavepackets stored'

else

npktobe=ntmax/npktsav+ (I" (l-irestart))
write (6, *) 'There will be ',npktobe'(isavde+l),

5 ' wavepackets stored'

endif ii

c Calculate Delta Omega (domega) in a.u.
domega=2.0"pi/(ntmax'delt)

C

C Start writing to output record file
open (2, file= 'out.dat')

write (2,899) AMab/amu,AMcxab/sqrt(amu),AJAcob*amu
write (2,900) xmas/amu,ymas/amu, redmas/amu,hb
if (xwexeA .eq. 0.0) then

write(2,910) x0A'a0,xomegA*harwn, v0A*harev
else

write (2,915) x0A'a0, xomegA'harwn, v0A*harev,
^ xwexeA*harwn, xalphaA/a0, xdeA*harev

endif

if (ywexeA .eq. 0.0) then
write (2,9ii) y0A'a0,yomegA'harwn, fcupA*harev/a0/a0
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else

write (2: 916 )y0A*a0, yomegA*harwn, fcupA*harev/a0/aO,
^ ywexeA*harwn, yalphaA/a0, ydeA*harev

endif

if (xwexeB .eq. 0.0) then
write (2,920) x0B*a0,xomegB*harwn,v0B*harev

else

write (2,925) x0B*a0, xomegB*harwn, v0B*harev,
^ xwexeB*harwn, xalphaB/a0, xdeB*harev

endif

if (ywexeB .eq. 0.0) then
write (2,921) y0B*a0, yomegB*harwn, fcupB*harev/a0/aO

else

write (2,926) y0B*a0, yomegB*harwn, fcupB*harev/aO/aO,
^ ywexeB*harwn, yalphaB/a0 _ydeB *harev

endif

write (2,930) tmax*atu,ntmax,delt*atu
write (2,940) xmin*a0,xmax*a0,nXpts, dx*a0
write (2,945) ymin*a0,ymax*a0,nYpts, dy*a0
if (iabs .he. 0) then

write (2,942) xabs*a0, yabs*a0, cxabs, cyabs
endif

write (2,950) gamin
write (2,9.60)Espmin*harev
write (2,966)novsav, npktsav
write (2,970) domega*harwn

C

C Write a few parameters to screen
write (6,*)'Time parameters (fsecs), energy resolution :'
write (6,930) tmax*atu, ntmax, delt*atu

write (6,970) domega*harwn
C

899 format (2x,'AMab =',f9.3,2x,'AMc, ab =',f9.3,2x,'Jacobian =',f9.4)

900 format (2x,'xmas =', f9.3,2x,'ymas =', fg.3,2x,'redmas =',
^ el2 3,2x, 'hb =' f4 i)

910 format (2x, 'x0A =',f6.2,2x, 'xomegA =',f9.2,2x, 'v0A =',f6.3)

911 format (2x, 'y0A-',f6- .2,2x, 'yomegA =',fg.2,2x,'fcupA =',f6.3)
915 format (2x, 'x0A =',f6.2,2x, 'xomegA =',fg.2,2x, 'v0A =',f6.3,/,

^ 2x,'xwexeA =',f9.2,2x,'xalphaA =', f9.3,2x,'xDeA =',f9.3)
916 format (2x, 'y0A =',f6.2,2x, 'yomegA =',fg.2,2x,'fcupA =',f6.3

^ ,/,2x,'ywexeA =',fg.2,2x,'yalphaA =',f9.3,2x,'yDeA =',f9.3)
920 format (2x, 'x0B =',f6.2,2x, 'xomegB =',f9.2,2x, 'v0B =',f6.3)
921 format (2x, 'y0B =',f6.2,2x, 'yomegB =',f9.2,2x,'fcupB =',f6.3)
925 format (2x, 'x0B =',f6 2,2x, 'xomegB =',fg.2,2x, 'v0B =' f6 3 /• , • , ,

^ 2x,'xwexeB =',fg.2,2x,'xalphaB =',f9.3,2x,'xDeB =',f9.3)
926 format (2x, 'y0B =',f6.2,2x, 'yomegB =',fg.2,2x,'fcupB =',f6.3,

^ /,2x,'ywexeB =',f9.2,2x,'yalphaB =', f9.3,2x,'yDeB =',f9.3)
930 format (2x, ',max =',f10.2,2x, 'numax =',i5,2x, 'del, =',f20.6)

940 format (2x, 'xmin =',f9.2,2x, 'xmax =',f9.2,2x, 'nXpts =',i5,2x,
^ 'dx =', f9.3)

942 format(2x, 'xabs =',f9.2,2x,'yabs =',fg.2,2x'cxabs =',e9.3,

j ^ 2x,'cyabs =',e9.3)
945 format (2x, 'ymin =',f5.1,2x, 'ymax =' , fS .l, 2x, 'nYpts =',i5,2x,

^ 'dy =', f9.3)
950 format (2x,'gamm =',e13.6)
960 format {2x,'Espmin=', f13.6)
966 format (2x,'novsav=', i3,2x,'npktsav=',i4)
970 format(2x,'domega =',f7.1,' cm-l')

C Now start numerical work

C Method described in Bradforth, Weaver, Arnold, Metz and Neumark J. Chem. Phys.
C 92, 7205 (1990) and refs. therein•
C

C Criteria of succesful propagation given in Kosloff, J. Comput. Phys. 52, 35
C (1983); essentially the maximum kinetic energy representable on a grid with

C spacing dx (dy) is given (in au) by pitpi/(2*redmas*dx*dx) and the stability
c criterion is {delt*(sumI{(pi*pi)/(2*redmas*dxI*dxl)) + V ) <= 1.0}
C We do not actually calculate potential range, but by careful use of shells on
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C potential values, the maximum kinetic enrgy should dictate the convergence
C criterion
C

sqkmax=4.9348*(l.0/(redmas*dx*dx) + 1.0/(redmas*dy*dy)) _
write (6,912) sqkmax*harev
write (2,912) sqkmax*harev
write (6,*)'KE along x : ',134.28/(redmas*dx*dx),' eV'

write (6, *) 'KE along y : ',134.28/(redmas*dy*dy),' eV'
912 format(2x,'Maximum kinetic energy that can be represented is ',

4 f9.4,' eV')

write (6,913) sqkmax*delt
write (2,913) sqkmax*delt

913 format(2x,'Stability at best, assuming zero potential, is ',f6.3)
C

C make crude check on whether propagation will be stable _
C

if (sqkmax*delt .gr. 1.0) then
write (6, *)
write(6,*)'*******THIS PROPAGATION WILL BE UNSTABLE**********'
write (6, *)

stop
endif

C Save the lower/upper state potential surfaces
C

if (isavpotA .eq. 1 ) then
write(6,*)'Potentiai saved in potlA.out in eV'
call potlsave(1)

endif

if (isavpotB .eq. 1 ) then
write(6,*)'Potential saved in potlB.out in eV'
call potlsave(2)

endif

c initialise wavepacket file if wavepackets are to stored
if (isavde .ne.-I) call initpkt()

c will store autocorrelation function (overlap between t=0 zpsi and

c t=novlp*novsav*delt zpsi) at intervals determined by novsav
c and will write the wavepacket to disk in its entirety every npktsav
C point in time if required.
c

c Initialise ti = 0 but routine initB may change this...
l

ti=O.O

C Initialize the 2D FFT routine in NAG library - needs to set up trig table in
C KEmat for more efficient further calls ....

C INCIUDE if using NAG library, twodfft routine does not need to be initialized
call KEmat(zpsiB0,zpsiBl,ti,l)

c Generate the wavefunction on the ground state surface that determines the i
c initial wavepacket. Generate zpsiBl by second order Runge kutta. This
c step is required to evaluate the time derivative in 2nd order differencing
c later on.
c

call initB(ti,zpsiA0, zpsiB0,zpsiBl)
tinit=ti
tfs=ti*atu

write (6, *)

write (6,*)'**** Wavepacket propagation on neutral surface *_***'
write (6, *)

write(6,*)'Starting at t=',tfs
write(2, _)'Starting at t=',tfs
novlp=l

call ovlp(zpsiA0, zpsiB0,zovlp(novlp))
npacket=0

c if required save the first wavepacket and derivatives to disk
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if ((irestart .ne. i).and. (isavde .he. -I)) then

call pktsav(zpsiBO,ti,npacket,O)
endif

if (isavde) 778,778,777
777 if (irestart.ne.l) iderflag=l
778 call chk(2,ti, zpsiB0,rsnorm, Have)

write(6, *) 'Norm of wavefn is ',rsnorm
write (2, *) 'Norm of wavefn is ',rsnorm
write(6, *) 'Energy Hay =',

% Have/rsnorm,' ',Have*harwn/rsnorm,' cm-l'

write(2,*)'Energy Hay =',Have/rsnorm,' ',
& Have*harwn/rsnorm,' cm-l'

iderflag=0
C First Drawing to screen if graphics required

if (iwdrw.eq.l) then
call iniplt(arg, 2)
call wavdrw(zpsiB0,tfs,rsnorm, Have)

endif

c ******** MAIN LOOP **********

c Start the propagation ...................
c Perform this by second order differencing (Kosloff algorithm)
c

do i00 it=l,ntmax
ti=ti+delt
tfs=ti*atu

965 format (Ix, 'Time step ',i6,', t = ',f10.4)
c check to see if we need to store overlap and/or write wavepacket to disk

if (mod(it,novsav) .eq. 0) then
novlp=novlp+ 1
call ovlp(zpsiA0,zpsiBl, zovlp(novlp))

endif

if (mod(it,npktsav) .eq. 0) then
if (isavde) 781,780,779

779 iderflag=l
780 npacket=npacket+l

call pktsav(zpsiBl,ti,npacket, 0)
781 call chk(2,ti, zpsiBl,rsnorm, Have)

if (iwdrw .eq. i) call wavdrw(zpsiBl,tfs,rsnorm, Have)
write (2,965) it,t fs
if (iwdrw.ne.l) write(6,965)it,tfs
if (iwdrw.ne.l) _rite(6, *) 'Norm of wavefn is ',rsnorm
write (2, *) 'Norm of wavefn is ',rsnorm

, if (rsnorm .gr. 2.0) then
write (6,*)'Exceeded reasonable norm - terminating...'

stop
endif

if (iwdrw.ne.l) write(6,*)'Energy Hay =',Have/rsnorm,
@ ' ',Have*harwn/rsnorm,' cm-l'

write (2, *) 'Energy Hay =',Have/rsnorm,' ',
^ Have*harwn/rsnorm,' cm-l'

iderflag=0

; endif
c determine the new wavefunction zpsiB2 from zpsiB0 and zpsiBl

if (labs .he. 0) then

call psi2ab(2,ti,zpsiB0, zpsiBl,zpsiB2)
else

call psi2(2,ti,zpsiB0,zpsiBl,zpsiB2)
endif

c now we have zpsiB2 prepare for next step of propagation
c

call vcopy(nXpts,nYpts,zpsiBl,z_.siB0)
call vcopy(nXpts,nYpts,zpsiB2, zpsiBl)

c

c now round propagation loop again .....
c
i00 continue
c *******'* END OF MAIN LOOP ****'******''**

C closes up the wavepacket file, autocorrelation and output files
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close (9)
close (2)

call wavedump(zpsiB0,ti)
C

c Wavepacket (and derivs) stored on disk for inspection and graphing,
C W:-ite the autocorrelation to disk

C If this is a restarted job append autocorrelation to auto.dat
C

C otherwise just write the autocorrelation directly
if (irestart .eq. 0) then

open (4, file=' auto.dat' )
tfs=tinit*2.4199e-2

write (4,956) tinit, tfs, real(zovlp(1)),dimag(zovlp(1)),
# abs (zovlp (I))

956 format (f10.4,1x, f10.6,1x, flS.15,1x, flS.15, ix, flS.15)

do 8888 i=l,novlp-I
ti=i *delt*novsav+tinit
t fs=tj*2.4199e-2

write (4,956) ti, tfs, real (zovlp (i+l)), dimag (zovlp (i+l)),

# abs (zovlp (i+l))
8888 continue

close (4)

else

C Tidy up files if did a restart:
C need to append autocorrelation to auto.dat file
C read in old auto.dat file

open (4,file='auto.dat')

C ***** SUN VERSION DOES NOT LIKE THIS WAY OF APPENDING DATA

C USE FILEOPT=EOF INSTEAD, then close file and reopen for a read..
C find end-of-file indicator in previously stored sequential file auto.dat

do 989 iloop=i,16777215
read (4, *, end=987)

989 continue
C move back before end-of-file indicator and record total no. of records on file

987 nsavpts=i loop-I
backspace (4)

C Start appending autocorrelation from this restarted run
C It only makes sense to append runs that have same time increments of
C autocorrelation saved (ie same novsav and same delt etc.)

C The program does not check for this!
do 8788 i=l,novlp-I

ti=i*delt*novsav+tinit
tfs=ti*2.4199e-2

write (4,956) tj, tfs, real (zovlp (i+l)), dimag (zovlp (i+l)),

# abs (zovlp (i+l))
8788 continue

C Now read back the whole file in zovlp array, so I can then take full FFT
C If nsavpts+novlp-I > nFFT/2 + 1 then have to read in every other point

rewind (4)

nskip=int (2* (nsavpts+novlp-3)/nFFT) +I
nend = int ((nsavpts+novlp-2)/nskip)+l
Oo 345 i=l,nend
read (4, *) ti, rf s, tmpr, tmpi, t junk
zovlp (i) =cmp!x (tmpr, tmpi)

if ((nskip.ne.l) .or. (i.eq.nend)) then
do 346 j=l,nskip-i

read (4, *) ti, t fs, tmpr, tmpi, t junk
346 continue

endif
345 continue

novsav=novsav*nskip
C Correct gamm value so I make use of improved resolution due to longer run
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C new maximum time is tmax = ti read in last line of auto.dat file
tmax=ti

C Close up appended file
close (4)

endif

C calculate absorption spectrum now that we have complete autocorrelation
C function (ie. from t=0) in memory
C if using default value of gamma (0.0) then set to optimal value
C This value is somewhat conservative (to eliminate ringing on baseline)

C Higher resolution can be pulled out of a given run by reducing gamma
if (gamm .eq.0.0) gamm=5/tmax/tmax
call savabs(zovlp, nFFT,gamm, omega, Eprsq, jFT)

if (igraph.eq.l) then
if (iwdrw .eq.0) call iniplt2(arg)
call absdrw(omega,Eprsq, jFT)

endif

if (igraph.eq.l) call pltfin
C

c ...... All Done ................
c

, stop
end

c
c

subroutine const(nFFT)
C ,.,,,.,_w,ww,,w** w_ _ew, w_

C "**read the needed data and also define some useful constants.

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
include "param.inc"
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas,ymas, redmas, hb
common/const3/tmax, ntmax, delt, iderflag
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common /const 6 /gamm
common/constT/ Espmin, domega, novsav, npktsav
common/ma ss/AMl, AM2, AM3, AMab, AMcxab, AJAcob
common/flags isavpotA, isavpotB, isavde, ireadwav, irestart, labs
common/absparam/xabs, yabs, cxabs, cyabs
common/absvec/fabsx (n Ipts), fabsy (n2pts)

"C

C set conversion factors
harev = 27.211608
evwn = 8065.479
a0 = 0.52917706
amu = 1822.882
emu = 9.109534e-31
harwn = harev*evwn
amass = 1.66056e-27
atu=0.024199

C set const0

zero=cmplx (0.0, 0.0)
zeye=cmplx (0.0, 1.0)
pi= acos(-l.0)
twopi= 2"pi
sqrtpi= sqrt(pi)
pisq=pi'pi
c=2. 99792458e 10

C

C Take instructions to save potentials wavepackets and derivatives from input
C deck. Also see whether to read initial wavepacket from wave.dump and whether
C job is a restart. These are stored as flags.

read(l, *) isavpotA, isavpotB, isavde, ireadwav, irestart
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C set constl (expect masses in anu., in order A + BC -> AB + C EXOthermic )
C convert to atomic units

read (I, *) AM1, AM2, AM3
AM1 =AM1 *amu
AM2 =AM2 *amu
AM3 =AM3 *anu

C Calculate total mass, and two reaction reduced masses
AMt ot =AM1 +AM2 +AM3

AMcxab=sqrt (AM3 * (AM2+AMI)/AMt ot )
AMab= (AM1 *AM2 )/ (AM1 +AM2 )

C Calculate Jacobian QI,Q3 --> x,y
if (AM1 .eq. AM3) then
AJAcob=2.0/(AMcxab*sqrt (AMab))

else

AJAcob=l. 0/(AMcxab*sqrt (AMab))
endif

C set hbar equal to one (atomic units)
hb=l. 0

C

C Define X coordinate to be approx R(AC)
C and to run parralel to the line for dissociation into AB + C
C Y coordinate is the asymmetric bound coordinate R(AB)
C

C For anion evaluate G matrix elements for coordinates Q1 and Q3:

C this stuff is specific to HLH type molecules and can be ignored
C if more general input is used.
C Q1 and Q3 need not necessarily be parallel to x and y.
C Elements depend on symmetry of ion (and what we use for Q1 and Q3)

C If using normal coordinates supplied explicitly elsewhere code ignores
C xmas and ymas

if (AM1 .eq. AM3) then
C symmetric

xmas=l.0/(l.0/AMl + 1.0/AM3)

ymas=l.0/(l.0/AMl + 1.0/AM3 +4.0/_M2)
else

C asymmetric

C assumed that anion resembles (AB)C- and that v3 vibration is essentially A-B
xmas=AM3* (AM2+AMI)/AMtot
yma s=AMab

endif

C To work with grid in mass weighted coordlnates, mass in TD Schrodinger
C equation is unity

redmas=l. 0

C set const3 (expect in a.u.)
read(l,*) tmax, delt
ntmax=tmax/delt

C set const4 (converted to a.u.)

C These are the range of x,y on the working (mass weighted) grid
C in {(amu) ^ 0.5 " Angs)

read(l,*) xmin,xmax,nXpts,ymin, ymax,nYpts
xmin=xmin*sqrt (AMab)/aO
xmax=xmax_sqrt (AMab)/aO
ymin=ymin*sqrt (AMab)/aO
ymax=ymax*sqrt (AMab)/aO

dx= (xmax-xmin)/nXpts
dy= (ymax-ymin)/nYpts

C program allows ABSORBING BOUNDARIES (see Bisseling et al. JCP 83, 993 (1985))
C set absorbing grid parameters

read (I, * )iabs

if (iabs .eq. 0) goto 930
if (iabs .eq. 2 ) then

C Use default absorbing parameters:
write (6,_)'Using default ABSORBING BOUNDARIES ..'
xabs_×max-I 0 •dx



yabs=ymax- 10 *dy
C These are empirically derived best parameters : Try as first guess.,

cxabs= (delt/l .3) *0. 0005/dx/dx

cyabs= (delt/l. 3) *0. 0005/dy/dy
else if (labs .eq. I) then
write(6,*)'Using supplied ABSORBING BOUNDARIES ..'
read (1, *) xabs, yabs, cxabs, cyabs
xabs=xabs*sqrt (AMab)/aO
yabs=yabs*sqrt (AMab)/aO
cxabs=cxabs /dx/dx

cyabs=cyabs/dy/dy
endif

C Calculate the absorbing vaues across the grid and store them (faster to store
C than to recalculate every time).
C This calculates the absorbing boundary function

do 433 ix=l,nxpts
x=xmin+ (ix-1) *dx

if (x .le. xabs) then
fabsx (ix) =i .00000000

else

fabsx (ix)=exp (-cxabs* (x-xabs) * (x-xabs))
endif

433 continue

do 434 iy=l,nypts
y=ymin+ (iy-l) *dy
if (y .le. yabs) then
fabsy (iy) =i. 000000000

else

fabsy (iy) =exp (-cyabs* (y-yabs) * (y-yabs))
endif

434 continue

C Read in and calculate both potentials (store in memory)
930 call potread()

C set const6

C dephasing constant gamma (in atu**-2)
read (i,*) gamm

C Default value of gamma (this is chosen to give optimal spectrum - best window
C function - see Numerical Recipes FFT chapter for details) is set in main

C routine if gamma is set to zero here (default)
C N.B. gamma can also be used to simulate a constant lifetime depletion of
C the wavefunction as a function of time (eg. fluorescence, curve crossing)
C

C set const7

C Espmin is the threshold energy for photoelectron spectrum
C (expected to be in eV and coverted to a.u.)
C This just defines the spectral origin with refence to potential zero.

read(l,_) Espmin
Espmin=Espmin/harev
if (Espmin .le. 0.0) then
write (6, *) 'This is not a valid threshold energy',

@ ' for photoelectron spectrum'
write(6,*)'Espmin must be > 0.0 or no P.E.S. ,,.,'

stop
endif

C

C set up counting variables
c

c save autocorrelation function (overlap between t:0 zpsi and
c t=novlp*novsav*delt zpsi) at intervals determined by novsav and
c Save the wavepacket in its entirety every npktsav point in time

read (I, *) novsav, npktsav

if ( (2*ntmax/novsav) .gt. nFFT) then

write (6,*)'Too many overlap points to store - alter novsav'
stop
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endif
return
end

c
C **********************************************

subroutine initB(ti,zpsiA0,zpsiB0,zpsiBl)
C **********************************************

c

c initialize the wavefunction arrays and then evolve this wavepacket

c using second order runge-kutta.
C ,,

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
character arg*70
include "param. inc"
dimension zpsiA0(nlpts, l),zpsiB0(nlpts, l),zpsiBl(nlpts, l)
dimension zpsiBI(nlpts, n2pts),zHpsiBI(nlpts,n2pts)
dimension" zHpsiB0(nlpts,n2pts)
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
common/const0/ zero, zeye, pi, c,twopi,sqrtpi,pisq
common/constl/ xmas, ymas, redmas, hb
common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xalphaA
common/const2xB/x0B, xomegB, xwexeB, xdeB, xalphaB, v0B
common/const2yA/y0A, yomegA, fcupA, ywexeA, ydeA, yalphaA
common/const2yB/y0B, yomegB, ywexeb, ydeB, yalphaB, fcupB
common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/flags/isavpotA, isavpotB, isavde, ireadwav, irestart, iabs
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAoob
common/analytic/ianal
common/anionqno/ivibx, iviby, irotcoor
common/wdraw/iwdrw, arg

C Calculate anion and neutral wavefunctions on discrete grid.

C Check to see whether anion wavefunction is to be calculated

C analytically or numerically using the potential surface xypot(ix, iy, l)
C or whether to read in the initial wavefunction on the current mass-scaled

C grid

ii=0.0

rtJacobian=sqrt(AJAcob)
if ((irestart.eq.l).and.(ireadwav.eq.l)) then i.

write (6,*)'cannot read anion wavefunction as well as',

^ 'starting neutral wavepacket from disk'
write (6, *) 'Exiting .... '

endif

if (ireadwav.ne.l) then

if (ianal.eq.l) then
C Analytic solution available

if (ywexeA .eq. 0.0) then
C Harmonic Oscillator separable in mass scaled coordinates after transformation
C of coordinates

call initWF(zpsiA0,tstart)
else

C Potential separable in mass scaled coordinates:
C Morse Oscillator along y and harmonic along x

call morsewf(zpsiA0,tstart)
endif

C Normalise

do 47 iy=l,nypts
do 48 ix=l,nxpts
zpsiA0(ix, iy)=rtJacobian*zpsiA0(ix, iy)

48 continue
47 continue
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else

C No analytic solution for wavefunction available, calculate numeri_ally_
if ((ivibx.ne.0).or. (iviby.ne.0)) then

write(6,*)'A Numerical Solution for the anion wavefn, is'
^ ,'necessary for the potential you have input'

write(6,*)'This program will only calculate the lowest'
^ ,' eigenfunction numerically - use another algorithm'.'

stop
endif

write (6, *)
write (6, *) 'This anion potential requires numerical'

^ ' evaluation cf the initial wavefunction'

write (6, *)
write (6,*)'******* Doing relaxation algorithm ******'
write (2,*)'******* Doing relaxation algorithm ******'

call relax(zpsiA0,delt,ntmax)
endif

else

C Do a readwave: get anion wavefunction from disk (ie as solved for by
C another program.) The wavefunction must be on same grid as used here.
C

write(6,*)'* Doing readwave for anion ...... '
write (2,*)'* Doing readwave for anion ...... '
call readwave(zpsiA0,ti,irestart)

endif

C Now have anion wavefunction calculated check norm,

C and energy if we know anion potential (ie. not a readwave)
iderflag=0
call chk(l,0.0, zpsiA0,rsnorm, Have)
if ((rsnorm.lt.0.99).or. (rsnorm.gt.l.01)) then
write(6,*)'Anion wavefunction being renormalised'

^ , ', originally ',rsnorm
write (2,*)'Anion wavefunction being renormalised'

^ , ', originally ',rsnorm
do 705 iy=l,nypts
do 704 ix=l,nxpts

zpsiA0 (ix, iy) =zpsiA0 (ix, iy)/sqrt (rsnorm)
704 continue
705 continue

else

write (6, *) 'Anion norm = ',rsnorm
write(2, *) 'Anion norm = ',rsnorm

endif

write (6,*)'Anion <H> = ',Have*harwn/rsnorm,' cm-l'
write (2,*)'Anion <H> - ',Have*harwn/rsnorm,' cm-l'

C If the readwave flag is set to -I in fact SAVE the anion wavepacket to file
C 'wave .anion'

if (ireadwav.eq.-l) then
call wavedump(zpsiA0,-l.0)
write(6, ")',*Anion wavefunction saved to wave.anion**'

endif

C Plot Anion wavepacket on anion potential
if (iwdrw.eq.l) then

call iniplt(arg, l)
call wavdrw(zpsiA0,ti, rsnorm, Have)

endif

C ***************************** WAVEFUNCTION*********'*******************

C Decide where neutral initial wavepacket for propagation should come from;
C if it is the anion wavefunction just copy it, if instead we are
C doing a restart then do a readwave for zpsiB0

if (irestart.eq.0) then
c Copy the anion WF to the t=0 wavepacket

call Vcopy(nxpts,nypts, zpsiA0,zpsiB0)
ti=0_0
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else

C Do a readwave for the neutral wavepacket, and get the start time for
C the propagation

call readwave(zpsiB0,ti, irestart)
write(6,*)'* Start time = ',ti,' a.u. ',ti*2.4177e-2,

^ ' fs'
endif

C The neutral wavefunction is correctly normalised and ready for propagation

c Evolve neutral wavefunction for time delt/2 on the surface

call Hpsi(2,ti, zpsiB0,zHpsiB0)
do 22 iy=l,nYpts

do 20 ix=l, nXpts
zpsiBI (ix, iy) = zpsiB0(ix, iy) -

^ zeye *(delt/2.00)*zHpsiB0(ix, iy)/hb
20 continue
22 continue

c Second order Runge Kutta using the intermediate derivative.
call Hpsi(2,ti, zpsiBI,zHpsiBI)
do 32 iy=l,nYpts
do 30 ix = I, nXpts

zpsiBl (ix, iy) =zpsiB0 (ix, iy) -
& zeye*delt*zHpsiBI (ix, iy)/hb

30 continue
32 continue
c

return
end

c

subroutine initWF(zpsiA,tinit)
C W** W* W**_ ** *_ W* ** ** **** W,W* *W***W** W* _ *W****,

C

c initialize wavefunction on lower surface A
c

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
include "param. inc"
common/convert/harev, evwn, aO, a.mu,emu, harwn, amass, atu

common/const0/ zero, zeye, pi,c, twopi, sqrtpi,pisq
common/constl/ xmas,ymas,redmas, hb

common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xalphaA
common/const2xB/x0B, xomegB, xwexeB, xdeB, xalphaB, v0B
common/const2yA/y0A, yomegA, fcupA, ywexaA, ydeA, yalphaA
common/const2yB/y0B, yomegB, ywexeb, ydeB, yalphaB, fcupB
common/anionqno/ivibx, iviby, irotcoor

common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy_ npacket
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob
common/transf/T (2, 2)

dimension zpsiA(nlpts, I)

C

C Initial wavefn on surface is ground harmonic oscillator, approximation for
C non harmonic potentials ..... Note that the wavefunctions are determined

C on the mass weighted coordinate grids and so a conversion is required
C from the normal modes of the anion to the mass weighted coordinates
C define statement functions

AmstoRab(xx,yy)= yy/sqrt(AMab)
AmstoRbc(xx,yy)=-yy*sqrt(AMab)/AM2 + xx/AMcxab
AmstoQl (xx, yy)=xx/AMcxab

AmstoQ3 (xx, yy) =Amst oRab (xx, yy)
AmstoSl (xx, yy) =Amst oRab (xx, yy) +AmstoRbc (xx, yy)
AmstoS3 (xx, yy) =AmstoRab (xx, yy) -AmstoRbc (xx, yy)
AmstoNCl (xx, yy, rabeq, rbceq)=T (I, I) * (Ams toRab (xx, yy) -rabeq)
^ +T(I,2) .(AmstoRbc(xx,yy)-rbceq)

AmstoNC3 (xx, yy, rabeq, rbceq) =T (2, I) * (AmstoRab (xx, yy) -rabeq)
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^ +T (2, 2) * (AmstoRbc (xx, yy)-rbceq)

if (xomegA .eq. 0.0) then
write(6,*)' No initial wavepacket as no xomega available'
stop

endif

if (yomegA .eq. 0.0) then
write(6,*)' No initial wavepacket as no yomega available'
stop

endif

if (ivibx.gt.l) then
write (6,*)' Illegal SHO x vibrational quantum number'
stop

endif

if (iviby.gt.l) then
write(6,*)' Illegal SHO y vibrational quantum number'
stop

endif

C perform conversion of coordinates : ***user supplied normal coordinates
if (irotcoor .eq. I) then

write (6,*)'Rotated Wavepacket'
do 13 iy=l,nYpts

yi=ymin + (iy-l)*dy
do 14 ix=l,nXpts
xi=xmin + (ix-1)*dx

x=AmstoNCl (xi, yi, x0A, y0A)
y=AmstoNC3 (xi, yi, x0A, y0A)
temp=gauss (x, 0.0, xomegA, amu, ivibx)
zpsiA (ix, iy) =temp*gauss (y, 0.0, yomegA, ainu,iviby)

14 continue
13 continue

else

C perform conversion of coordinates : ***symmetric
if (AM1 .eq. AM3) then

do 23 iy=l,nYpts
yi=ymin + (iy-l)*dy
do 24 ix=l,nXpts

xi=xmin + (ix-1)*dx

x=AmstoSl (xi, yi)
y=AmstoS3 (xi, yi)
temp=gauss (x, x0A, xomegA, xmas, ivibx)
zpsiA (ix, iy) =temp*gauss (y, y0A, yomegA, ymas, iviby)

24 continue
23 continue

else

C perform conversion of coordinates : ****Asymmetric
do 230 iy=l,nYpts

yi=ymin + (iy-l)*dy
do 240 ix=l,nXpts
xi=xmin + (ix-l)*dx

x=AmstoQl (xi, yi)
y=AmstoQ3 (xi, yi)
temp=gauss (x, x0A, xomegA, xmas, ivibx)
zpsiA (ix, iy) =temp*gauss (y, y0A, yomegA, ymas, iviby)

240 continue
230 continue

endif
endif
tinit=0.0
return
end
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function gauss(oi,o0A, omega,omas, ivibo)

C w_t _t tttt _wR_ Ii ww_t_Ik.tt_tt _.t.t_ _ w._**tt 1

implicit real*8 (A-H,O-Y)
implicit complex'f6 (z)
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas,ymas, redmas, hb

i

c gaussl includes the normalisation factor of I/sqrt(2) !

if (ivibo.eq.l) then
gaussl=sqrt(2"omega'omas/hb) "(oi-o0A)

else

gaussl=l .0
endif

Anorm=sqrt (sqrt (omas'omega/ (pi'hb)) )
arg=- (oi-o0A) * (oi.-o0A) "omas*omega/(2.0"hb)
gauss= exp(arg)*Anorm*gaussl
return
end

c

subroutine psi2(ipot,ti,zpsiA0, zpsiAl,zpsiA2)

c

c evaluate the new wavefunction zpsi2 from the old ones zpsi0 and zpsi2
c

implicit real *8 (A-H,O-Y)
implicit complex'f6 (z)
include "param.inc"
dimension zpsiA0(nlpts, l),zpsiAl(nlpts, I)
dimension zpsiA2(nlpts, l),zHpsiAl(nlpts,n2pts)

common/const0/ zero, zeye, pi, c,twopi, sqrtpi,pisq
common/constl/ xmas, ymas,redmas, hb
common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket

c

c compLlte H'zpsil (i,I) :
call Hpsi(ipot,ti,zpsiAl,zHpsiAl)
do I0 iy = l,nYpts

do 20 ix=l,nXpts
zpsiA2(ix, iy)=zpsiA0(ix, iy) - 2.0*zeye*delt*zHpsiAl(ix, iy)/hb

20 continue
I0 continue
c

return
end

subroutine psi2ab(ipot,ti,zpsiA0, zpsiAl,zpsiA2)

c

c evaluate the new wavefunction zpsi2 from the old ones zpsi0 and zpsi2
c

implicit real*8 (A-M,O-Y)
implicit complex'16 (z)
include "param.inc"
dimension zpsiA0(nlpts, l),zpsiAl(nlpts, I)
dimension zpsiA2(nipts, l),zHpsiAl (nlpts,n2pts)

common/const0/ zero, zeye, pi, c,twopi,sqrtpi,pisq
common/constl/ xmas,ymas,redmas, hb
common/const 3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/absvec/fabsx (nlpts), fabsy (n2p_s)

c

c compute M'zpsil (i, I) :
call Hpsi(ipot,ti,zpsiAl,zHpsiAl)
do I0 iy = I, nYpts

do 20 ix=l, nXpts
zpsiA2(ix, iy)=zpsiA0(ix, iy) - 2.0*zeye*delt*zHpsiAl(ix, iy)/hb
zpsiA2 (ix, iy) =zpsiA2 (ix, iy) *fabsx (ix) *fabsy (iy)
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20 continue
I0 continue
c

return
end

c
c

c compute H • psi = { KE + PE } * psi(x)
c

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
include "param. inc"
dimension zpsiA(nlpts, l), zHpsiA(nlpts, l)
dimension zpsiPE(nlpts,n2pts),zpsiKE(nlpts,n2pts)

common/cons,0/ zero, zeye, pi, c, twopi, sqrtpi,pisq
common/cons,l/ xmas, ymas, redmas, hb
common/const3/tmax, ntmax, del,, ider flag
common/cons,4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket

call KEmat(zpsiA, zpsiKE, ti,0)
call PEmat(ipot, zpsiA, zpsiPE)

do i0 iy = l,nypts
do 20 ix=l,nXpts
zHpsiA(ix, iy)=zpsiPE(ix, iy) + zpsiKE(ix, iy}

20 continue
i0 continue

C This section necessary if you wish to save T'psi, V'psi and H'psi in

C the wavepkt.out file for viewing. Note if you do this you will need
C to change the viewing program also .....
c if (iderflag .eq. I) then
c npacket=npacket+ 1
c call pktsav(zpsike,ti,npacket,-l)
c npacket=npacket+l
c call pktsav{zpsipe,ti, npacket,-2)
c npacket=npacket+ 1
c call pktsav(zMpsiA, ti, npacket,-3)
c endif

return
end

C

subroutine KEmat(zpsiXY, zpsiKXKY, t,initze)

c

c computes (-hb**2)/(2"redmas))* (del)**2[zpsiXY] = zpsiKXKY
c note zpsixy (l, l)<-> zpsi(x0,y0), zpsi(nXpts,nYpts) <-> zpsix(xf,yf), etc.
c uses forward and backward two dimensional FFT to evaluate 2hd derivative
C

implicit real'8 (A-M,O-Y)
implicit complex*16 (z)
include "param.inc"
common/cons,0/ zero, zeye, pi,c,twopi,sqrtpi,pisq
common/cons, l/ xmas,ymas,redmas, hb
common/const3/tmax, ntmax, del,, ider flag
common/cons, 4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
dimension zpsiXY(nxpts,nYpts), zpsiKXKY(nxpts,nYpts),nparms(2)

C These extra initial statements are required for NAG version
common/f ftwork/trigm (2*nlpts) ,trign (2*n2pts)

dimension x(nlpts, n2pts),y(nlpts,n2pts),work(2"nlpts*n2pts)
external c06fuf, c06gcf

C The NAG version of KEma, is the default. This routine is much more
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C efficient, particularly on a vector machine, and can give significant savings
C in speed. The routine also allows non-powers of 2 as sizes for spatial grid.
C The c06fuf routine in the NAG 13 library requires the complex matrix
C to be set up in two matrices, the real and imaginary parts, x and y.
C Hence semi-redundancy of the array zpsiKXKY in this modified routine.

C However if this routine is not available, then the twodfft routine supplied
C can serve as a replacement. To implement this version all the NAG using
C parts of this routine should be commented out, and the lower part should be
C reinstated.

C S. E. Bradforth/ Cray-NAG version/ September 1989

c ONLY FOR NAG VERSION

C check for the initializing call to set up TRIG workspaces..
if (initze .eq. i) then
ifail=0

do 178 iy=l,nypts
do 179 ix=l,nxpts
x(ix, iy) =real (zpsiXY (ix, iy) )
y (ix, iy) =dimag (zpsiXY (ix, iy) )

179 continue
178 continue

write (6,*)'Initializing 2DFFT .... '
call c06fuf(nxpts,nypts,x,y,' Initial',trigm,

& trign, work, ifail)
if (ifail .he. 0) then

write(6,") 'IFAIL <> 0 on initialization of 2D FFT'

stop
endif
return

endif
c

c backward fourier transform : zpsiXY (x, y) => zpsiKXKY(kx, ky)
c

ifail=0

do 1788 iy=l, nypts
do 1789 ixffil,nxpts

x(ix, iy)=real(zpsiXY(ix, iy))
y(ix, iy)=dimag(zpsiXY(ix, iy))

1789 continue
1788 continue

call c06fuf(nxpts,nypts,x,y,'Subsequent',trigm,
& trign, work, ifail)

c

if (ifail .he. 0) then

write(6,*)' IFAIL <> 0 in KEmat(1) - investigate ...'
stop

endif

C only transfer the real, imaginary psi(k) matrices to complex matrix

C if the user needs to see the psi(k) - otherwise skip this stage until after
C reverse transform to x space ....

if (iderflag .eq. I) then
npacket=npacket+l

do 189 iy=l,nypts
do 188 ix=l,nxpts

zpsiKXKY(ix, iy)=cmplx(x(ix, iy),y(ix, iy))
188 continue
189 continue

call pktsav(zpsikxky, t,npacket,-4)
endif

c

c compute the second derivative in the momentum domain.
LX=nXpts/2
LY=nYpts/2
xL2=(xmax-xmin)*(xmax-xmin)

yL2=(ymax-ymin)*(ymax-ymin)
nptsq=nXpts*nYpts
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do 20 ky=0,nYpts-I
if (ky .le .LY) then

do 22 kx=0,nXpts-I
if (kx .le. LX) then

x(kx+l,ky+l)= -(kx*kx/xL2+ky*ky/yL2) _
* x (kx+ i, ky+l)

y(kx+l,ky+l)= -(kx*kx/xL2+ky*ky/yL2)*
* y (kx+l, ky+l)

else

x (kx+l, ky+l)=- ((nXpts-kx) * (nXpts-kx)/xL2 +
! ky* ky/yL2) *x (kx+l, ky+l)

y (kx+l, ky+l) =- ((nXpts-kx) * (nXpts-kx)/xL2 +
! ky*ky/yL2) *y (kx+l, ky+l)

endif
22 continue

else

do 23 kx=0,nXpts-I
if (kx .le. LX) then

x(kx+l,ky+l)=-(kx*kx/xL2 + (nYpts-ky)*
: (nYpts-ky)/yL2) *x (kx+l, ky+l)

y(kx+l,ky+l)=-(kx*kx/xL2 + (nYpts-ky)*
! (nYpts-ky)/yL2) *y (kx+l, ky+l)

else

x (kx+l, ky+l)=-((nXpts-kx) * (nXpts-kx)/xL2 +
! (nYpts-ky) * (nYpts-ky)/yL2) *x (kx+l, ky+l)

y (kx+l, ky+l) =- ((nXpts-kx) * (nXpts-kx)/xL2 +
: (nYpts-ky) * (nYpts-ky)/yL2) *y (kx+l, ky+l)

endif
23 continue

endif
20 continue

c
c

c forward transform : zpsiKXKY(kx, ky) => zpsixy(x,y)
C using NAG routine, zpsiKXKY is represented by x (real part) and y (imag part);
C to do forward transform perform complex conjugate operation {c06gcf) before
C and after the call to c06fuf

call c06gcf(y,nptsq, ifail)
call c06fuf(nxpts,nypts,x,y,'Subsequent',trigm,

$ trign, work, ifail)
if (ifail .he. 0) then

write (6,*)'IFAIL <> 0 in KEmat(2) - investigate ...'
stop

endif

call c06gcf (y,nptsq, ifail)
c

c scale results & return them to complex array zpsiKXKY
cl= -0.5*hb*hb/redmas

c2= 4*pisq
cprod = ci'c2
do 31 iy=l,nYpts

do 30 ix=l,nXpts
zpsiKXKY(ix, iy) = cmplx(cprod*x(ix, iy),cprod*y(ix, iy))

30 continue
31 continue

c

C **** twodfft version (SLOWEST but does not require library)
c Starts here ....
c

c Perform backward fourier transform : zpsiXY(x,y) => zpsiKXKY(kx,ky)
c

c isign=-i
c do I0 iy=l, nYpts
c do 12 ix=l, nXpts
c zpsiKXKY(ix, iy)=zpsiXY(ix, iy)
c12 continue
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cl0 continue

c nparms (I) =nxpts
c nparms (2 )=nypts
c call twodfft(zpsiKXKY,nparms, 2, isign)
c if (iderflag .eq. I) then

c npacket=npacket+l
c call pktsav(zpsikxky,t,npacket,-4)
c endif
c

c compute the second derivative in the momentum domain.
c LX=nXpts/2
c LY=nYpts/2
c xL2= (xmax-xmin) * (xmax-xmin)

c yL2= (ymax-ymin) * (ymax-ymin)
c npr sq=nXpt s *nYpt s
c

c do 20 ky=0,nYpts-I
c if (ky .le .LY) then
c do 22 kx=0, nXpts-I
c if (kx .le. LX) then

c zpsiKXKY(kx+l,ky+l)= -(kx_kx/xL2+ky*ky/yL2)*
c * zpsiKXKY (kx+l, ky+l)
c else

c zpsiKXKY (kx+l, ky+l) =- ((nXpts-kx) * (nXpts-kx)/xL2 +
c ! ky*ky/yL2) *zpsiKXKY (kx+l, ky+l)
c endif
c22 continue
c else

c do 23 kx=0, nXpts-i
c if (kx .le. LX) then
c zpsiKXKY(kx+l,ky+l)=-(kx*kx/xL2 + (nYpts-ky)*
c : (nYpts-ky)/yL2) "zpsiKXKY (kx+l, ky+l)
c else

c zpsiKXKY (kx+l, ky+l) =- ((nXpts-kx) * (nXpts-kx)/xL2 +
c : (nYpts-ky) * (nYpts-ky)/yL2) "zpsiKXKY (kx+l, ky+l)
c endif
c23 continue
c endif
c20 continue

c
c

c forward transform : zpsiKXKY(kx,ky) => zpsixy(x,y)
c isign=l
c call twodfft(zpsiKXKY, nparms,2, isign)
c
c scale results

c cl= -0.5*hb*hb/redmas

c c2= 4*pisq/nptsq
c cprod = ci*c2
c do 31 iy=l,nYpts
c do 30 ix=l,nXpts
c zpsiKXKY(ix, iy)= cprod*zpsiKXKY(ix, iy)
c30 continue
c31 continue
c

return
end

c

subroutine PEmat (ipot, zpsiXY,zpsiP)

c

c calculate xypot (x,y)*zpsiXY=zpsiP
c note zpsiXY (l, l) <-> zpsiXY(x0,y0), zpsiXY(nxpts, nypts) <-> zpsiXY(xf,yf)
c

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
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include "param.inc"
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/pot/xypot (nlpts, n2pts, 2 )
dimension zpsiXY(nxpts,nypts),zpsiP(nxpts,nypts)

do 20 iy=l,nYpts
do i0 ix=l,nXpts

zpsiP (ix, iy) =xypot (ix, iy, i_ot) *zpsiXY (ix, iy)
I0 continue
20 continue

return
end

C ***************************************

subroutine Vcopy(NX,NY, zA, zB)
C ***************************************

c

c copy a matrix of size NX by NY from zA to zB
c

implicit complex*16(z)
dimension zA(NX,NY),zB(NX,NY)

c

do 20 iy=l,NY
do I0 ix=l,NX

zB(ix, iy)= zA(ix, iy)
10 continue
20 continue
c

return
end

c
C * **** *W*****_ _** _*_** *_ ************ ** **

subroutine FFT(x,n, isign)
C **W*_ **_ W* W*** *****t** ***W W* ** W*****W_ **

c
C ***************************************************************

c * The fft computes the discrete ld fast Fourier transform of a*
c * sequence of n terms. *

c * The forward FFT computes *
c * y(j)= sum (from k=0 to n-l) x(k)*exp(2*pi*i*j*k/n) *
c * the backward FFT computes *
c * y(j)= sum (from k=0 to n-l) x(k)*exp(-2*pi*i*j*k/n) *
C * *

c * x is a complex array of length n. *
c * n is a power of 2. n<=16384 *
c * isign is the direction of the transform. If isign >= 0 then*
c * the fft is forward , otherwise backward. *
C * *

C * Ref. Cooley, Lewis, Welch. The FFT and its applications *
c * IEEE Trans. on Education, vol. E-12 #I; p. 29 *

c

implicit real*8 (A-H,O-Y)
complex*16 s,v,w,x(n),cstore(16384)
data ntbl/0/

c

c The roots of unity exp(pi*i*k/j) for j=l,2,4,..,n/2 and k=0,1,2 .... j-I
c are computed once and stored in a table.
c This table is used in subsequent calls of fft with parameter n<=ntbl
c

if (n .gr. ntbl) then
ntbl=n

pi=3. 14159265358979
j=l
icnt=0

i0 s=pi* (0,1)/j
do 20 k=0, j-I

icnt=icnt+l

20 cstore (icnt) =exp (s'k)
j=j+j
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if (j .lt. n) goto I0
endif

c
c ******Bit reversal**********
c

c the x(j) are permuted in such a way that each new place number j is
c the bit reverse of the original placenumber.

j=l
do 30 i=l, n

if (i .le. j) then
v=x (j)
x(j)=x(i)
x (i)=v

endif

m=n/2
25 continue

if (j .gr. m) then
j=j-m
ro=m/2

if (m .ge. i) go to 25
else

j=j+m
endif

30 continue
c

c ************Matrix multiplication***************
c

c the roots of unity and the x(j) are multiplied
c

j=l
icnt=0

40 jj=j+j
do 50 k=l,j

icnt=icnt+l

w=cstore (icnt)

if (isign .lt. 0) w=conjg(w)
do 50 i=k,n, jj

v=w*x (i+j)
x(i+j)=x(i)-v

50 x (i) =x (i) +v

j=jj
if (j .lt. n) goto 40

c
return

end
c

subroutine chk(ipot,ti, zpsiA, rnorm, Hav)

c

c Check that norm and energy are conserved (this is a property of

C Second Order Differencing scheme).

implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
include "param.inc"
dimension zpsiA(nlpts, !)

call chknrm(zpsiA, rnorm)
call chken(ipot,ti, zpsiA, Hav)

return

end
c

subroutine chknrm(zpsi,rnorm)
C ***_*WW_*W WWW**WW***_W*W*W*_W* W W***W* *W**_***

c

c Check that the norm is conserved during numerical integration of TDSE.

implicit complex*16 (z)
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implicit real*8 (A-H,O-Y)
include "param.inc"
dimension zpsi(nlpts, l),psisq(nlpts,n2pts)
common/const4/xmin, xmax, nX_."s, dx, ymin, ymax, nYpts, dy, npacket

do 20 iy=l,nYpts
do I0 ix=l,nXpts

psisq (ix, iy)=real (conjg (zpsi (ix, iy) )*zpsi (ix, iy) )
i0 continue
20 continue
c

call twodint(nXpts,nYpts,psisq, dx,dy, rnorm)
return

end
c
C *************************************************

subroutine chken(ipot,ti, zpsiA, Hav)
C *************************************************

c

c check that energy is conserved during numerical intergration of the TDSE
implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
include "param.inc"
dimension zpsiA(nlpts,l),zHpsiA(nlpts,n2pts)
dimension psiHpsi(nlpts,n2pts)
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpt s, dy, npacket

call Hpsi(ipot,ti,zpsiA, zHpsiA)
do 20 iy=l,nYpts

do I0 ix=l,nXpts
psiHpsi(ix, iy)=real(conjg(zpsiA(ix, iy))*zHpsiA(ix, iy))

10 continue
20 continue
c

call twodint(nXpts, nYpts,psiHpsi, dx,dy, Hav)
return
end

C ***************************************************

subroutine simpint(nx, fl,dx,fint)

c
c

c Simpson Rule integrator. This subprogram calls the trapezoidal
c integrator twice. Because of cancellation of errors the result is
c accurate to the the order of (I/nx**4)
C

c Rule valid only when nx odd. Hence for even nx the last piece of area
c under fl (nx-l) and f2(nx) is added by trapezoidal rule.
C

c Reference 'Numerical recipes' Press, Flannery, Teukolsky, Vetterling
c Cambridge University Press, Cambridge (1986)
c

implicit real*8 (A-H,O-Y)
include "param.inc"

dimension fl(nx), f2(nlpts)
c
c define :

dxl =dx
dx2=2.0"dx
ixn=0

c

if (nx .gr. nlpts) then
write(6,*) ' simpint : nx .gr. nlpts = ', nlpts
endif

C

if ((mod(nx,2) .eq. 0)) then
nxl=nx-i
nx2=0.50*nxl+l
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fint=O. 50*dx* (fl (nx-l) + fl (nx))
else

nxl=nx
nx2=O. 50*nx1+!
fint=O.O

endif
c

c copy the odd elements of farray into f2
do I0 ix=l,nxl,2
ixn=ixn+l

I0 f2 (ixn) =fl (ix)
c

c Now integrate fl, f2 in two pieces.
c

call trapint(nxl,fl,dxl,fintl)
call trapint(nx2, f2,dx2,fint2)
fint=fint+(4.0*fintl - fint2)/3.0

c

return
end

c
c
C ***************************************************

subroutine trapint(nfpts, f,dx, fint)

c

implicit real*8 (A-H,O-Y)
dimension f(nfpts)

c trapeziodal rule integrator for f(1)-f(nfpts) <-> f(xO)-flxf)
fint=O.

c

do I00 i=2,nfpts-1
fint=fint+f li)

i00 continue
c

fint=fint+ (f (I) +f (nfpts))/2.0
fint=fint*dx

c

return
end

c

subroutine ovlp(zpsil,zpsi2,zovp)

c

c finding the overlap integral
c

implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
include "param. inc"
dimension zpsil (nlpts, l),zpsi2(nlpts, I)
dimension zprod(nlpts,n2pts)
common/oonst4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket

c

do 20 iy=l,nYpts
do I0 ix=l,nXpts
zprod(ix, iy)=conjg(zpsil(ix, iy))*zpsi2(ix, iy)

I0 continue
20 continue
c

call ztwodint (nXpts,nYpts,zprod,dx, dy, zovp)
return
end

c

subroutine zsimpint(nx, zfl,dx,zint)

c
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c complex simpsons rule integrator
c

implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
include "param. inc"
dimension zfl(nx),zf2(nlpts)

c
c define :

dxl=dx
dx2=dx*2.
ixn=0.

c

if (nx .gr. nlpts) then
write(6,*) ' zsimpint : nx .gt. nlpts = ', nlpts
endif

c
if ((rood(nx,2) .eq. 0)) then

nxl=nx-i
nx2=0.50*nxl+l
zint=0.50-dx * (zfl (nx-1) + zfl(nx))

else
nxl=nx
nx2=0.50*nxl+l
zint=0.0

endif

c

c copy the odd elements of zfl array into zf2
do I0 ix=l,nxl,2
ixn=ixn+l

I0 zf2(ixn)=zfl(ix)
c

c Now integrate zfl, zr2 in _two pieces.
c

call ztrapint(nxl,zfl_axl,zintl)
call ztrapint (nx2,zf2,dx2,zint2)
zint=zint+(4.0*zintl - zint2)/3.0

c
return
end

c
C ***************************************************

subroutine ztrapint (nfpts,z_,dx, zint)

c

implicit real*8 (A-H,O-Y)
implicit complex'16 (z)
dimension zf(nfpts)
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq

c trapeziodal rule integrator for f(1)-f(nfpts) <-> f(x0)-f(xf)
zint=zero

c

do I00 i=2,nfpts-I
zint=zint+zf (i)

I00 continue

c
zint=zint+ (zf (I) +zf (nfpts))/2.0
zint=zint*dx

return
end

c

subroutine savabs(zovlp,nFT,gamm, omega,Eprsq, jFT)

c

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
parameter (nFFT=8192)
dimension zovlp(nFFT),omega(nFFT),Eprsq(nFFT)
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common/convert/hater, evwn, aO, amu, emu, harwn, amass, atu
common/const0/ zero, zeye,pi,c,twopi,sqrtpi,pisq
common/const3/tmax, ntmax, delt, iderflag
common/const7/ Espmin,domega,novsav,npktsav

c forward fourier transform for absorption (photoelectron) spectrum here
c Include a dephasing constant gamm to give finite width to peaks or to
C simulate experimental resolution.
C Include C(-t) at tail end of array zovlp (in wrap around order) forcing
c C(-t)=C(t) so that absorption spectrum is real...

do 872 iFT=I,nFT/2+I

zovlp (iFT) =zovlp (iFT) *exp (-gamm* ((JFT-I) *delt*novsav) **2)
872 continue

do 560 iFT=nFT/2+2,nFT
jFT=nFT-iFT+2
zovlp (iFT) =con jg (zovlp (jFT))

560 continue

call FFT(zovlp, nFT, l)
c

c At the moment making C(t) hermitean and then I(w) is real
c

C even if nave done restart and skipped every other point in reading
C autocorrelation back into zovlp, domega should be calculated correctly
C as novsav has been updated. This is important otherwise spectrum
C will be energy scaled incorrectly..

domega=2.00*pi/(nFFT*delt*novsav)
open (file='absspec.ou%', unit=8)
jFT=0
absmax=0.0

do 120 iFT=I,nFT
iFTI=nFT-iFT+I

vl= (iFTI-I) *domega
eke=Espmin - vl
if (eke .ge. 0.0) then

jFt=jFT+I
c convert vl from a.u. to eV.

omega (jFT) =eke*harev
Eprsq (jFT) =real (zovlp (iFTI))
if (Eprsq(jFT) .gr. absmax) absmax=Eprsq(jFT)
if (Eprsq(jFT) .lt. 0.0) Eprsq(jFT)=0.0

endif
120 continue

write (8,900)0.0,0.0

do 121 iw=l, jFT
c convert omega from a.u. to eV.

Eprsq (iw) =Eprsq (iw)/absmax
write (8,900) omega(iw),Eprsq(iw)

900 format (2x, f10.4,2x, f20.10)
121 continue

close (8)
return

end
C

subroutine pktsav(zpsi,time,npkt, itype)

c Save the wavepacket at several shots in time in the same file
implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
include "param.inc"
dimension zpsi(nlpts, l),zpsiun(nlpts, n2pts)
common/convert/hater, e,,wn, aO, amu, emu, harwn, amass, atu

common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpt s, dy, npacket
common/flags/isavpotA, isavpotB, isavde, ireadwav, irestart, iabs

C Append the new packet to the file
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c And add extra record to the open file
c
900 format (f16. i0)

t fs=time*atu

if (itype .eq. -4) then
call unwrap(zpsi,zpsiun,nxpts,nypts)

endif

do 200 iy=l, nYpts
yi=ymin+ (iy-l) *dy
do i00 ix=l,nXpts
xi=xmin+ (ix-1) *dx

if (itype .eq.-4) then
write (9,900) abs (zpsiun (ix, iy) )

else

write (9,900) abs (zpsi (ix, iy) )
endif

I00 continue
200 continue

return
end

subroutine initpkt()
CW****WWW**WWWWWW_W**e*W****WWW*W*W W*** W*WW**WW*W***W***W*W W*WW**

implicit real*8 {A-H,O-Y)
integer irec
common/convert/harev,evwn, aO,amu,emu,ha ,, amass,atu

common/const3/tmax, ntmax, delt, iderflag
common/const 4/xmin, xmax, nXpt s, dx, ymin, ymax_ nYpts, dy, npacket
common/const7/ Espmin, domega, novsav, npktsav
common/flags/isavpotA, isavpotB, isavde, ireadwav, irestart, iabs
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob

irec=nXpts*nYpts*17
isize=irec* (isavde+l) *ntmax/npktsav
if (isize .gr. 4000000) then
write(6,*)'Too many wavepackets to save - that is ',

1 isize,' characters'
endif

C

if (irestart .eq. 1 ) then
C Correct the initial data at top of file and reposition file pointer
C so I can start appending new information on file
C SUN DOES NOT LIKE THIS WAY OF APPENDING DATA
C USE FILEOPT=EOF INSTEAD

open (9, file=' wavepkt, out' ,status=' old' )
read (9,900) idesav, irec, xmn, xmx, i junk, ymn, ymx, ijunk,

+ tbegin, tinit, npktold
backspace (9)
if (idesav .ne. isavde) then

write (6,*)'Wavepacket saving flag imcompatible with',
# ' previous run: please fix'

close (9)

stop
endif

tlastpkt=tinit+int (ntmax/npktsav)*npktsav*delt
npktfin=npktold+ntmax/npktsav
write (9,900) isavde, irec, xmn, xmx, nXpts, ymn, ymx,

= nYpts, tbegin, tlastpkt, npkt fin
do 9677 i=I,16777215

read (9,*,end=9676)
9677 continue

9676 backspace (9)

C backspace over end-of-file marker and start appending here
else

open (9, fiie='wavepkt.out')
t !astpkt=int (ntmax/npktsav) "npktsav*delt

xmn=xmin_a0/sqrt (AMab)
xmx=xmax*a0/sqrt (AMaD)
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ymn=ymin*a0/sqrt (AMab)
ymx=ymax* a0 /sqrt (AMab)
write (9,900) isavde, irec, xmn, xmx, nX_ ,ymn, ymx, nYpts, 0.0,

: t la stpkt, ntmax/npkt say* i
900 format (il, 2x, i6, 2x, lP. 3, 2x, f9.3, 2x, i4,2x, fP. 3, 2x, f9.3, 2x, i4,2x,

4 f6.3,2x, f12.3, 2x, i3)
endif

return
end

Cttt_tt_t_tt_W_tt _*_*tt tt t_t_W_ttW_t*ttt_t_t_tttttt_t_

C Unwrap the psi(k) wavefunction from FFT wrap round order...
implicit real*8 (a-h,o-y)
implicit complex*f6 (z)
dimension zpsi(nx, ny),zpsiun(nx,ny)

LX=nX/2
LY=nY/2

do 20 ky=0,nY-i
if (ky .le .LY) then

do 22 kx=0,nX-I
if (kx .le. LX) then

zpsiun (kx+LX, ky+LY) =zpsi (kx+l, ky+l)
else

zpsiun (kx-LX, ky+LY) =zpsi (kx+l, ky+l)
endif

22 continue
else

do 23 kx=0,nX-i
if (kx .le. LX) then

zpsiun (kx+LX, ky-LY)=zpsi (kx+l, ky+l)
else

zpsiun (kx-LX, ky-LY) =zpsi (kx+l, ky+l )
endif

23 continue
endif

20 continue
return
end

subroutine wavedump(zpsid,time)
CWW * t t * t • _z ltk W t t t I1_W _ W t t I t t _ ** I t W 11_t t t tk t t Wt' _z* * I * t WW* W t • t lt _** * * Wt* _'_

c

c dumps the current wavepacket to its own file
C for restart purposes...

implicit real"8 (a-h,o-y)
implicit complex'f6 (z)
include "param.inc"
dimension zpsid(nlpts, l)
common/const 4/xmi n, xmax, nXpts, dx, ymin, ymax, nYpt s, dy, npacket

C If time is a nega:ive value assume that this is anion wave function
C and save to "wave.anion" otherwise to wave.dump

if (time.lt.0.0) then
open (3, file=' wave .anion' ,form=' formatted' )
time=0.0

else

open (3, file=' wave .dump', form=' formatted' )
endif

write (3,909) nxpts, nypts, xmin, xmax, ymin, ymax, time
909 format(2x, i_,2x, i4,4 (2x, f10.4),f14.5)

do 20 iy=l,nypts
do I0 i×=l,nxpts

write (3, II!) zpsid (ix, iy)
i0 continue
20 continue
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III format (e22.16,2x, e22.16)
close (3)
return
end

c **''*'**''***'''''''''''*'****'*''********'**''''***'**
subroutine morsewf (zpsi, tinit)

C *******************************************************

C Calculate the product ground Wavefn for harmonic (X) and
C an anharmonic oscillator along Y
C Wavefn for Y has following form ( see J. Res. N.B.S. A 65, 451 (1961))
C psi(y) = norm * [K * expval(y))^(0.5*(K-l)) * exp(-0.5*E * expval(y))
C where : expval(y) = exp(-alpha*y)
C norm = sqrt (alpha/gamma (k-l))

implicit real*8 (a-h,o-y)
implicit complex*f6 (z)
include "param. inc"
common/conve rt/ha tev, evwn, aO, amu, emu, ha_wn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/constl/ xmas, ymas, redmas, hb
common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xalphaA
common/const2xB/x0B, xomegB, xwexeB, xdeB, xalphaB, v0B
common/const2yA/y0A, yomegA, fcupA, ywexeA, ydeA, yalphaA
common/const2yB/y0B, yomegB, ywexeb, ydeB, yalphaB, fcupB
common/anionqno/ivibx, iviby, irotcoor
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob
common/const 4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/trans f/T (2,2)
dimension zpsi(nxpts,nypts)

C define statement functions

AmstoRab (xx, yy) = yy/sqrt (AMab)
AmstoRbc (xx, yy) =-yy*sqrt (AMab)/AM2 + xx/AMcxab
AmstoQl (xx, yy) -xx/AMcxab
AmstoQ3 (xx, yy) -AmstoRab (xx, yy)
AmstoSl (xx, yy) =AmstoRab (xx, yy) +AmstoRbc (xx, yy)
AmstoS3 (xx, yy) -AmstoRab (xx, yy) -AmstoRbc (xx, yy)
AmstoNCl (xx, yy, rabeq, rbceq) =T (i, 1 )* (AmstoRab (xx, yy) -rabeq)

^ +T(I, 2) * (AmstoRbc (xx, yy)-rbceq)
AmstoNC3 (xx, yy, rabeq, rbceq)=T (2, i) * (AmstoRab (xx, yy) -rabeq)

^ +T (2,2) * (AmstoRbc (xx, yy) -rbceq)

C calculate stuff for Morse coordinate...
C This should be included as a function at a later date... (7/11/89)

C Form K = we/wexe and calculate gamma function of (k-l)

AK= yomegA/ywexeA
arg=AK- 1.0
APOLY=l+i/(12.0"arg_+?./(288,arg*arg) - 139/(51840*arg**3)
gak=sqrt (twopi/arg_ • (_Jrg''arg) "exp (-arg) "APOLY
Anorm=sqrt (ya iphaA/ga k}
write (6,*)'Initial Wavepacket is anharmonic along y'
if ((iviby.gt.l) .or. (iviby.lt.0)) then

write (6,')' Illegal anion quantum number in y'
stop

endif

if (AMI.eq. AM3) then

write(6,')'Makes no sense to have an (asymmetric) Morse',
1 ' potential along the Q3 coordinate for a symmetric system'

stop
else

do 23 iy=i,nYpts
yi=ymin . (iy-l)'dy
do 24 ix=l,nXpts
ri=xmin + (ix-i)*d×
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C perform conversion of coordinates
if (ir otcoor.eq.l) then

x=AmstoNC 1 (xi, yi, x0A, y0A)
y=AmstoNC3 (xi, yi, x0A, y0A)
,emp=gauss (x, 0.0, xomegA, amu, ivibx)

else

y=AmstoQ3 (xi, yi )-y0A
x=AmstoQl (xi, yi)
temp=gauss (x, x0A, xomegA, xmas, ivibx)

endi_."

expva I_,¢__ (-yalphaA*y )
zps! (:',!_i_) =temp_Anorm * (AK*expval) **

1 [(AK-I)/2) *exp (-AK*expval/2)

C Set up to check for v=l Morse wavefunction using recurrence
C relationship - higher values - refer to above reference...

if (iviby oeq. I) then
zpsi (ix, iy) =zpsi (ix, iy) *sqrt (AK-3.0) *

: (AK*expval-AK+2.0) / (AK*expval)
endif

24 continue
23 continue

endif
tinit=0.0
return
end

subroutine readwave(zpsi,time,irestart)
C **********************************************

C This is designed to either read in anion wavefunction calculated elsewhere
C or to capture the last wavepacket from a previous run so
C if a less ambitious job finishes, and user wishes to
C restart, then user can load in this last position.
C Note that the full wavepacket is normally only dumped at end of the job
C This can be altered if user worried that computer may crash over period of job

implicit real*8 (A-H,O-Y)
implicit complex*16 (z)
common/const4/xmin, xmax, nXpt s, dx, ymin, ymax_ nYpts, dy, npacket
common/const2yA/y0A, yomegA, fcupA, ywexeA, ydeA, yalphaA

dimension zpsi (nxpts,nypts)

open (3, file=' wave .dump' ,form=' formatted' )
read (3,909) nx, ny, xmn, xmx, ymn, ymx, time

909 format(2x, i4,2x, i4,4(2x, fl0.4), f14.5)

C Check the wave.dump file for compatibility

if ((nx.ne.nxpts) .or. (ny.ne.nypts)) then
write (6,*)'* Incompatible read wavepacket,',

! 'nxpts/nypts in wave.dump'
stop

endif

if ((abs(xmn-xmin) .gr. 0.001) .or.
: (abs(xmax-xmx) .gr. 0.001)) then

write (6,*)'" Incompatible read wavepacket,',
'xmin/xmax in wave .dump'

write (6, _) xmn, xmin, xmx, xmax
stop

endif

if ((abs(ymn-ymin) .gt.0.001).or.
! (abs(ymx-ymax) .gr.0.001)) then

write (6, ")'* Incompatible read wavepacket,',
! 'ymin/ymax in wave. dump'

write (6, *) ymn, ymin, ymx, ymax
stop

endif
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C File oK for job, continue

if (irestart.ne.l) then

C if not restarting then wavefunction should be real
do I0 iy=l,nypts

do 20 ix=l,nxpts
read (3, *)aps
zpsi (ix, iy) =cmplx (aps, 0.0)

20 continue
I0 continue

else

C if restarting the wavefunction is complex & already normalised
do I00 iy=l,nypts

do 200 ix=l,nxpts
read (3, III) zpsi (ix, iy)

III format (e22.16,2x, e22.16)
200 continue
I00 continue

endif
close (3)

return
end

C *********************************************************

subroutine twodint(nXpts,nYpts, ff,dx, dy,xyint)
C *********************************************************

implicit real*8 (A-H,O-Y)
include "param.inc"

dimension ff(nxpts,nypts),temp(n2pts),ffcol(nlpts)

C for every y value _calculate the l-d integral over x

C note limits of integration are independent of y
do 12 j=l,nYpts

do 13 i=l,nXpts
ffcol(i)=ff(i, j)

13 continue

call simpint(nxpts, ffcol,dx,temp(j))
12 continue

C Now calculate _he integral over all y values
call simpint(nYpts, temp,dy, xyint)

return
end

C *********************************************************

subroutine ztwodint (nXpts,nYpts, zff,dx, dy, zxyint)
C *********************************************************

implicit real*8 (A-H,O-Y)
include "param.inc"
implicit complex*f6 (z)

dimension zff(nxpts,nypt-),ztemp(n2pts),zffcol(nlpts)

C for every y value calculate the l-d integral over x
C note limits of integration are independent of y

do 12 j=l,nYpts
do 13 i=l,nXpts

zffcol(i)=zff(i, j)
13 continue

call zsimpint(nxp-_s, zffcol,dx, ztemp(j))
12 continue

C Now calculate the integral over all y values
call zsimpint(nYpts, ztemp, dy, zxyint)
return
end
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subroutine relax(zpsiA0,delt,ntmax)

implicit real*8(a-h,o-y)

implicit integer(i-n)
implicit complex*16(z)
include "param. inc"
dimension zpsiA0(nlpts, l),zpsiAl(nlpts, n2pts)
dimension zpsiAI(nlpts, n2pts),zHpsiAI(nlpts,n2pts)
dimension zHpsiA0(nlpts,n2pts)
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xalphaA
common/const2xB/x0B, xomegB, xwexeB, xdeB, xalphaB, v0B
common/constl/ xmas, ymas, redmas, hb
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob

C This method of finding the lowest eigenstate of a bound potential surface
C is described in R. Kosloff and H. Tal-Ezer, Chem. Phys. Left. 127, 223 (1986)

C It uses propagation of the initial guess wavefunction in IMAGINARY time to
C let the wavefunction relax to the lowest eigenfunction of the Hamiltonian.

C The advantage of the method is it uses nearly all the same routines as the
C time dependent propagation method used in this program for the neutral
C surface. However this wavefunction is everywhere real, unlike neutral psi.

C Generate initial guess:

C If the potential is morse/harmonic such that analytic solutions were not
C implemented or the potential had linear coupling then uncoupled SHO x SHO
C centered at x0A, y0A with frequencies xomegA and xomegB will suffice as good
C initial guesses to the ground state wavefunction.
C If the potential was read in or is a user supplied functional the form,
C user is required to give the same information to generate an initial guess.

C Produce this initial guess
call initWF(zpsiA0, tinit)

C Normalise

rt Jacobian=sqrt (AJAcob)
do 47 iy=l,nypts

do 48 ix=l,nxpts
zpsiA0 (ix, iy) =rtJacobian*zpsiA0 (ix, iy)

48 continue
47 continue

call chk(l,ti,zpsiA0,rsnorm, Have)
write(6,*)'Norm of inital guess anion WF = ',rsnorm
write (6,')'<H> of inital guess anion WF = ',
^ Have*harwn/rsnorm,' cm-l'

C for the anion imaginary time propagation need delt and tmax,
C at present use the same as for the neutral propagation

C evolve the initial guess for time delt/2 on the anion surface
call Hpsi(l,ti,zpsiA0, zHpsiA0)
do 22 iy=l,nYpts
do 20 ix=l, nXpts
zpsiAI (ix, iy)=zpsiA0(ix, iy)-(delt/2.)*zHpsiA0(ix, iy)/hb

20 continue

22 continue

c Second order Runge Kutta using the intermediate derivative.
call Hpsi(l,ti,zpsiAI,zHpsiAI)
do 32 iy=l,nYpts
do 30 ix = I, nXpts

zpsiAl (ix, iy)=zpsiA0 (ix, iy)-delt*zHpsiAI (ix, iy)/hb
30 continue
32 continue

call Vcopy(nxpts, nypts, zpsiAl,zpsiA0)
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C Now perform First Order Differencing in imaginary time for ntmax steps
do 1000 it=l,ntmax

ti=ti+delt

call Hpsi(l,ti, zpsiA0,zHpsiA0)
do 100 iy=l,nYpts

do 200 ix=l,nXpts
zpsiAl(ix, iy)=zpsiA0(ix,iy)-delt*zHpsiA0(ix,iy)/hb
zpsiAl(ix, iy)=cmplx(real(zpsiAl(ix, iy)),0.O)

200 continue
I00 continue

call Vcopy(nXpts,nYpts,zpsiAl,zpsiA0)
if (mod(it,500).eq.0) then

C Check the norm, and nearly always renormalise psi
C before continuing relaxation
C even ground state component will relax at rate exp(-E.t)
C where E is the energy in a.u. above the absolute energy zero.

call chknrm(zpsiA0,rsnorm)
rtrsnorm=sqrt(rsnorm)
if ((rsnorm.lt.0.5).or.(rsnorm.gt.2.00)) then

do 456 iy=l,nYpts
do 457 ix=l,nxpts

zpsiA0(ix, iy)=zpsiA0(ix, iy)/rtrsnorm
457 continue
456 continue

endif
endif

if (mod(it, (ntmax/4)).eq.0) then
call chk(l,ti,zpsiA0, rsnorm, Have)
write(6,*)'Time step =', it,' <H> = ',

^ Have*harwn/rsnorm,' cm-l'
endif

1000 continue

C Hopefully have converged ground state wavefunction
C Renormalisation will be carried out in initB

write(6,*)ntmax,' propagation in imaginary time to find'
write(6,*)'lowest eigenstate of anion potential completed'
write(6,*)

return
end

potread2.f

subroutine potread()

C This contains all routines to read and generate potential function
C the full potential for upper and lower surfaces is stored in array xypot
C This set of subroutines and functions is long and tedious but extremely
C flexible. Some code cleaning could be done to avoid repetition of long
passages
C of code, but in the interests of vectorizing loops additional calls to
subroutines and
C functions have been avoided. Note statement functions are standard FORTRAN
and will

C vectorize unlike regular function calls.
c Many potential types have been added. (thanks to R. B. Metz and J. M. Bowman).

c S. E. Bradforth !/1/91

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
include "param.inc"
common/convert/harev, evwn,a0,amu,emu,harwn, amass,atu

common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/const!/ xmas,ymas, redmas, hb
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common/const2xA/x0A, xomegA, v0A, xwexeA, xdea, xa iphaA
common/const2xB/x0B, xomegB, xwexeB, xdeB, xalphaB, v0B
common/const2yA/y0A, yomegA, fcupA, ywexeA, ydeA, yalphaA
common/const2yB/y0B, yomegB, ywexeb, ydeB, yalphaB, fcupB
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpt s, dy, npacket
common/flags/isavpotA, isavpotB, isavde, ireadwav, irestart, iabs
common/pot/xypot (nlpts, n2pts, 2)
common/anionqno/ivibx, iviby, irotcoor
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob
common/analyt ic/ianal
common/transf/T (2,2)

C This routine reads in potential parameters for both surfaces and then
C stores potential at each grid point to save further computation.

C Define functions as statement functions

harmonic(xx,xmas, x0,xomeg)= 0.50*xmas*(xomeg* (xx-x0))**2
dmorse (xx, x0, de, xalpha) =de* (I. 0-exp (-xalpha* (xx-x0)) ) **2
AmstoRab(xx,yy)= yy/sqrt(AMab)
AmstoRbc (xx,yy) =-yy*sqrt (AMab)/AM2 + xx/AMcxab
AmstoQl (xx, yy) =xx/AMcxab
AmstoQ3 (xx, yy) =AmstoRab (xx, yy)
AmstoSl (xx, yy) =AmstoRab (xx, yy) +AmstoRbc (xx, yy)
AmstoS3 (xx, yy) =AmstoRab (xx, yy) -AmstoRbc (xx, yy)
AmstoNCl (xx, yy, rabeq, rbceq) =T (i, I) * (AmstoRab (xx, yy) -rabeq)

^ +T(I, 2) * (AmstoRbc (xx, yy)-rbceq)
AmstoNC3 (xx, yy, rabeq, rbceq)=T (2, i) * (AmstoRab (xx, yy)-rabeq)

^ +T (2,2) * (AmstoRbc (xx, yy)-rbceq)

C Read anion potential first

C set the potential by reading potential type
read(l,*)ipottypA, ipottypAy, ivibx, iviby
if ((ipottypA .gr. 4) .or. (ipottypA .lt. -I)) then
write(6,*)'Problem with potential Ax type in input deck'
stop

endif

if ((ipottypAy .gt. 4) .or. (ipottypAy.lt. 0)) then
write(6,*)'Problem with potential Ay type in input deck'
stop

endif

write(6,*)'Setting up 2d potentials in memory ........ '

C set the flag desc_.)inc the potential as having analytic solutions or not
ianai=0

C check for a seperable potential or one _ith linear coupling

if ((ipottypA.eq.l).or. (ipottypA.eq.0).or.(ipottypA.eq.-l))then

C proceed to calculate potential

C For each type read relevant parameters:
C (expect x0 in Angs, omega, wexe and v0 in cm-I and De in eV, alpha in Angs-l)
C x coordinate (Qf like) first, where reduced mass is xmas

C If ipottypA=-! then expect potential parameters like those above, but
C the coordinates along which the axes for potential and wavefunction are
C defined are now not x,y or SI,$3 but NCI,NC3 defined in statement function
C above. This allows use of ab initio normal coordinates.

C Mass is assumed to be included in the transfromation coefficients,
C IEa reduced mass of 1 amu will be assumed for both NCI And NC3

C x0A and y0A should be the equilibrium values of Rab and Rbc rather than
C of r(ac) and R(ab)

if (ipottypA.eq.-!) then
irotcoor=l
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C rotated coordinates include mass in them, so reduced mass for each oscillator
C is 1 amu.

xmasA=amu

ymasA=amu
C Read in the transformation matrix

read (i, *) T (i, I), T(I, 2)
read(l, *)T (2, I) ,T(2, 2)

else
xmasA= xmas

ymasA=ymas
endif

if (ipottypA .eq. 0) then
read (i, *) x0A, xdeA, xalphaA, v0A
xdeA=xdeA/harev

xa iphaA=xalphaA* a0
xwexeA=xalphaA* *2/(2.0*xmasA)
xomegA= sqrt (4.0 *xwexeA* xdeA)

endif

if ((ipottypA.eg.l).or.(ipottypA.eq.-l)) then
read(l,*)x0A,xomegA, xwexeA, v0A
xomegA=xomegA/harwn
xwexeA=xwexeA/harwn

C If Morse, convert potential parameters to reciprocal bohr and hartrees...
if (xwexeA .he. 0.0) then

xalphaA=sqrt (2.0 *xmasA*xwexeA)
xdeA=xomegA* *2 / (4.0* xwexeA)
ipottypA=0

endif
endif
x0A=x0A/a0
v0A=v0A/harwn

C y coordinate (Bound Q3 like), where reduced mass is ymasA..
C Expect the coupling constant in units of eV/(angs)**2

if (ipottypAy .eq. 0) then
read(l,*)y0A, ydeA, yalphaA, fcupA

C convert to au

ydeA=ydeA/harev
yalphaA=yalphaA*a0
ywexeA=yalphaA**2/(2.0*ymasA)
yomegA=sqrt(4.0*ywexeA*ydeA)

endif

if (ipottypAy .eq. i) then
re_d(l,*)y0A, yomegA, ywexeA, fcupA

C convert to au

yomegA=yomegA/harwn
ywexeA=ywexeA/harwn

C If Morse, convert potential parameters to reciprocal bohr and hartrees...
if (ywexeA .ne. 0.0) then

yalphaA=sqrt(2.0*ymasA*ywexeA)
ydeA=yomegA**2/(4.0*ywexeA)
ipottypAy=0

endif
endif

y0A=y0A/a0
fcupA=fcupA*a0*a0/harev

C If seperable potential (linear coupling is zero), and potential is anharmonic
C along y, if at all, only, then this program can yield analytic wavefunctions

if ((fcupA.eq.0.0).and.
^ ((ipottypA.eq.l).or. (ipottypA.eq.-l))) ianal=l

C establish shelf as usual
shelf=2.0/harev

if(irotcoor.eq.l) then
rrbceq=y0A
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rrabeq=x0A
do 446 iy=l,nYpts
yi= (iy-l) *dy+ymin
do 445 ix=l,nXpts

xi= (ix-l) *dx+xmin
C convert from mass scaled coordinates to normal modes

x=AmstoNCl (xi, yi, rrabeq, rrbceq)
y=AmstoNC3 (xi, yi, rrabeq, rrbceq)
if (ipottypA.eq.0) tmpx=dmorse(x,0.0,xdeA, xalphaA)
if (ipottypA.eq.-l) tmpx=harmonic(x,xmasA, 0.0,xomegA)
if (ipottypAy.eq.0) tmpy=dmorse(y,0.0,ydeA, yalphaA)
if (ipottypAy.eq.l) tmpy=harmonic(y,ymasA, 0.0,yomegA)
xypot (ix, iy, i)=tmpy+tmpx+fcupA*x*y+v0A
if (xypot(ix, iy, l)-v0A.gt.shelf) xypot(ix,iy, l)=shelf+v0A

445 continue
446 continue

else

if (AM1 .eq. AM3) then
do 146 iy=l,nYpts
yi= (iy-l) *dy+ymin
do 145 ix=l,nXpts

xi= (ix-l) *dx+xmin

C convert from mass scaled coordinates to normal modes of symmetric anion

x=AmstoSl (xi, yi)
y=AmstoS3 (xi, yi)
if (ipottypA.eq.0) tmpx=dmorse(x, x0A, xdeA,xalphaA)
if (ipottypA.eq.l) tmpx=harmonic(x, xmasA, x0A, xomegA)
if (ipottypAy.eq.0) tmpy=dmorse(y,y0A, ydeA, yalphaA)
if (ipottypAy.eq.l) tmpy=harmonic(y,ymasA,y0A,yomegA)
xypot (ix, iy, I) =tmpy+tmpx+fcupA*x*y+v0A
if (xypot(ix, iy, l)-v0A.gt.shelf) xypot(ix, iy, l)=shelf+v0A

145 continue
146 continue

else

do 1426 iy=l,nYpts
yi= (iy-l) *dy+ymin
do 1425 ix=l,nXpts

xi= (ix--l) *dx+xmin

C convert from mass scaled coordinates to approx normal modes
C of Asymmetric anion

x=AmstoQl (xi, yi)
y=AmstoQ3 (xi, yi)
if (ipottypA.eq.0) tmpx=dmorse(x, x0A, xdeA, xalphaA)
if (ipotsypA.eq.l) tmpx=harmonic(x, xmasA, x0A, xomegA)
if (ipottypAy.eq.0) tmpy=dmorse(y,y0A, ydeA, yalphaA)
if (ipottypAy.eq.l) tmpy=harmonic(y,ymasA,y0A, yomegA)
xypot (ix, iy, i)=tmpy+tmpx+fcupA*x*y+v0A
if (xypot(ix, iy,l)-v0A.gt.shelf) xypot(ix,iy, l)=shelf+v0A

1425 continue
1426 continue

endif
endif

endif

C non separable potentials
if (ipottypA .eq. 2) then
write(6,*)'Leps not supported for anion'
st op

endif

if (ipottypA .eq. 3) then
read (I, * )v0A

C This potential will require numerical solution of first eigenfn, if no
C wavefunction is read in form disk

C Thus ask for a guess in terms of minimum position and frequency along
C the x,y axes (which will NOT be the normal coordinates)

C This will be used by the subroutine relax.
if (ireadwav.ne.l) then

read (i, ")x0A, xomegA
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read (i, *) y0A, yomagA
xomegA=xomegA/ha rwn
yomegA=yomegA/harwn
x0A=x0A/a0

y0A=y0A/a0
endif

C establish shelf as usual, this is necessary as anion wavefn, will need to be

C found numerically for this potential surface
shelf=2.0/harev
v0A=v0A/harwn

open (7, file=' pot.in' )
do 822 iy=l,nYpts

do 821 ix=l,nxpts

read (7, *) tmp
xypot (ix, iy, i) =tmp+v0A

821 continue
822 continue

endif

C User defined function as 2d anion potential surface
C As set up V is a function of the primitive internal ccordinates Rab and Rbc
C Note user musc recognise that Rab and Rbc are not interchangeable
C for asymmetric propagation

if (ipottypA .eq. 4) then
read (I, *) v0A

C This potential will require numerical solution of first eigenfn, if no
C wavefunction is read in form disk

C Thus ask for a guess in terms of minimum position and frequency along
C the x,y axes (which will NOT be the normal coordinates)
C This will be used by the subroutine relax.

if (ireadwav.ne.l) then
read (I, *) x0A, xomegA
read (i, * )y0A, yomegA
xomegA=xomegA/harwn

yomegA=yomegA/ha rwn
x0A=x0A/a0

y0A=y0A/a0
endif

C establish shelf as usual, this is necessary as anion wavefn, will need to be
C found numerically for this potential surface

shelf=2.0/harev
shelfl=-0.2
v0A=vOA/harwn

do 924 iy=l,nYpts
ay= (iy-l) *dy+ymin
do 923 ix=l,nxpts

ax= (ix-1) *dx+xmin

axx=AmstoRab (ax, ay)
ayy=AmstoRbc (ax, ay)
xypot (ix, iy, 1 )=upot fn (axx, ayy) +v0A
if (xypot (ix, iy, l)-v0A.gt.shelf) xypot(ix, iy, l)=shelf+v0A
if (xypot (ix, iy, i) -v0A. lt. shelfl) xypot (ix, iy, I) =shelfl+v0A

923 continue
924 continue

endif

C Now read neutral (B) potential :

read (I, *) ipottypB, ipottypBy
if ((ipottypB .gr. 5) .or. (ipottypB .lt. 0)) then
write(6, *) 'Problem with potential Bx type in input deck'
stop

endif

if ((ipottypBy .gr. !) .or. (ipottypBy .lt. 0)) then

write(6, ") 'Problem with potential By type in input deck'
stop



392

endif

C as for anion potential construct pot. from seperable pa.rts if appropriate ..
if ((ipottypB .eq. i) .or. (ipottypB .eq. 0)) then

if (ipottypB .eq. 0) then
read(l. *)x0B, xdeB,xalphaB,v0B
xdeB=xdeB/harev

xalphaB=xalphaB*a0
xwexeB=XalphaB**2/(2.0*xmas)

xomegB=sqrt(4.0*xwexeB*xdeB)
endif

if (ipottypB .eq. i) then
read(l,*)x0B, xomegB, xwexeB, v0B
xomegB=xomegB/harwn
xwexeB=xwexeB/harwn
if (xwexeB .ne. 0.0) then

xalphaB=sqrt(2.0*xmas*xwexeB)
xdeB=xomegB**2/(4.0*xwexeB)

ipottypB=0
endif

endif
x0B=x0B/a0
v0B=v0B/harwn

C y coordinate, where reduced mass is ymas
if (ipottypBy .eq. 0) then

read (I, *) y0B, ydeB, yaiphaB, fcupB
C convert to au

ydeB=ydeB/harev
yalphaB=yalphaB*a0
ywexeB=yalphaB**2/(2.0*ymas)
yomegB=sqrt(4.0*ywexeB*ydeB)

endif

if (ipottypBy .eq. I) then
read(l,*)y0B,yomegB, ywexeB, fcupB

C convert to au

yomegB=yomegB/harwn
ywexeB=ywexeB/harwn
if (ywexeB .he. 0.0) then

yalphaB=sqrt(2.0"ymas*ywexeB)
ydeB=yomegB**2/(4.0*ywexeB)
ipottypBy=0

endif
endif

y0B=y0B/a0
fcupB=fcupB*a0*aO/harev

C Note include shelf here for B potential, partic, for Morse, (6eV)
shelf=6.0/harev

if (AM1 .eq. AM3) then
do 148 iy=!,nYpts

yi=(iy-l)*dy+ymin
do 147 ix=!,nXpts

xi=(ix-l).dx+xmin

C convert from mass scaled to normal coordinates of symmetric neutral

x=AmstoSl (xi, yi)
y=AmstoS3 (xi, yi)
if (ipottypB.eq.0) tmpx=dmorse(x,x0B, xdeB, xalphaB)
if (ipottypB.eq.l) tmpx=harmonic(x,xmas,x0B, xomegB)
if (ipottypBy.eq.0) tmpy=dmorse(y, y0B, ydeB,yalphaB)
if (ipottypBy.eq.l) tmpy=harmonic(y,ymas,yOB,yomegB)
xypot(ix, iy,2)=tmpy+tmpx+fcupB*x*y+v0B
if (xypot(ix,iy,2)-v0B .gr. shelf) xypot(ix, iy,2)=shelf+v0B

147 continue
148 continue

else

do 1480 iy=!,nYpts
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yi= (iy-l) _dy+ymin
do 1470 ix=l,nXpts

xi= (ix-I )*dx+xmin
C convert from mass scaled to normal coordinates of Asymmetric neutral

x=AmstoQl (xi, yi)

y=AmstoQ3 (xi. yi)
if (ipottypB.eq.0) tmpx=dmorse(x,x0B, xdeB, xalphaB)
if (ipottypB.eq.l) tmpx=harmonic(x,xmas,x0B, xomegB)
if (ipottypBy.eq.0) tmpy=dmorse(y, y0B, ydeB,yalphaB)
if (ipottypBy.eq.l) tmpy=harmonic(y, ymas,y0B,yomegB)
xypot (ix, iy, 2) =tmpy+tmpx+fcupB*x*y+v0B
if (xypot(ix, iy,2)-v0B .gt. shelf) xypot(ix, iy,2)=shelf+v0B

1470 continue
1480 continue

endif

endif

C NON SEPARABLE POTENTIALS

C Extended LEPS potential surface, with or without, zero point bend correction.
C Note the value of ipottypBy denotes whether to include zero point bend

if (ipottypB .eq. 2) call iepstore(ipottypBy)

C Potential from file potB.in
if (ipottypB .eq. 3) then

write(6, *) 'Reading the file potB.in'
C Note include shelf here for B potential, at 2eV relative when v0B added

shelf=2.0/harev

read (i, *) v0B
v0B=v0B/harwn

open (7, file=' potB. in' )
do 824 iy=l,nYpts

do 823 ix=l,nxpts
read (7, *)tnp
xypot (ix, iy, 2) =tmp+v0B
if (xypot(ix, iy,2)-v0B.gt.shelf) xypot(ix, iy,2)=shelf+v0B

823 continue
824 continue

endif

C User defined function as 2d potential surface
C As set up, V is a function of the primitive internal ccordinates Rab and Rbc
C Note user must recognise that Rab and Rbc are not interchangeable
C for asymmetric propagation

if (ipottypB .eq. 4) then
read (I, *) v0B

C establish shelf as usual

shelf=2.0/harev
v0B=v0B/harwn

do 724 iy=l,nYpts
ay= (iy-l) *dy+ymin
do 723 ix=l,nxpts

' ax=(ix-1)*dx + xmin

axx=AmstoRab (ax, ay)
ayy=AmstoRbc (ax, ay)
xypot (ix, iy, 2) =upotfn (axx, ayy)+v0B
if (xypot(ix, iy,2)-v0B.gt.shelf) xypot(ix, iy,2)=shelf+v0B

723 continue
724 continue

endif

C Rotated Morse Oscillator Spline Potential
if (ipottypB.eq.5) call rmos()

C Now xypot array contains A and B potentials at nXpts, nYpts on grid
return
end

c
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C LEPS ROUTINES

C Create a LEPS potential for a triatomic system.
C See Smith p. 44
C Indices :
C 1 = ab
C 2 = bc
C 3 = ca
C
C Variables :
C R(1) = ab distance (nm)
C Delta(l) = (i/S(1)) - i, where S is Sato Parameter
C De(l) = dissoc limit of ab (kJ/mol)

C Re(l) = equilibrium ab bond length (nm)
C B(1) = width of potential for ab (nm -I)
C M(1) = mass of atom a (amu)
C
C Functions :

C V(R(1), R(2), R(3)) = LEPS potential (kJ/mol)
L Q(I,R(1)) = Q for ab and Rab
C AJ(I,R(1)) = J for ab and Rab
C VM(I,R(1)) = Morse potential for ab and Rab
C VaM(I,R(1)) = anti-Morse potential for ab and Rab
C

FUNCTION VM(I, R)
IMPLICIT REAL*8(A-H,O-Z)
REAL* 8 LDE, LRE, LB
COMMON/LEPS/LDE (3) ,LRE (3) ,LB (3) ,DELTA (3)
X = -LB(I)*(R - LRE(I))
VM = LDE(I) * (EXP(2.0*X) - 2.0*EXP(X))
RETURN
END

C

FUNCTION VAM (I, R)

IMPLICIT REAL*8(A-H,O-Z)
REAL* 8 LDE, LRE, LB
COMMON/LEPS/LDE (3) ,LRE (3) ,LB (3) ,DELTA (3)

X = -LB(I)*(R - LRE(I))
VAM = LDE(I) * (EXP(2.0*X) + 2.0*EXP(X))/2.0
RETURN
END

C

FUNCTION Q(I,R)
IMPLICIT REAL*8(A-H,O-Z)
kEAL* 8 LDE, LRE, LB
COMMON/LEPS/LDE (3) ,LRE (3), LB (3), DELTA(3)

Q =((i.0 + DELTA(I))*VM(I,R) + (I.0 - DELTA(I)) * VAM(I,R))/2.0
RETURN
END

C

FUNCTION AJ(I,R)
IMPLICIT REAL*8(A-H,O-Z)

REAL'8 LDE,LRE,LB
COMMON/LEPS/LDE (3), LRE (3), LB (3), DELTA (3)

AJ =((i + DELTA(I))*VM(I,R) - (I - DELTA(I)) _ VAM(I,R))/2.0
RETURN
END

C

FUNCTION JSIGN(I,K)
IMPLICIT REAL*8 (A-H,O-Z)
IF (I .EQ. K) THEN



395

JSIGN=I
ELSE
JSIGN=-I

ENDIF
RETURN
END

C ..................

FUNCTION ALV (RAB, RBC, RAC)
IMPLICIT REAL*8 (A-H, O--Z)
REAL* 8 LDE, LRE, LB
COMMON/LEPS/LDE (3) ,LRE (3) ,LB (3) ,DELTA (3)
DIMENSION R(3),T(3)
REAL*8 JSUM

R(1) = RAB
R (2) = RBC
R(3) = RAC
QSUM = 0.0

DO I0 I = 1,3
T (I)=I. 0/(I. 0+DELTA (I))
QSUM = QSUM + Q(I,R(I))*T(I)

I0 CONTINUE

JSUM = 0.0

DO 20 I = 3,1,-I
DO 30 K = l,I

JSUM = JSUM+AJ(I,R(I))*JSIGN(I,K)*T(I)*AJ(K,R(K))*T(K)
30 CONTINUE

' 20 CONTINUE

ALV = QSUM- SQRT(JSUM)
RETURN
END

C
C

C Asymmetric stretch potential
C

FUNCTION potlep(ibend, x,y)
IMPLICIT REAL*8(A-H,O-Z)
REAL* 8 LDE, LRE, LB
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
COMMON/LEPS/LDE (3), LRE (3), LB (3), DELTA (3)

C x,y in au; RAB etc in nm

RAB=x*a0/10.0

RBC=y*a0/10.0
RAC=RAB+RBC

C Convert from bohrs to nanometers

C evaluate bending correction if required
bn=0.0

C Convert from KJ/mol to hartrees

potlepl = ALV(RAB,RBC,RAC)/2625.504
if (ibend .eq. I) then

C bndh requires RAB RBC in au so use x,y and supplies correction in hartrees
bn=bndh (x, y)

endif

potlep = potlepl+bn

RETURN
END

subroutine lepstore(ibend)
CWWW*W*_W*WW_ WW*WW_*WW_e*W**WW_WWWw*e_***_W*W**W_W* R WW*W**

c
C

implicit reai*8 (A-H,O-Y)
implicit complex*f6 (z)
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include "param. inc"
real*8 Ide, Ire, lb
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu

common/const0/ zero, zeye, pi,c, twopi, sqrtpi,pisq
common/const4/xmin, xmax, nXpt s, dx, ymin, ymax, nYpts, dy, npacket
COMMON/LEP S/ LDE (3 ), LRE (3 ), LB (3), DELTA (3)

common/pot/xypot (nlpts, n2pts, 2)
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob

C define Statement functions

AmstoRab (xx, yy) = yy/sqrt (AMab)
AmstoRbc (xx, yy) =-yy*sqrt (AMab)/AM2 + xx/AMcxab
AmstoQl (xx, yy) =xx/AMcxab
AmstoQ3 (xx, yy) -AmstoRab (xx, yy)
AmstoSl (xx, yy) =AmstoRab (xx, yy) +AmstoRbc (xx, yy)
AmstoS3 (xx, yy) =AmstoRab (xx, yy) -AmstoRbc (xx, yy)

read(l,*) v0B
v0B=v0B/hareV

C For each paiz of atoms input the parameters De, Beta, Re, Sato
C where De (in eV); Beta (in A,gs. -I); Re (in Angs.)
C In the order atoml-atom2 (A-B), atom2-atom3 CB-C) and then atoml-atom3 (A-C)

DO 2050 I=I,3
IF (I.EQ.3) THEN
J=l

ELSE
J=I+l

ENDIF

READ(I,*) LDE(I),LB(I),LRE(1),DELTA(I)
C convert to kJ/mol and nra-l, nm

ide(i) =ide (i) _96.485
±b (i)=ib (i) 210.0
ire(1) =Ire (i)/I0.0

2050 CONTINUE

C determine shelf level where potl is cut offf to avoid high walls and thus
C increase time step ..... (shelf in hartrees)
C 0.30*de(HBr) above three atom dissociation...

shelf=0.3*Ide (I)/2625.504

C potential routine hardwired to expect kJ/mol and nm, nm-i :

if (ibend .eq. I) write (6,*)'Evaluating bending correction'
do 148 iy=l,nYpts

yi= (iy-l) "dy+ymin
do 147 ix=l,nXpts

xi= (ix-1) *dx+xmin
C convert from mass scaled coordinates to internal coordinates of neutral

C We are assuming linearity for this potential call, ie rac=rab+rbc
x=AmstoRab (xi, yi )
y=AmstoRbc (xi, yi )
xypot (ix, iy, 2) =potlep (ibend, x, y) +v0B
if (xypot(ix, iy,2)-v0B.gt.shelf) xypot(ix, iy,2)=shelf+v0B

147 continue
148 continue

return
end

C This is 3d call to leps potl that does not make assumption that Rac=Rab+Rbc
C Used by bndh correction term to potential to incluOe zero-point bend
CRab etc are supplied in au...

implicit reai*8 (a-h,o-z)
common/convert/harev, evwn, aO, ainu,emu, harwn, amass, atu
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Rl=Rab*aO/lO.O
R2=Rbc*aO/lO.O
R3=Rac*aO/lO.O

poten3d=ALV(RI,R2,R3)/2625.504
return
end

FUNCTION BNgH(RAB,RBC)
C ************************************

C

C...PROGRAM TO CALCULATE THE BENDING EIGENVALUE FOR AN ABC TRIATOMIC
C...IN THE HARMONIC APPROXIMATION. WRITTEN BY J.M. BOWMAN
C
C...THE BEND ENERGY BNDH IS CALCULATED IN THE HARMONIC APPROXIMATION
C...GIVEN BY: BNDH = HBAR*OMEGA*(I.0+NB) (IN ATOMIC UNITS). THIS
C...IS SPECIFIC FOR A TRIATOM WITH A LINEAR MINIMUM, I.E., BEND IS DOUELY
C...DEGENERATE. FOR A DISCUSSION OF THIS AND A TEST OF THE METHOD SEE
C...J.M. BOWMAN, CHEM. PHYS. LETT. 124 (1986) 263.
C

C... RAC=RAB+RBC FOR LINEAR GEOM. and lengths are in au.
C...GAMMA IS ABC BOND ANGLE.
C...ASSUME THAT POTENTIAL IS CALCULATED IN AU
C

IMPLICIT REAL*8 (A-H,O-Z)
REAL*8 NB

common/mass/AMI,AM2,AM3,AMab, AMcxab,AJAcob
DATA H/0.01/
DATA PI/3.14159265/
DATA NB/0.0/

C...CALCULATE THE G-MATRIX ELEMENT
C

G=I .0/(AMI*RAB**2) +i. 0/(AM3*RBC*'2) + (I. 0/RAB+I.0/RBC) **2/AM2
C
C...CALCULATE THE SECOND DERIVATIVE OF THE POTENTIAL WRT GAMMA USING
C...FIRST DERIVATIVE OF POT WRT RAC HOLDING RAB AND RBC FIXED.
C...CALCULATED IN DPESDR AND FINITE DIFFERENCE APPROX AND CHAIN RULE.
C

GAMI=PI+H

RAC=SQRT(RAB**2+RBC*,2-2.0*RAB*RBC*COS(GAMI))
C
C NOW GET THE FIRST DERIVATIVE OF THE POTENTIAL WRT RAC
C

CALL DPESDR (DEDR, RAB, RBC, RAC)
C WRITE (7,100) RR,DEDR, H, H3,H43

DPGI=DEDR*SIN(GAMI)'RAB'RBC/RAC
FGAM=DPGI/H
IF (FGAM.LT.0.0D0) GO TO I0
OMEGB=SQRT (G'FGAM)
BNDH=OMEGB" (1.0+NB)

C This is a check for CIHCI : should get 509cm-i at barrier on BCMR surface..
if ((int(10*RAB) .eq. 27) .and. (in_(10*RBC) .eq. 27) )then

write(6,")RAB, ' ',RBC,' ',omegb
endif
RETURN

I0 BNDH=0.0
RETURN
END

C "''':_;;;_[_:';;:_d;_'''''''''''''''''''''''DERIV,RAB, RBC,RAC)

C Find numerical first derivative of pot surface wrt Rac
implicit real'8 (A-H,O-Y)
DATA H/I.0D-3/
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el=poten3d (RAB, RBC, RAC-h)
e2=poten3d (RAB, RBC, RAC+h)
deriv= (e2-el)/h/2.0
return
end

C End of LEPS stuff

C *************************************************************

function upotfn (x, y)
C *************************************************************

implicit real*8 (a-h,o-z)
implicit integer (i-n)
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
common/mass/AM1, AM2, AM3, AMab, AMcxab, AJAcob

real*8 upotfn, koh, kof

C This should contain a general user supplied function
C Here is a an example:

C Potential for FHO- assuming n.c along oh and of

c Transformation calculated from the ab initio cartesian force constant
C matrix. The normal coordinates are transformed into internal coordinates

C and then inverted without any normalisation. Then the Q's calculated
C contain all mass information.

rtoQl(rhf, roh, rhfeq, roheq)=3.0*(rhf-rhfeq) +2.75 *(roh-roheq)
rtoQ3 (rhr, roh, rhfeq, roheq) =0. 199" (rhf-rhfeq) +I. 159* (roh-roheq)

rroheq=i. 078 i/a0
rrhfeq=l. 3456/a0
koh=amu* (2015.0/harwn)**2
kof=amu* (433.0/harwn)**2

upotfn=0.5" (koh* (rtoQ3 (x,y, rrhfeq, rroheq) ) **2
^ +kof* (rtoQl (x, y, rrhfeq, rroheq) )**2)

C

C Here is another example:
C This is the potential function for BrHBr- anion
C as fitted from Ikuta et al. MP2 ab initio potential surface
C al= distance of hydrogen from midpoint of two bromines
C aR=distance between two bromines

c al=a0* (x-y)/2
c aR=a0* (x+y)-3.48947
c upotfn=-0.126848 + 0.0473282*al**2+0.378163*al**4
c ^ -0. 0583723"ai** 6-. 392061*al**2*aR

c ^ +0. 0937135.aR*.2-0. 00197339"aR

return
end

subroutine rmos()

implicit real*8(a-h,o-y)
implicit integer(i-n)
implicit complex*16(z)
include "param.inc"
real*8 le (30),le2(30),b(30),b2(30),d(30),d2(30),phi(30)
real*8 curPhi,curL, curLe, curD,curB

common/convert/harev, evwn, a0, amu, emu, harwn, amass, atu
common/const0/ zero, zeye, pi,c, twopi,sqrtpi,pisq
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/pot/xypot (nlpts, n2pts, 2)
common/mass/AMl, AM2, AM3, AMab, AMcxab, AJAcob

C Define statement functions

AmstoRab(xx,yy)= yy/sqrt(AMab)
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AmstoRbc (xx, yy) =-yy*sqrt (AMab)/AM2 + xx/AMcxab

C Rotated Morse Oscillator Spline Potential (RMOS):
C See for example Wagner et al. JCP 74, 4960 (1981) or
C Schatz Rev. Mod. Phys. 61, 669 (1989)
C S. E. Bradforth, August 1990

C Read in the RMOS parameters; expect distances and beta in a.u.
C De is in eV. There will be ncut defined Morse curves and natural spline

C interpolation between them

read (l,*)v0B
v0B=v0B/harwn

read (i, *) rabsw, rbcsw,Vab
C Vab is the dissociation energy of A-B and should be positive
C and in units of eV. This sets the absolute energy before adding v0B and
C thus sets energies with respect to bottom of the well AB
C In usual circumstances then v0B should be set to zero for this potential type
C shelf set 0.3*Vab above three atom dissociation

Vab=Vab/harev
shel f=0.3 *Vab+Vab

read (i, *) ncut
do I0 i=l,ncut

read (I, *)phi (i), d (i) ,le (i) ,b (i)
C set phi in radians

phi(i)=phi(i)*acos(-l.0)/180.0
d (i) =d (i)/harev

10 continue

pyl=l .0e37
pyn=pyl
call splin (phi, d, ncut,pyl,pyn,d2)
call splin(phi, le,ncut,pyl,pyn, le2)
call splin (phi, b, ncut,pyl,pyn,b2)

C Now calculate the potential on the mass weighted grid points
do 20 iy=l,nypts

yi= (iy-l) *dy+ymin
do 30 ix=l,nxpts

xi= (ix-1) *dx+xmin

rab=AmstoRab (xi, yi)

rbc=AmstoRbc (xi, yi )
curL=sqrt ( (rab-rabsw)**2 + (rbc-rbcsw)**2)
curPhi=atan( (rbcsw-rbc) / (rabsw-rab))
if ((rab.lt.rabsw) .and. (rbc.!t.rbcsw)) then
call splint (phi,d, d2,ncut,curPhi,curD)
call splint (phi, le,le2,ncut,curPhi,curLe)
call splint (phi,b, b2,ncut, curPhi,curB)
xypot(ix, iy,2)=curD*( (l-exp( curB * (curL-curLe) ))*'2-1)

^ + Vab

if (xypot(ix, iy,2) .gr.shelf) xypot(ix, iy,2)=shelf
xypot(ix, iy,2)=xypot(ix, iy,2) + v0B

else

xypot (ix, iy, 2)=shelf+rOB
endif

30 continue
20 continue

return
end

ubroutine splin y, n, ypl, ypn, y2)

C Numerical Recipes (Flannery et al)
implicit real*8(a-h,o-z)
implicit integer(i-n)
PARAMETER (NMAX=100)
DIMENSION X(N),Y(N),Y2(N),U(NMAX)
IF (YPI.GT..99E30) THEN

Y2(1)=0.
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U(1)=0.
ELSE

Y2(I)=-0.5

U (I)= (3./(X (2)-X (i)) )* ((Y (2)-Y (I)) / (X (2)-X (I))-YPI)
END IF

DO ii I=2,N-I
SIG= (X(I)-X(I-I)) / (X(I+I)-X (I-l))
P=SIG*Y2 (I-l) +2.
Y2 (I) = (SIG-I.)/P

U (I)= (6.* ( (Y (I+I)-Y (I)) / (X (I+l)-X(I) )- (Y (I)-Y (I-l))
• / (X (I)-X(I-I)) ) / (X(I+I) -X (I-l)) -SIG*U (I-l))/P

11 CONTINUE
IF (YPN.GT..99E30) THEN

QN=0.
UN=0.

ELSE
QN=0.5

UN= (3./(X (N)-X (N-I)) )* (YPN- (Y (N)-Y (N-l)) / (X (N)-X (N-l)) )
ENDIF

Y2 (N)= (UN-QN*U(N-I)) / (QN*Y2 (N-I) +I. )
DO 12 K=N-I,I,-I

Y2 (K) =Y2 (K) *Y2 (K+I) +U (K)
12 CONTINUE

return
end

C *************************************************************

subroutine splint(xa, ya,y2a,n,X,Y)

C Numerical Recipes (Flannery et al)
implicit real*8(a-h,o-z)
implicit integer(i-n)
DIMENSION XA(N),YA(N),Y2A(N)
KLO=I
KH I=N

1 IF (KHI-KLO.GT.I) THEN
K= (KHI+KLO)/2
IF (XA (K) .GT.X) THEN

KHI=K
ELSE

KLO=K
ENDIF

GOTO 1
ENDIF

H=XA (KHI) -XA (KLO)
IF (H.EQ.0.) PAUSE 'Bad XA '

A= (XA (KHI)-X)/H
B= (X-XA (KLO))/H

Y=A*YA (KLO) +B*YA (KHI) +
* ((A**3-A) *Y2A (KLO) + (B**3-B) *Y2A (KHI)) * (H**2)/6.

return
end

subroutine po_isave(ipot_

C

implicit real*8 (A-H,O-Y)
implicit complex*f6 (z)
include "param.inc"

common/convert/harev, evwn, aO, ainu,emu, harwn, amass, atu
common/const4/xmin, xmax, nXpts, dx, ymin, ymax, nYpts, dy, npacket
common/pot/xypot (nlpts, n2pts, 2)
common/ma ss/AM1, AM2, AM3, AMab, AMcxab, AJAcob

C

if (ipot .eq. i) open(l,file='potlA.out')
if (ipot .eq. 2) open(l,file='potlB.out')
do 20 iy=l,nYpts



401

do I0 ix=l,nXpts
xi= (xmin+ (ix-l) *dx) "a0/sqrt (AMab)

yi= (ymin+ (iy-l) *dy) *a0/sqrt (AMab)
a=xypot (ix, iy, ipot) *harev
write (l, 930) xi,yi, a

930 format (f9.3,2x, f9.3,2x, f15.6)
I0 continue
20 continue

close (i)
return
end

graphicsy.f

This file suitable for compilation on computer system that has DISSPLA, and
GKS/NCAR graphics library, e.g. San Diego Cray Y/MP

C Include automatic real time graphics (7/10/90)

C Will graph the absolute wavepacket as a function of time on
C top of the upper potential surface, and finally plot the
C simulated photoelectron spectrum.
C

C USE graph or wave keywords on the command line when invoking program.
C
C

C If require wavepackets drawn first command line argument should
C be "wave" If require only spectrum to be plotted then first
C command line argument should be "graph".
C No command line arguments give no graphics!
C

C Second argument determines graphical plot device.
C Options are Computer Graphics Metafile (cgm), default or
C tektronix 4014 terminal (tek).
C

subroutine argchk(igraph, iwdrw, arg)
C *****************************************************

C If require spectrum %o be plotted then first
C command line argument should be "graph".
C No command line arguments give no graphics:

implicit integer(i-n)
implicit real*8(a-h,o-z)
character arg*70

nargs=iargc ()
if (nargs .gr. 0) then
call getarg (I, arg)
if (arg .eq. 'graph') igraph=l
if (arg .eq. 'wave') then

igraph=l
iwdrw=l

endif

if (nargs .gr. I) then
call getarg(2,arg)

else

arg=' cgm'
endif

endif
return

end

subroutine wavdrw(zdat,t, rsnorm, Have)

C
C REAL TIME GRAPHICS USING DISSPLA

C THIS ADDITION REQUIRES DISSPLA I0.0 OR HIGHER AND GKSNCAR
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C LIBRARY AS ON SDSC Y/MP RUNNING UNICOS
C

implicit real(a-h,o-z)
implicit integer(i-n)
include "param.inc"
complex zdat(nlpts, n2pts)
CHARACTER*60 HEADER,HEADERI,HEADER2
CHARACTER*60 HYAX, HXAX

dimension absdat(nlpts,n2pts)
common/convert/harev, evwn, aO, ainu,emu, harwn, amass, atu

COMMON/mycon/ipotfl
COMMON WORK(18000)
common/draw/HEADER
common/drawc/HXAX
common/drawb/HYAX

common/drawa/TLABHI,TAXHI,XAXIS,YAXIS
common/drawl/XSC,YSC, IMS, ZINCR, ZPLANE,ZLO, ZHI
common/draw2/pincr, pplane,potlo,pothi,ILABEL, THEIGHT
common/potmi:_/pmin,pmax,pot(nlpts,n2pts)
common/const4/xmin,xmax,nXpts,dx, ymin,ymax, nYpts,dy,npacket
common/mass/AMI,AM2,AM3,AMab, AMcxab,AJAcob

do 123 iy=l,n2pts
do 123 ix=l,nlpts

absdat(ix, iy)=abs(zdat(ix, iy))
123 continue

iHav=int(Have*harwn/rsnorm)

XMINA=xmin*a0/sqrt(AMab)
XMAXA=xmax*a0/sqrt(AMab)
YMINA=ymin*a0/sqrt(AMab)
YMAXA=ymax*a0/sqrt(AMab)
ENCODE (24,13, HEADER1) t

13 FORMAT('wavepacket t=',f6.1,' fs.$')
ENCODE (43, 67, HEADER2) rsnorm, iHav

67 FORMAT('!psi!= ',fS.3,10x,'<(H)> = ',i7,' cre-fS')
IF (IMS .EQ. i) THEN

RATIO=(YMINA-YMAXA)/(XMINA-XMAXA)
YAXIS=RATIO*XAXIS

ENDIF

CALL AREA2D (XAXIS,YAXIS)
CALL HEIGHT(TLABHI)

CALL HEADIN(HEADER, 100, 1.3,3)
CALL HEADIN(HEADERI,100,1.1,3)
CALL HEADIN(HEADER2,100,0.9,3)
CALL HEIGHT(TAXHI)

c Setup graph with origin at XMIN,YMIN and ticks at every XSC and YSC
CALL GRAF (XMINA, XSC, XMAXA, YMINA, YSC, YMAXA)

C SET CONTUR PARAMETERS

CALL BCOMON (18000)

if (pplane.eq.0) then
CALL ZBASE(PMIN)

else

CALL ZBASE(PPLANE)
endif

ipotfl=0
if (PINCR .eq. 0.0) then
CALL CONMAK(POT, nlpts,n2pts,'SCALE')

else

CALL CONMAK(POT, nlpts, n2pts,pincr)
endif

CALL CONLIN (0,'MYCON','NOLABELS',I,10)
CALL CONMIN(6.0)
CALL CONANG (90.)
CALL HEIGHT (THEIGHT)

CALL CONTUR (I,'LABELS','DRAW')
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C now plot the wavefunction *************
CALL CONMIN(6.0)
CALL CONANG (90.)
CALL RESET('CONLIN')

ipotfl=l
call reset('zbase')
if (zplane .ne. 0) then

call zbase(zplane)
endif

IF (ZINCR .eq. 0.0) THEN
CALL CONMAK (absdat, nlpts, n2pts,'SCALE')

ELSE

CALL CONMAK (absdat,nlpts,n2pts, ZINCR)
END IF

CALL CONLIN (0,'MYCON','NOLABELS',2,10)
CALL HEIGHT (THEIGHT)
CALL CONTUR (I,'LABELS','DRAW')
CALL ENDPL (0)

' C CALL FLUSH (6)
RETURN
END

C ***********************************************************

subroutine iniplt(arg, itime)
C **w w,_ ww ww _,_w ww ww w, w, ww w**_, w w**w.w** w, w**w w, w,_w.ww, ww,w _.

implicit real(a-h,o-y)
implicit integer(i-n)
implicit complex(z)
character arg*70
include "param.inc"
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu
COMMON WORK(18000)
common/draw/HEADER
common /dr awc / HXAX
common/dr awb/HYAX

common/drawa/TLABHI, TAXHI, XAXIS, YAXIS

common/pot/xypot (nlpts, n2pts, 2)
common/potmin/pmin, pmax, pot (nlpts, n2pts)

if (itime .eq. I) then
C Initialise device

if (arg.eq. 'tek' )then
call tk4014 (960,1)

else

if (arg.eq.'cgm') then
call opngks

else

write (6,')'arg =',arg,'-Not valid graphics device. Exiting...'
stop

endif
endif

C SET AXIS PARAMETERS AND ALPHABETS

CALL RESET ('ALL')
C SCRAP SUMMARY MESSAGES BUT DIRECT ERROR MESSAGES TO SCREEN

CALL SETDEV(6,0)
CALL PAGE (16., 14.)
CALL INTAXS
CALL BASALF ('L/CST')
CALL MIXALF ('STAND')
CALL HEIGHT(TLABHI)

CALL YNAME (HYAX, 100)
CALL XNAME (HXAX, 100)
CALL YAXANG(0.)

C Do some work on the potential array
endif

pmin=9.9e36
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pmax=-9.9e36

DO I00 J=l,n2pts
DO 50 I=l,nlpts

if (xypot(i,j, itime) .it. pmin) pmin=xypot(i,j,itime)
if (xypot(i,j,itime) .gr. pmax) pmax=xypot(i,j,itime)

50 CONTINUE

DO 60 I=l,nlpts
pot(I,J)=xypot(i,j,itime)*harev

60 CONTINUE
100 CONTINUE

C Note currently being lazy here, should use an equivalence and save
C memory for the extra potential array; however this loop is vectorized!

RETURN
END

subroutine inidrw()

implicit real(a-h,o-z)

implicit integer(i-n)
CHARACTER*60 HEADER, HYAX, HXAX
common/draw/HEADER
common/drawc/HXAX
common/drawb/HYAX

common/drawa/TLABHI,TAXHI,XAXIS,YAXIS
common/drawl/XSC, YSC, IMS, ZINCR, ZPLANE,ZLO,ZHI
common/draw2/pincr,pplane,potlo,pothi,ILABEL, THEIGHT

C Read in parameters for plot from file
C Parameters are HEADER - Title for system
C TLABHI - title label height (inches)
C HXAX - x axis label

c HYAX - y axis label
C TAXHI - axes label height (in.)
C XAXIS - x axis length on plot (in.)
C YAXIS -y axis length on plot (in.)
C XSC - x axis tick mark spacing
C YSC - y axis tick mark spacing
C IMS - scale axes to be equal magnitude
C (overrides YAXIS value if set)

C The following four parameters refer to psi (wavepacket)
C ZINCR - contouring interval (0 automatic)
C ZPLANE - base contour level for contour generation
C ZLO - lowest contour level to plot
C ZHI - highest contour level to plot
C The following four parameters refer to potential function
C PINCR - contouring interval (0 automatic)
C PPLANE - base contour level for contour generation
C POTLO - lowest contour level to plot
C POTHI - highest contour level to plot
C The remaining refer to optional labelling of both sets of contours
C ILABEL - label all contours (l=yes)
C THEIGHT - contour label height (in.)

OPEN (19, FILE=' par. dat', STATUS=' OLD' )
READ (19, 124) HEADER

124 FORMAT (A60)
READ (19, *) TLABHI
READ (19, 9)HXAX
READ(19,9)HYAX

9 format (a60)
READ (19, *) TAXHI
READ (19, *) XAXIS, YAXIS
READ (19, *) XSC, YSC, IMS
READ (I 9, _) ZINCR, ZPLANE, ZLO, ZHI

READ (I9, *) pincr, pplane, potlo, pothi
READ (19, *) ILABEL, THEIGHT
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CLOSE (19 )

WRITE (6,*)'Read Drawing Parameters from file "par.dat"'
RETURN
END

C ***********************************************************

SUBROUTINE MYCON (RARAY, IARAY)
C **********************************************************

implicit real(a-h,o-z)
implicit integer(i-n)
COMMON/mycon/ipot fl
common/drawl/XSC, YSC, IMS, ZINCR, ZPLANE, ZLO, ZHI
common/draw2/pincr, pplane, potlo, pothi, ILABEL, THEIGHT
DIMENSION RARAY (1 ), IARAY (1)

C this routine determines levels that contour is plotted at.
C See DISSPLA documentation for more details

if (ipotfl .eq. 0) then
call dash

else

call reset('dash')
endif

IF (ipotfl .eq. I) then
if ((RARAY(1) .GT. ZHI) .or.(RARAY(1) .LT. ZLO)) then
IARAY (2)=0
IARAY (3) =0
IARAY (9)= 0

else

IF (ILABEL .EQ. I) THEN
RARAY (2) =i. 0
IARAY (2) =I

ELSE

IARAY (2) =0
ENDIF

IARAY (1 )= 1
endif

ENDIF

IF (ipotfl .eq. 0) then
if ((RARAY(1) .GT.pothi) .or. (RARAY(1) .LT. potlo)) then
IARAY (2) =0
IARAY (3) =0
IARAY (9) =0

else

IF (ILABEL .EQ. I) THEN
RARAY (2) =I. 0
IARAY (2) =I

ELSE

IARAY (2) =0
END IF

IARAY (I)=i
endif

ENDIF

RETURN
END

subroutine absdrw(omega,Eprsq, jFT)

C Draw the absorption spectrum after the run complete

C On the tek or cgm device that may or may not of have been opened
C for wavepakcets earlier:
C

implicit real (A-H,O-Z)
implicit integer(i-n)
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parameter (nFFT=8192)
dimension Eprsq(nFFT),omega(nFFT)
common/convert/harev, evwn, aO, amu, emu, harwn, amass, atu

common/const7/ Espmin, domega, novsav, npktsav

C upper point on P.E. spectrum plotted is Espmin (in eV)

E spev=E spmi n* ha re v
C use simple plot x-y primitive from DISSPLA

call HEIGHT (0.20)

call AREA2D(12.0,10.0)
call XNAME (' (E)lectron (E)nergy / (eV) $' ,100)
call YNAME(' (I)ntensity$',100)
call HEADIN(' (S)imulated (P)hotoelectron (S)pectrum$',100,1.1,1)
call graf(0.0,0.2,EspeV, 0.0,0.2,1.0)
call curve (omega, Eprsq, jFT, 0)
call endpl(0)
return
end

subroutine iniplt2(arg)
C ww* ww**ww _**%ww_, _ _w** w******w** ww ww** ww.w, e _, _, ,w www

implicit real (A-H,O-Z)
implicit integer(i-n)
character arg*70

C Initialise device

if (arg.eq.'tek')then
call tk4014(960,1)

else

if (arg.eq.'cgm') then
call opngks

else

write (6,*)'Not valid graphics device. Exiting...'
stop

endif
endif

C SET ALPHABETS

CALL RESET ('ALL')
C SCRAP SUMMARY MESSAGES BUT DIRECT ERROR MESSAGES TO SCREEN

CALL SETDEV (6,0 )

CALL PAGE (16.,14.)
CALL INTAXS
CALL BASALF ('L/CST')
CALL MIXALF ('STAND' )
CALL COMPLX
return
end

subroutine pltfin
C ****************************************************

C Close up plotting device
call DONEPL ()
re£urn
end
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