
Chapter 3

Quantum chemistry calculations

This chapterdealswith the quantumchemicalresults. After a descriptionof

the computationaldetails, CASSCFgeometryoptimizations(section3.2) and

CASPT2andTD-DFT verticalexcitationenergies(section3.3)arepresentedand

comparedwith MR-CCIresults(section3.4).Next,thecalculatedMR-CCIpoten-

tial energy curvesandtransitiondipolemomentsareshownin section3.5. Then

thekineticcouplingtermsarecalculatedusingtheMR-CCI wavefunctions(sec-

tion 3.6). Finally, section3.7 investigatesthe ionic statespotentialsandapprox-

imatetransitiondipolemoments.

3.1 Computational details

For the sakeof simplicity, all the calculationsdescribedin this work havebeen

doneassumingC� symmetryanda staggeredconfiguration,asdepictedin figure

1.7of theIntroduction(section1.2.2).

3.1.1 Basis sets

Effective corepotentialbasissets(ECPs)makeuseof the fact that in a chem-

ical sensea largenumberof coreelectronsareunimportantandonly thevalence

electronsparticipatein thechemicalreactions.Theinnerelectronscan,therefore,

bedescribedby pseudopotentialsor effectivecorepotentials.Relativisticeffects,

which aremostimportantfor coreelectronsof heavyatomsof the lower half of

theperiodictable,canbetreatedby thesepotentials.ECPsexistalsofor second

row elements,eventhoughthesavingof computationaltime is small relativeto

all-electroncalculations.CpMn(CO)� has102electrons.In this work thetenin-

nerelectronsof manganeseandthetwo coreelectronsof thecarbonandtheoxy-

genatomsaredescribedin therelativisticeffectivecorepotentialapproximation

ECP(smallcore).Thecontractionschemesfor theremainingelectrons,effective
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atomicnumberZ=15.0for manganese,Z=6.0 for oxygenandZ=4.0 for carbon

areasfollows: A (8s,7p,6d,1f)setcontractedto [6s,5p,3d,1f](Z=15.0)for theMn

atom[109], for theoxygenatomsa(4s,5p)setcontractedto [2s,3p](Z=6.0)[110]

andfor thecarbonatomsa(4s,4p)setcontractedto [2s,2p](Z=4.0)[110].

An Atomic NaturalOrbital (ANO) basissetwasusedfor thehydrogenatom.

Naturalorbitals,typically from acorrelatedCISDcalculation,areusedfor acon-

tractionof alargenumberof primitiveGaussTypeOrbitals(GTOs)toasmallnum-

berof contractedGTOs. For a restrictedHartreeFockwavefunction theANOs

would bethesameasthecanonicalorbitalswith occupationnumbersof either0

or 2. Whena correlatedwavefunctionis usedtheoccupationnumbercanbeany

numberbetween0 and2. Themagnitudeof theoccupationnumbergovernsthe

choiceof theprimitiveGTOsusedin thecontractions.In thiswork theANO basis

set(7s,3p)contractedto [3s,1p]wasappliedfor theH atoms[111].

The multiconfigurational calculations have been carried out with the

MOLCAS-4 Quantum Chemistry software [112]1 and the TD-DFT with

GAUSSIAN-98seriesof programs[113].

3.1.2 Applied ab initio methods

The � ����� electronicgroundstateconfigurationof CpMn(CO)� conformsto a

closedshelloccupation
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CASSCFwavefunctionswereusedin subsequentMS-CASPT2calculations

in orderto calculatetheverticalexcitationspectrum(section3.3). Thismethodis

the state of the art for achievingchemicalaccuracyin thecalculationof excitation

energies. However, for thegivenbasissetandactivespace,theCASSCFwave-

functionwasnot a goodreferencefor a MS-CASPT2treatmentof dissociation.

Themethodof choicein suchproblematiccasesis theMR-CCI treatmentbased

onCASSCFreferencewavefunctions.In boththeMS-CASPT2andtheMR-CCI

descriptionthepreviousCASSCFcalculationswereaveragedoverseveralroots

of a givenspin andsymmetry. In the activespacetenelectronswerecorrelated

1TheauthorisgratefultoRolandLindh for providingapreliminaryversionof theMS-CASPT2

software
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in fourteenorbitalsincluding the highest5�6�7 occupiedorbitals,the 8�9(:<; occu-

piedandvacantorbitals,the 8�9 of correlationandthelow-lying 50=62> orbitals.This

activespace,so-called10e14a,constitutesa goodstartingpoint for the addition

of dynamicalcorrelationeffectsby meansof theCASPT2treatmentin themulti-

stateapproach(with a level shift correctionof 0.5 ?A@ ). An activespacelimited

to 10electronscorrelatedin 10activeorbitals(theprevious10e14aspacewithout

the four low-lying 5 =62> orbitals)hasalsobeenusedfor thepurposeof CASSCF

geometryoptimizationsin orderto studytheeffect of thequalityof theCASSCF

wavefunctionon the calculatedbondlengthsandangles.Transitiondipole mo-

mentswereestimatedat theCASSCFlevel.

Verticalexcitationenergiesandtransitiondipolemomentshavealsobeenstud-

iedusingTD-DFT andthesamebasissetemployedin theCASSCFcomputations

(describedin section3.1.1). In particular, two different functionalswereused,

namelytheB3LYP andthelocal approachBP86.TheexchangefunctionalB3 is

thehybridmethodproposedby Becke[114] thatincludesamixtureof Slaterfunc-

tional [115], Becke’s 1988gradientcorrection[116] andHartree-Fockexchange.

Its correlationpart,LYP, is thegradientcorrectedfunctionalof Lee,YangandParr

[117]. In theBP86functional,theexchange-correlationpotentialcorrespondsto

thegradientapproximatedpotential(GGAs)by Becke[118] for theexchangeand

Perdew[119] for correlation.

ThegroundstateCASSCFoptimizedgeometrywith thelargeCASSCF10e14a

activespacehasbeenusedin thecalculationof theFranck-Condonenergies(MS-

CASPT2,TD-DFT andMR-CCI) andtransitiondipolemoments(CASSCF, MR-

CCI) andfor thecalculationof thepotentialenergy curvesalongthestretchingco-

ordinateof theMn-COB�C bond(MR-CCI).

3.2 CASSCF and DFT geometry optimizations

The geometryoptimizationshavebeenperformedunderthe CD symmetrycon-

straintwhich is a reasonableassumptionasdiscussedin section1.2.2. Starting

from the gasphasestaggeredgeometry(figure 1.7 (a)) CASSCFoptimizations

havebeenperformedfor the EGF�H�I electronicgroundstateandafew low lying sing-

let H�I excitedstatesin orderto follow thegeometrychangesthattakeplacewhen

exciting the molecule. The geometriesof J�K -CpMn(CO)L and J�K -CpMn(CO)M
havebeenalsooptimizedat theDFT (B3LYP) levelof theory.
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3.2.1 Structure of the parent molecule NPO -CpMn(CO)Q
The CASSCFoptimizedgeometriesof R�S -CpMn(CO)T in its electronicground

stateUGV�WAX andin thethreelow-lying excitedstatesYZV�WAX , [.V�W�X and\GV�WAX correspond-

ing to ]�\(^<_a` ]�\(^<_ excitations(seesection3.3)arereportedin table3.1. The

optimizedgroundstategeometryis comparedto theDFT (B3LYP) geometryand

to theexperimentalstructuresin gas-phaseandsolidstate.

 
Bond lengthsa Gas-phaseb Solid statec a1A’ 

DFT  
a1A’d 

 
b1A’ c1A’e d1A’ 

Mn-Cip 1.808 1.780, 1.797 1.793 1.810 (1.830) 1.994 (1.996) 2.846 (2.249) 1.919 (1.966) 
Mn-Cop 1.808 1.780, 1.797 1.794 1.806 (1.831) 1.977 (1.997) 1.883 (1.904) 1.960 (1.967) 
Mn-Cring

f
 2.149 2.124, 2.151 2.203 2.231 (2.215) 2.361 (2.335) 2.245 (2.328) 2.404  (2.370) 

C-O a 1.148 1.150, 1.134 1.173 1.148 (1.146) 1.138 (1.138) 1.135 (1.136) 1.141  (1.139) 
C-C a 1.424 1.388, 1.394 1.434 1.420 (1.420) 1.418 (1.416) 1.422 (1.415) 1.421  (1.417) 
        
Bond Angles        
Cip-Mn-Cip 91.9 92.0  94.0  93.2 (93.6) 94.7 (93.4) 85.4 (91.5) 102.7  (100.4) 
Cop-Mn-Cop 91.9 92.0   93.4  92.5 (92.9) 95.0 (93.0) 106.5 (102.2) 94.0  (91.9) 
 

Table3.1: OptimizedCASSCFgeometries:b Thebonddistances(in Å) andangles(in

deg)arecomparedwith theexperimentalandDFT(B3LYP) datafor theelectronicground

state(Cc d andCefd standfor thein-planeandout-of-planecarbonatomsin theCg (yz)sym-

metry). h Reference[45]. i References[120] and[47] respectively. j Thevaluesin par-

enthesesareobtainedwith the10e10aCASSCFactivespace.k Valuesafter20 cyclesof

optimization. l Averagevalues.

Both CASSCFand DFT optimizedbond lengthsand bondanglescompare

ratherwell to the experimentalstructures.The agreementbetweenthe experi-

mental,theDFT andtheCASSCFoptimizedstructuresfor theelectronicground

statevalidatestheCASSCFactivespacewhich hasto includethemainbonding

interactionsin thecomplex.As mentionedin theprevioussection,two different

CASSCFactivespaceshavebeenused,namelythe10e10awhichexcludesthefour

low-lying m0no2p orbitalsof the10e14aadaptedto theexcitedstatescalculations(see

section3.1). The largestdeviationwhich neverexceeds5 q is obtainedfor the

averageMn-Cr c _ts distanceandtheMn-Cefd distancewhich arebothvery sensit-

ive to theCASSCFactivespace.Indeed,whenthe m no2p orbitalsareincludedin

theactivespacethedu -pu Mn-CObackdonationis well described(seetheMn-CO

bondlengthswhich agreeperfectlywith thegas-phasedeterminedvalues).Con-

sequently, theMn-Cp interactiongovernedby the m o dwv ]�\(^<_ stabilizinginterac-

tion is significantlyaffectedwhengoingfrom theCAS10e10ato theCAS10e14a

calculation(significantelongationof the calculatedMn-Cr c _Zs distance). In any

case,thisinteractionisunderestimatedeitherbytheDFTmethod(Mn-Cr c _Zs =2.203

Å) or by theCASSCFmethod(2.231Å or 2.215Å) ascomparedto theexperi-

mentalvalueof 2.149Å reportedin gasphase.
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On thebasisof theresultsobtainedfor the xGy�z�{ state,thechangeof thegeo-

metrywhengoingfrom theelectronicgroundstateto thelow-lying singletexcited

states|Zy�z�{ , }�y�zA{ and ~�y�zA{ hasbeeninvestigatedthroughCASSCFcalculations.

Theoptimizationof the } y z { statedid not converge to a minimumprobablydue

to thedissociativecharacterof thisstate.Thevaluesreportedin Table3.1arethe

bondlengthsandbondanglesafter20cyclesof optimization.Themainfeatureis

a significantelongationof theMn-C�2� distanceof thein-planecarbonylaccom-

paniedby theopeningof thebondanglebetweenthetwo out-of-planecarbonyls.

TheMn-CpandMn-CO(out-of-plane)bondsarenotsignificantlyaffectedin this

excitedstate.In orderto confirmthedissociativecharacterof the } y z { statewith

respectto thein-planecarbonylloss,potentialenergy curveshaveto betakeninto

account.

In section3.5 it canbeseenthatat theMR-CCI level of theoryit is the | y z {
andnot the }.y�z�{ statewhich hasdissociativecharacter. This is dueto a crossing

betweenthelattertwostatesaroundtheFrank-Condonregion.The | y z { optimized

(CASSCF)structurewhichis verysimilar to theelectronicgroundstategeometry

shouldthereforecorrespondto the }�y�z�{ MR-CCI state,whosepotentialshowsa

clearbarrierin figure3.3,dueto furthercrossingswith otherstates.TheMR-CCI

potentialof the ~ y z { statehasaminimumalongtheMn-COstretchingcoordinate

(figure3.3)andits optimizedstructuredoesnotdiffer muchfrom thegroundstate

one. Theelongationof theMn-CO bondsdoesnot exceed10 � in the | y z { and

~ y z { stateandtheMn-Cpbondis notaffectedwhenexcitingthemolecule.

3.2.2 Structure of the fragment ��� -CpMn(CO) �
Thefragment��� -CpMn(CO)� hasbeenoptimizedattheDFT (B3LYP) levelin the

singletclosed-shellandtriplet electronicconfigurations.Theoptimizedstructures

aredepictedin Figure3.1.

As reportedin ref [121], theDFT resultsshowa lower energy for the triplet

� � -CpMn(CO)� relativeto thesingletwith � E = E�����Z������� - E�������,����� = 8.09kcal/mol

(0.35eV).WealsofoundalowerDFTenergy for thetripletwith � E= 5.6kcal/mol

(0.24eV). The lower energy of the triplet is in agreementwith CASPT2results

(performedat theDFT optimizedstructure)[121]. On thecontrary, MP2 results

predicta lower energy of thesingletwith � E=-10.93kcal/mol(-0.47eV) [121].

Theseresultspoint to thenear-degeneracyof thetwo electronicconfigurationsin

theunsaturatedfragment.

Whengoingfrom thereactantCpMn(CO)� electronicgroundstateto thelow-

lying singletstateof CpMn(CO)� themaindeformationis ashorteningof theMn-

Cp bond(ca. 20 � ) dueto the enhancementof the Cp/Mn interactionafter the
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Figure3.1: Sideandtop views of the optimizedgeometriesfor the singletand

triplet CpMnCO� . Bonddistancesin Å andanglesin degrees.Valuesin paren-

thesesandbracketscorrespondto MP2/lanl2dzandB3LYP/lanl2dz,respectively,

from ref [121].

lossof theCO ligand in thesymmetryplaneof CpMn(CO)� . TheC� symmetry

is retainedin thefragment.This justifiesthemodeldescribedin section3.5: The

potentialspresentedin this sectionarecalculatedunderC� symmetryconstraint

anddescribethecleavageof thein planeMn-CObond.Theshorteningof theMn-

Cp bondis alsoobserved,to a lesserextent,in thetriplet statewhich presentsan

importantangulardeformationwith respectbothto thesingletandto thereactant

CpMn(CO)� . Accordingto recentgeometryoptimizationsperformedat theDFT

levelwithoutanysymmetryconstraintstheCpMn(CO)� fragmenthasalsoageo-

metryverycloseto C� symmetry[122].

3.3 CASSCF/CASPT2 and TD-DFT vertical excita-

tion spectrum

ThecalculatedB3LYP andBP86excitationenergiesof thelow-lying singletelec-

tronicstatesof ��� and �A��� symmetryandtheassociatedoscillatorstrengthsarere-

portedin Table3.2. The lowestpart of the absorptionspectrum(below 31 000

cm 2¡ or322nm)iscomposedof metalcenteredtransitionscorrespondingto3d¢<£
to 3d¢<£ excitations.This is confirmedby theCASSCF/MS-CASPT2excitation

energiesreportedin Table3.3. Theexcitedstateshaveamixedcharacterasdocu-
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B3LYP BP86 
Transition Principal configurations ∆E f  Principal configuration ∆E f 

a1A’ → a1A’’ 3dxy→3dyz (-0.43) 
3dx2-y2→3dxz (0.48) 

25200 (3.15) 0.0000 a1A’ → a1A’’ 3dx2-y2→3dxz (0.54) 
3dxy→3dyz (-0.47) 

26480 (3.31) 0.0000 

a1A’ → b1A’ 3dxy→3dxz (0.53) 
3dx2-y2→3dyz (0.34) 

26720 (3.34) 0.0097 a1A’ → b1A’ 3dxy→3dxz (0.55) 
3dx2-y2→3dyz (0.39) 

27760 (3.47) 0.0114 

a1A’ → b1A’’ 3dz2→3dxz (0.47) 
3dxy→3dyz (0.31) 
3dx2-y2→3dxz (0.27) 

27040 (3.38) 0.0018 a1A’ → b1A’’ 3dxy→3dyz (0.42) 
3dz2→3dxz (0.38) 
3dx2-y2→3dxz (0.35) 

28800 (3.60) 0.0032 

a1A’ → c1A’ 3dz2→3dyz (0.42) 
3dx2-y2→3dyz (-0.42) 

27240 (3.41) 0.0025 a1A’ → c1A’ 3dx2-y2→3dyz (0.48) 
3dz2→3dyz (-0.32) 
3dxy→3dxz (-0.32) 

28880 (3.61) 0.0035 

a1A’ → c1A’’ 3dz2→3dxz (0.45) 
3dxy→3dyz (-0.31) 
3dx2-y2→3dxz (-0.29) 

30720 (3.84) 0.0000 a1A’ → c1A’’ 3dz2→3dxz (0.55) 
3dxy→3dyz (-0.25) 
3dx2-y2→3dxz (-0.23) 

30400 (3.80) 0.0000 

a1A’ → d1A’ 3dz2→3dyz (0.48) 
3dx2-y2→3dyz (0.29) 
3dxy→3dxz (-0.26) 

30960 9(3.87) 0.0000 a1A’ → d1A’ 3dz2→3dyz (0.59) 
3dx2-y2→3dyz (0.22) 
3dxy→3dxz (-0.18) 

30720 (3.84) 0.0001 

        
a1A’ → d1A’’ 3dxy→ π*CO(0.67) 33200 (4.15) 0.0005 a1A’ → d1A’’ 3dxy→π*CO(0.67) 34240 (4.28) 0.0004 
a1A’ → e1A’ 3dx2-y2→π*CO(0.66) 33200 (4.15) 0.0000 a1A’ → e1A’ 3dx2-y2→π*CO(0.67) 34240 (4.28) 0.0005 
a1A’ → e1A’’ 3dxy→π*CO(0.52) 

3dx2-y2→π*CO(-0.37) 
36240 (4.53) 0.0003 a1A’ → e1A’’ 3dxy→π*CO(0.59) 

3dx2-y2→π*CO(-0.39) 
37200 (4.65) 0.0002 

a1A’ → f1A’’ 3dx2-y2→π*CO(0.54) 
3dxy→π*CO(0.38) 

36800 (4.60) 0.0113 a1A’ → f1A’ 3dx2-y2→π*CO(0.45) 
3dxy→π*CO(-0.37) 

37440 (4.68) 0.0014 

a1A’ → f1A’ 3dxy→π*CO(0.46) 
3dx2-y2→π*CO(-0.47) 

36800 (4.60) 0.0132 a1A’ → f1A’’ 3dx2-y2→π*CO(0.51) 
3dxy→π*CO(0.29) 
3dxy→π*CO(0.27) 

37600 (4.70) 0.0024 

a1A’ → g1A’ 3dz2→π*CO(0.57) 
3dxy→π*CO(-0.26) 
3dx2-y2→π*CO(-0.25) 

39840 (4.98) 0.0207 a1A’ → g1A’ 3dx2-y2→π*CO(0.40) 
3dx2-y2→π*CO(-0.33) 
3dx2-y2→π*CO(0.31) 
3dz2→π*CO(0.25) 

37680 (4.71) 0.0011 

 

Table3.2: CalculatedB3LYB andBP86excitationenergiesin cm¤2¥ (andeV) to-

getherwith thecorrespondingone-electronexcitations(weightingcoefficientsin

parentheses)andoscillatorstrengths,f.

mentedby theCI coefficientsof theprincipalconfigurationswhichdonotexceed

0.5 in mostcases.The ¦ ¥�§A¨ª© «Z¥�§�¨ , ¦ ¥�§A¨ª© ¬.¥�§�¨ and ¦ ¥�§A¨ª© ­G¥�§A¨ trans-

itions correspondingto ® ­(¯<°±© ® ­(¯<° excitationsat 25 733cm¤2¥ , 26 470cm¤2¥
and30 366cm¤2¥ , respectivelyat theMS-CASPT2level andat 26 720cm¤2¥ (27

760cm¤2¥ ), 27240cm¤2¥ (28880cm¤2¥ ) and30960cm¤2¥ ( 30720cm¤2¥ ), respect-

ively at theDFT level (valuesobtainedwith theBP86functionalaregivenin par-

enthesis)contributeto thefirst shoulderof theabsorptionspectrum(cf figure1.8)

startingat25000cm¤2¥ (400nm,3.10eV) with amaximumat29412cm¤2¥ (340

nm,3.65eV) [46].

To a lesserextent,the ¦ ¥�§A¨²© ¦ ¥�§A¨ ¨ , ¦ ¥�§A¨²© «Z¥�§A¨ ¨ and ¦ ¥�§A¨²© ¬.¥�§�¨ ¨ trans-

itions correspondingto ® ­(¯<°a© ® ­(¯<° excitationsbetween24 972cm¤2¥ and29

949cm¤2¥ at theMS-CASPT2level andbetween25 200cm¤2¥ and30 720cm¤2¥
at theDFT level (B3LYP) shouldalsocontributeto this first band.Thefour low-

lying singletstatesof CpMn(CO)³ arenearlydegenerateandshouldcontributeto

the main UV absorptionof this moleculeaccordingto the qualitativeoscillator

strengthsreportedin Tables3.2and3.3.Theexperimentalspectrumdoesnotshow
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Table3.3: CalculatedCASSCFandMS-CASPT2excitationenergiesin cḿ2µ (and

eV) with correspondingone-electronexcitation(weightingcoefficientsgiven in

parentheses),weightcoefficient of thereferenceCASSCFfunction ¶ in theper-

turbationmethodCASPT2,andCASSCFoscillatorstrengths· .

anyabsorptionaround34 482cḿ2µ (290nm,4.28eV) but a secondbandwith a

ratherhigh intensityoccurswith apeakaround40000cḿ2µ (250nm,4.96eV).

The secondbandcanbe assignedto the ¸Gµ�¹Aºa» ·0µ�¹�º and ¸Gµ�¹�ºa» ¼2µ�¹Aº
transitionscorrespondingto 3d½<¾¿»ÁÀ0ÂÃ2Ä excitationsat40690cḿ2µ and41175

cḿ2µ , respectivelyat theMS-CASPT2level. The ¸Gµ�¹AºÅ» Æ*µ�¹�º (36 075cḿ2µ ),
¸�µ�¹AºÇ» ÈGµ�¹Aº (37 410cḿ2µ ) , ¸Gµ�¹AºÉ» Æ*µ�¹Aº º (42 346cḿ2µ ) and ¸Gµ�¹�ºÇ» ·0µ�¹�º º
(45 019cḿ2µ ) havevery low oscillatorstrengthsandshouldcontributelesssig-

nificantly to thissecondband.TheTD-DFT excitationenergiesof the µ�¹Aº (3d½<¾
»ÊÀ0ÂÃ2Ä ) excitedstatesarecalculatedat33200cḿ2µ (34240cḿ2µ ), 36800cḿ2µ
(37600cḿ2µ ) and39840cḿ2µ (37680cḿ2µ ) anddiffer from theMS-CASPT2

valuesby morethan2000cḿ2µ .
Eventhoughthe energeticsobtainedthroughthe differentmethodscompare

ratherwell, thecorrelationbetweentheCASSCFandtheTD-DFT expansionsis

difficult to establishin somecasesandsomeinconsistencyremainsat this level,

asillustratedby thecomparisongivenin table3.4. As pointedout in section2.8.2

a direct comparisonbetweenDFT andHartree-Fockresultsis hazardousat mo-
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  b1A’   c1A’   d1A’  
 
Excitation energies  (cm-1) 
Oscillator strengths 

CASPT2 
25 733 
0.0069 

B3LYP 
26 720 
0.0097 

BP86 
27 760 
0.0114 

CASPT2 
26 470 
0.0157 

B3LYP 
27 240 
0.0025 

BP86 
28 880 
0.0035 

CASPT2 
30 366 
0.0015 

B3LYP 
30 960 
0.0 

BP86 
30 720 
0.0001 

3dxy →3dxz -.51 .53 .55 - - -.32 .42 -.26 -.18 
3dx2-y2→3dyz .46 .34 .39 - -.42 .48 .28 .29 .22 
3dz2 →3dyz - - - .90 .42 -.32 .28 .48 .59 
  e1A’   f1A’   g1A’  
 
Excitation energies  (cm-1) 
Oscillator strengths 

CASPT2 
36 075 
0.0 

B3LYP 
33 200 
0.0 

BP86 
34 240 
0.0005 

CASPT2 
41 175 
0.0052 

B3LYP 
36 800 
0.0132 

BP86 
37 440 
0.0014 

CASPT2 
40 690 
0.004 

B3LYP 
39 840 
0.0207 

BP86 
37 680 
0.0011 

3dxy →π*CO - - - .72 .46 -.37 .63 -.26 - 
3dx2-y2→π*CO -.57 .66 .67 - -.47 .45 - -.25 .40 
3dz2 →π*CO .41 - - -.21 - - .42 .57 .25 
 

Table3.4: Low-lying excitedstatescalculatedat theCASSCF/MS-CASPT2and

TD-DFT levelsof theory.

lecularorbitalslevel for bothsetsof orbitalsobeydifferentequations- theKohn-

ShamequationsandtheHartree-Fockequations,respectively. Thesameholdsfor

acomparisonof DFT andCASSCF/CASPT2whichis basedonHartree-Fockthe-

ory. This leadsto differentcoefficientsfor theprincipalorbital excitationsof the

differentexcitedstates.Nevertheless,both theTD-DFT andtheCASPT2meth-

odsagreein assigningËÍÌÎË transitionsto theenergeticallylowerstatesÏ.Ð�ÑAÒ , Ó�Ð�ÑAÒ
and Ë Ð Ñ Ò and ËÔÌÎÕ0Ö×2Ø excitationsto theenergeticallyhigherstatesÙ Ð Ñ Ò , Ú Ð Ñ Ò andÛ Ð�Ñ�Ò . Theagreementof theoscillatorstrengthsÚ is reasonablefor the ÏZÐ�Ñ�Ò , the

Ë Ð Ñ Ò andthe Ù Ð Ñ Ò states.FortheotherstatesthedifferencesbetweentheCASSCF

andtheDFT valuesontheonehand( Ó Ð Ñ Ò ) andtheB3LYP andBP86ontheother

hand( Ú Ð Ñ Ò and Û Ð Ñ Ò ) areratherlarge.

In a recentpaper[123] somegeneraltrendshavebeenextractedfrom a com-

parativestudyperformedon theelectronicspectraof anumberof unsaturatedor-

ganicmolecules.In particularthedifficulty in describingchargetransferstatesin

a dipeptidemodelhasbeenattributedto insufficient flexibility in thefunctionals

to describestateswith extensivechargeseparations.

3.4 Comparison with MRCI excitation energies

Accordingto theMS-CASPT2andTD-DFTcalculationsof thelastsectionthesix

low-lying metal-centeredstatesof CpMn(CO)Ü rangebetween25 000cmÌÞÝ and

30000cm-Ý (3.13eV- 3.80eV),someof thembeingnearlydegeneratearoundthe

Franck-Condongeometry. Thesestateshavebeenassignedto theabsorptionband

observedin theexperimentalspectrumbetween400nmand290nm(3.10eV-4.28

eV).TheMR-CCItransitionenergiesobtainedin thisworkarereportedin table3.5
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togetherwith theMS-CASPT2andTD-DFTvaluescalculatedin theprevioussec-

Transition MR-CCI MS-CASPT2 TD-DFT(B3LYP) 

a1A’→ a1A” 25 040 (3.13) 24 970 (3.10) 25 200 (3.15) 

a1A’→ b1A’ 25 840 (3.23) 25 730 (3.22) 26 720 (3.34) 

a1A’→ b1A” 27 200 (3.40) 26 020 (3.25) 27 040 (3.38) 

a1A’→ c1A’ 28 400 (3.55) 26 470 (3.31) 27 240 (3.41) 

a1A’→ c1A” 33 600 (4.20) 29 950 (3.71) 30 720 (3.84) 

a1A’→ d1A’ 33 600 (4.20) 30 370 (3.80) 30 960 (3.87) 

a1A’→ d1A” 35 600 (4.45) - - 

 

Table3.5: Transitionenergies (in cmß2à andeV) to the low-lying à�áAâ and à�á�â â
excitedstatesof CpMn(CO)ã at different levelsof calculations(MR-CCI, MS-

CASPT2andTD-DFT).

tion. For instance,the äZà�áAâ and å.à�á�â havebeencalculatedat25730cmß2à and26

470cmß2à , respectivelyat theMS-CASPT2level (26720cmß2à and27240cmß2à
at the TD-DFT level) and25 840 cmß2à and28 400 cmß2à at the MR-CCI level.

Theoverallagreementbetweenthedifferentlevelsof calculationis satisfactory.

ThelargestdeviationsbetweentheMR-CCIandMS-CASPT2values,obtainedfor

the ä à á â â and å à á â statesamountto 1180cmß2à and1930cmß2à , respectively. The

correspondingdeviationsbetweentheMRCCI andTD-DFT transitionsenergies

amountto160cmß2à and1160cmß2à , respectively. Thetransitionenergiesobtained

throughtheMR-CCIapproacharegenerallyoverestimatedwith respectto theMS-

CASPT2transitionsenergies.Thesetrendshavebeenobservedanddiscussedfor

othertransitionmetalcomplexes[124, 125]. It is generallydifficult to conclude

abouttherelativequalityof thetwo approachessincethisdependsstronglyonthe

zeroth-orderwavefunctiongivenbytheCASSCFcalculation.Indeedthereference

wavefunctionhasnotto fulfill exactlythesamecriteriafor assuringabalancedde-

scriptionof thedifferentexcitedstatesdependingonwhethertheremainingelec-

troniccorrelationis addedperturbationally(CASPT2)or variationally(MR-CCI).

However, theoverallagreementbetweenthedifferentmethodsvalidatestheuseof

theMR-CCI methodfor thecomputationof thepotentialenergy curvesassociated

with thelow-lying singletexcitedstatesof CpMn(CO)ã .
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3.5 CASSCF/MR-CCI potential curves and trans-

ition dipole moments

Thepotentialenergy curveshavebeencomputedundertheassumptionthatthe æÍç
symmetryis retainedalongthereactionpathcorrespondingtotheCOè�é loss(figure

3.2)andthefragmentCpMn(CO)ê is keptfrozenin theFranck-Condongeometry.

σ-plane
  (yz)

x

y

z

Mn

OC CO

COax

Figure3.2: Modelsystemusedin thecalculationsof thepotentialenergy curves.

This is in reasonableagreementwith theDFT geometryoptimizationsreportedin

section3.2.2which showa symmetryof theCpMn(CO)ê fragmentvery closeto

Cç . Furthermore,theseassumptionsarejustifiedby thetime-scaleof theprimary

photoprocessinvestigatedin thiswork, namelytheCOlosswhichoccurswithin a

few tensof femtoseconds[24].

Theone-dimensionalpotentialenergy curvesV(q è ) (with qè =[Mn-COè�é ]) for

theelectronicgroundstatepotentialëGì�í�î andthe ï.ì�íAî , ð�ì�íAî , ñ�ì�í�î , ò*ì�í�î and ëGì�í�î î ,
ï ì í î�î , ð ì í î î andñ ì í î�î stateshavebeenobtainedthroughCASSCFcalculationssup-

plementedby a MR-CCI treatmentandareshownin figure3.3. Theycorrespond

to singleexcitationsfrom the3dó<ô to the3dé,õ and3dö#õ orbitalsof symmetryë�î
and ë î î , respectively.

AverageCASSCFcalculations(with equalweights)over 4 rootsfor the ì í î
statesand4 rootsfor the ì í î�î stateswereperformedto obtainelectronicwavefunc-
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Figure3.3: CASSCF/MRCIadiabaticnon-relaxedpotentialenergy curvesasa

functionof theMn-COax elongationin CpMnCO÷ , computedunderCø symmetry

constraint.

tionsusedasreferencesin thesubsequentMR-CCI calculations.The10e14aact-

ive spacedescribedin section3.2wasusedto computetheCASSCFwavefunc-

tion. Singleanddoubleexcitationsto the whole virtual spacewereincludedin

a multireferenceschemekeepingasreferencestheconfigurationswith CI coeffi-

cientslarger than0.08for all roots. For the ù*ú�ûAü statethis wasonly possibleat

dissociation.Around the Franck-Condonregionthe ù*ú�û�ü statecorrespondsto a

muchenergeticallyhigherstate,notincludedin thereferenceCASSCFwavefunc-

tion. Becauseof convergeproblemsin theMR-CCI treatmenttheenergy of this

stateis overestimatedin the Franck-Condonregion. The dissociationbarrierof

theelectronicground ýGú�û�ü stateis calculatedto be126.2kJ/mol (1.34eV). This

valueis in therangeof thecalculatedvaluesandexperimentaldataavailablefor

themetal-carbonylbonddissociationenergy in first-rowtransitionmetalcarbonyls

[126].

Thesetof adiabaticpotentialenergy curvesdepictedin figure3.3 is charac-

terizedby severalavoidedcrossings,two of themaroundtheFranck-Condongeo-

metrybetweenthe þZú�û�ü and ÿ�ú�û�ü andbetweenthe ýGú�û�ü ü and þZú�û�ü ü bothat ca. 1.8

Å. Whereasthe þZú�û�ü ü potentialappearsto be dissociativeleadingdirectly to the
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primaryproductsCO + MnCp(CO)� [
�������

], the � �	�
�
presentsasmallenergy bar-

rieraround2.5Å, duetoanavoidedcrossingwith � � � �
, whichwill preventfastand

total dissociation.The � �	���
�
and

������� �
stateswhich arenearlydegeneratearound

theequilibriumgeometryavoideachotheratthispoint,leadingtoonedissociative

potentialtowardstheprimaryproductsCO + MnCp(CO)2[ � � � � �
] andto a quasi-

boundpotentialwhichwill trapthemolecularsystem.Theupperstates� � � �
, � � � �

,

� ���
� �
and � �	�
� �

havebeencalculatedin orderto get themain featuresof theab-

sorptionspectrumin theUV energy domainandtoperformdynamicalsimulations

which shouldtakeinto accountthenon-adiabaticcouplingbetweenthedifferent

electronicstates.

Theelectronictransitiondipolemoments(TDM), depictedin figure3.4,were

calculatedat the MR-CCI level for the
�����

statesandat the CASSCFlevel for

the
� � � �

states.For the sakeof comparison,TDMs havebeenalsocomputedat

CASSCFlevel for the
���

states,andMR-CCI andCASSCFresultsarein reason-

ableagreement.For symmetryreasons(C� ) the x-componentof the TDM con-

nectingthe
���

stateswith the electronicgroundstate( � ���
�
) and the y- and z-

componentcouplingthe
�
� �

stateswith the groundstatevanish. Moreover, the

absolutevaluesof the y- andz-componentscorrespondingto the � � � ��� � � � �
and the � � � ��� � � � �

excitationsarequite different in the Franck-Condonre-

gion: They-componentfor the � � � ��� � � � �
transitionis muchlargerthanthatfor

the � � � ��� � � � �
excitation:TDM(y): � � � ��� � � � ���

TDM(y): � � � ��� � � � �
,

andthe reverseholdsfor the z-component:TDM(z): � � � ��� � � � ���
TDM(z):

� � � ��� � � � �
. In thecaseof thex-component(excitationof

� � �
states)it is found

that theabsolutevalueof the � � � ��� � � � �
�
transitiondipoleis muchlarger than

theonecorrespondingto the � � � � � � � � � �
excitation.Theselargedifferencesof

thetransitiondipolemomentswill haveastronginfluenceon thewavepacketdy-

namicsof thecorrespondingstates(seechapter4). Namely, if laserenergieswhich

populateonly the lowestexcitedstatesof eachsymmetryareusedthe following

dominantexcitationscanbeexpected:

x-polarized:
� � � � �

mainlypopulated,

y-polarized:
� � � �

mainlypopulated,

z-polarized:� � � �
mainlypopulated.
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Figure3.4: X-, Y- andZ-componentsof the CASSCF/MR-CCIadiabaticelec-

tronic transitiondipolemomentsin CpMnCO� (1 a.u.= 1 ea� ).
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3.6 The kinetic couplings

Thegeneralpropertiesof thekinetic couplingterms ��� �"! and ���$#	! arediscussed

in section2.9. A way to approximatelycomputethemusingthe coefficientsof

theCI expansionin amulticonfigurationalwavefunctionis describedthere.In the

caseof thepotentialenergy curvesof %�& symmetryall couplingsbetweenthefour

low-lying excitedstateswerecalculatedwhereasfor the % & & symmetryonly those

betweenthetwo lowestelectronicstatesweretakeninto account.Theestimated

couplingelementsherepresentedareonly thosebetweenthe '���%�& and ()��%
& states

andbetweenthestates*���%
& & and '+��%
&
& , called , and - to distinguishfrom the %
&
stateslabeleda,b,... etc. All othercalculatedcouplingelementsaregivenin the

appendixB.

3.6.1 The kinetic coupling term T .0/)1
% & -states

Thefour low-lying excitedstatesof symmetry% & arecomposedof four maincon-

figurationsheredenotedby 2 � , 2 # , 243 and 265 . Theseconfigurationsdiffer in the

occupationof thehighestoccupiedmolecularorbitalsfor eachsymmetry, which

are 798)*:& , 7:7;*:& and 7;<:*:& for *:& -symmetry, and 8+<:*:& & and 8�=>*:& & for *:&
& -symmetry.

In the groundstateconfigurationthe orbitals 798)*:& , 7:7;*:& and 8)<:*:& & are doubly

occupiedwhereastheorbitals 7;<:*:& and 8)<;*>& & arethe lowestunoccupiedorbitals.

All consideredmolecularorbitals havemainly ? -character. The orbitals 7@<:*:& ,
8)<:*:& & and 8+=:*>& & showa leadingcoefficient for one ? -orbital: 7;<:*:& is mainly a ?:ACB -,
8)<:*:& & a ?:DEA - and 8+=>*:& & a ?:DFB -orbital. Theorbitals 7G8)*:& and 7:7;*:& arelinearcombina-

tionsof a ? BCH - anda ? DIH�JKALH -orbital. Thisassignmentcanbesummarizedasfollows:

798)* &KMON #L�QP B�HSR ? B�HUT N #L�QP DIH�JKALHVR ? DIH�JKAWH ,
7:7;* &KMON #Q#LP B�HSR ? B�HUT N #Q#LP DIH�JKALHVR ? DIH�JKAWH ,

7;<:*:& M ?:ALB ,
8)<;*>& & M ?>DEA ,
8+=>*:& & M ?:DFB .

Thedeterminants2 �QX
X
X 5 arecharacterizedby thefollowing occupationschemes:

2 ��Y Z 798)* &\[W�F] Z 7:7;* &\[	#+] Z 7@<:* &\[E�E] Z 8)<;* & &\[�#�] Z 8+=:* & &\[�^
2 #�Y Z 798)* &\[	#+] Z 7:7;* &\[W�F] Z 7@<:* &\[E�E] Z 8)<;* & &\[�#�] Z 8+=:* & &\[�^
243 Y Z 798)* &\[	#+] Z 7:7;* &\[	#+] Z 7@<:* &\[�^�] Z 8)<;* & &\[E�E] Z 8+=:* & &\[E�
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_6`ba�c"d9e)f:g\h	i+jkc"d:d;f:g\h	i+jkcld@m:f:g\h�i�jkc�e)m;f>g g\h�n�jkc�e+o:f>g g\h�n
Theseconfigurationsareillustratedin figure3.5.
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Figure3.5: Occupationschemesof thefour leadingconfigurationswhichdescribe

theelectronicexcitedstatesof symmetryp g
.

From thesestateconfigurations(figure 3.5) andapplyingthe Condon-Slater

rulesit follows that,

q _srtcvutw h)x
y
y u�w _6`zcvutw hC{}| q _ i cvutw h)x
y

y u�w _6`zcvutw hC{~| q _4�kcvutw h)x
y
y u�w _6`@cvu�w hL{

| q _srtc0u�w hkx
yy utw _4�kc0u�w hL{}| q _ i c0u�w hkx
yy utw _4�zcvutw hC{S|����
andtheonly non-vanishingmatrixelementsare:

q _srtc0u�w hkx y
y utw _ i c0u�w hL{S|�� q _ i cvutw h)x y

y u�w _sr�cvu�w hL{Ij
becauseonly

_sr
and

_ i differ in a singleexcitation,while theothermatrix ele-

mentsinvolve two or moreelectronexchanges.Theseelementscanbeeasilycal-

culatedundertheassumptionthatalsotheatomicorbitalsareorthonormalanddo

not dependon
u�w

. Recallingthecompositionof themolecularorbitals21
f g

and

22
f g

, it is possibleto write,

� r i | q _srtc0u�w hkx y
y utw _ i c0u�w hL{}| q d:d@f g x y

y u�w d9e)f g {

| q�� iQiL� �C���k�>���U� � iQiL� �I���K�L�V�k�:�I���K�W� x
y
y u�w c � i r � �C���k�>����� � i r � �I���K�L�V�k�>�I�	�K�W� hL{

� � iQiL� �C� y
y u�w � i r � ���U� � iQiL� �I���K�L� y

y u�w � i r � �I���K�W� (3.1)

and

� i rS| q _ i cvutw h)x y
y u�w _sr�cvu�w hC{~|�� � r i | q d9e)f:glx y

y utw d;d;f:g\{
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�����:�L�Q� �C���k�>���U ¡�:�L�Q� ¢I��£K¤L�V�k�:¢I��£K¤W�z¥
¦
¦¨§�©

ª �:�Q�L� �C���k�>���� ¡�:�Q�L� ¢I��£K¤L�V�k�>¢I�	£K¤W�L«L¬

­ � �L�Q� � �®¦
¦¨§�©

� �Q�L� � �  ¯� �L�Q� ¢ � £K¤ �°¦
¦±§t©

� �Q�L� ¢ � £K¤ ��² (3.2)

where �;³µ´ are the correspondingcoefficients of the molecularexpansion. The

shorthandnotationusedto labelthestates¶ ��·
¸
, ¹ ��·
¸

, � �Q·�¸
and º ��·�¸

is ¶ , ¹ , � and º
respectively. In thetop panelof table3.6theCI coefficients(cf equation(2.120))

of thestates¶ , ¹ , � and º correspondingto thedeterminants» � , » � , »4¼ and »4½ are

shown.Alsotheorbitalcoefficients�;³µ´ aregivenin thetoppanelof table3.6.From

thesedatathekinetic couplingtermshavebeencomputedaccordingto equation

(2.121).Hereonly thetermswhichcouplethe ¶ ��·
¸
andthe ¹ ��·
¸

stateareshown.

Theresultsfor all othertermsarelistedin appendixB. Thedataof table3.6were

interpolatedusinga smoothcubicsplineprocedurewith differentstandarddevi-

ationsgivenin thefigurecaptions.TheCI coefficientsareplottedin figuresB.1

to B.4 of appendixB. Theorbital coefficientsaredepictedin figureB.5. In some

cases(seefigurecaptions)pointswereomittedin ordertogetsmoothcurves.Note

that in thosecasesthe realcurveswould look steeperthantheshownones.The

smootheddatawerethenusedto calculate¾�¿ �"À accordingto (2.121).Thematrix

elements
· ¿ �"ÀÁÃÂ and

· ¿ �"ÀÂ0Á of thefirst term
· ¿ �"À (cf eq. (2.121))andthecorresponding

elementsof thesecondterm Ä ¿ �"À areshownin figure3.6 (a) and3.6 (b) respect-

ively. All othermatrixelementsof
· ¿ �"À andÄÅ¿ �"À aregivenin theappendix:Figures

B.6 toB.9andfiguresB.10to B.13respectively. In figure3.7, Æ �v� andÆ �L� resulting

from theorbital changeareplotted.

As derivedin section2.9.1the resultingmatrix elementsshouldbeantisym-

metric. However, technicallyspeakingtheyarenot becauseof numericalerrors.

To getapreciseantisymmetricmatrix ¾ ¿ �"À , thecalculatedelements
· ³µ´ and-

· ´�³ as

well as Æ �v� and- Æ �L� havebeenaveraged.Finally ¾�¿ �"À is thesumof
· ¿ �"À and ÄÅ¿ �"À .

Its matrixelementsfor thecouplingbetweentheb andc stateareshownin figure

3.8. All othermatrix elementscanbe found in theappendixin thefiguresB.14

to B.17. Notethatthematrix element¾ ¿ �"ÀÁÃÇ is, within theerrorbar, zeroalongthe

reactioncoordinateandthereforenotshown.
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Figure3.6: Panel(a)showstheelementsíïîñð"òóÃô andíõî ð"òô0ó calculatedfromtheCI coef-

ficientsaccordingto equation(2.121).Panel(b) showstheelementsöÅî ð"òóÃô and öÅî ð"òô0ó
calculatedfrom the CI coefficientsaccordingto equation(2.121). The í
÷µø mat-

rix elements(CI term)arelargerthanthecorrespondingö�÷
ø elements(MO term)

exceptaround1.8Å, wheretheyhaveapproximatlythesamevalues( ù 1).
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 and ��

� calculatedaccordingto equations(3.1)and(3.2),
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Figure3.8: Couplingelement&(' �*)+-, and &.' �*),/+ calculatedfrom theCI coefficientsac-

cordingto equation(2.121).Thematrix elementsof & ' �*) arethesumof thecor-

respondingelementsof 0 ' �*) (CI term)and 1 ' �*) (MO term)shownin figure3.6. In

thepresentcase,bothcontributionsareimportant.
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24353
-states

In the caseof the
243 3

-statesthe orbitalsarebasicallypureandthey canthusbe

approximatedby a singleatomicbasisfunction. Theassignmentof the relevant

orbitalsreadsasfollows:

687:9 3<;>=@?BA
,6DCE9 3<;F=:GHAJI<K�A

,6:6L9 3@;>MONP:Q ,68R:9 3@;S= K ?
,6LT:9 3@;>MONPVU ,CER89 3 3 ;>= GWK
,CXT@9 3 3 ;F= G ?
.

Sincethe molecularorbitalsaremainly describedby singleatomicorbitals,the

electronicconfigurationswith thedominantCI coefficientswhichdescribethefour

low-lying excitedstatesof symmetry
2 353

areeasilydescribedbelow. All excita-

z2 x2-y2xy

yz
xz
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yz xz

z2 x2-y2z2 x2-y2z2 x2-y2
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* \
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*

Figure3.9: Occupationschemesof thefour leadingconfigurationswhichdescribe

thetwo lowestexcitedstatesof symmetry
2 3 3

till ca.2.5Å.

tions ared-d transitionsexceptonewhich is a transitionto a
M]NPVU -orbital. This

meansthattheexcitedstatesarecompletelydeterminedby theoccupationscheme

of thed-orbitalsandthe
M NPVU -orbital:

^`_badc = ?BA
e _�f c =:G A I<K AWeJg f c = K ? e�h f c M N�ikj eJh f c = GWK eJg f c = G ? e _ a = ?JAml = G ?

^ g adc = ? A e g f c =:GHAJI<K
A e _ f c = K ? e h f c M N ikj e h f c = GWK e g f c = G ? e _ a =@GHA�I<K�A l = G ?

^on4adc =<?JA e g f c = G A I<K A e g f c = K ? e h f c M N ipj e _ f c = GWK e _ f c = G ? e h a = GWK l M N ikj
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qsr4tdu*v@wJx�y�zX{	u*v:|HxJ}<~
xWy�zX{	u*v ~Bw yW��{Eu/�O���k�sy��X{	u�v |W~ y���{	u�v |�w yJ��t v ~
w�� v |W~

qo�4tdu�v<wJx
y � {	u�v:|HxJ}<~�x�y z {	u�v ~
w y z {	u/� � �p��y � {	u*v |W~ y � {Eu*v |�w y � t
doubleexcitation

qo�4tdu�v wJx y z {	u�v |HxJ}<~�x y � {	u�v ~
w y z {	u/� � �p��y � {	u*v |W~ y � {Eu*v |�w y � t
doubleexcitation

Notethatthe
� ��:� ( �:�L�@� ) orbital remainsdoublyoccupiedin all consideredconfig-

urations.Therefore,it isneithershownin figure3.9norin thepreviousoccupation

scheme.However, from theCI coefficients(cf bottompanelof table3.6)it canbe

seenthattheseconfigurationsdonotsufficeto describetheexcitedstatesfrom the

Frank-Condonwindowto theasymptoticregion:Two statescorrespondingto the

configurations
qo�

and
qo�

crossthe � �J� � � adiabaticstateafter2.5 Å. Singlepoint

calculationsat theFrank-Condongeometryhaveshownthattheseintrudingstates

arenotthenexttwohigherstatesatthispoint,asonecouldexpect,buthigherones.

Forthepurposeof simulatingexperimentswith excitationenergiesaround3.1-3.6

eV, stateswith higherenergiesarenotneededandit sufficesto havethetwo lowest� �5� statesproperlycharacterized.Wavepacketpropagationswithoutkineticcoup-

ling, describedin section4.4,will showthatwith theabovementionedexcitation

energiesonly the � �J� � � stateis populatedwhereasthe � �J� � � statestaysnearlyun-

populatedbecauseof theweaknessof its transitiondipolemoment. In the � �J� � �
statethe wavepacketis trappedandthe � �J� � � canonly be populatedthrougha

couplingbetweenbothexcitedstates.Accordingto table3.6the � �J� � � stateis only

well describedtill ca. 2.5 Å. This is howeverenoughfor a properdynamicsde-

scription,sincethetrappedwavepacketin this stateneverreaches2.5 Å. Below

2.5Å thetwo low-lying statesof symmetry
� � � arewell definedusingfour config-

urations.This canbeseenfrom table3.6wherethecoefficientscorrespondingto

this states,
�b�	���L� ���5�5� r , aredominanttill 2.5 Å . Thesefour configurationsareillus-

tratedby theoccupationschemesof therelevantorbitalsin figure3.9.

Likewise,theCI coefficientsfunctionswereinterpolatedby acubicsplinepro-

cedure.Theresultingcurvesaregivenin thefiguresB.18to B.19of appendixB.

In thecaseof the
� �5� statesnomolecularorbitalsshowingastrongmixingof twoor

moreatomicbasisfunctions(like in the
� � case)occurred.For thatreasontheor-

bitalsareassumedto keepconstantduringtheMn-CObondelongation,andthere-

fore theelements�
�B� andconsequentlytheterms ��� �*���  in equation(2.121)vanish.

Thismeansthatin the
� � � caseonly theterm

� ��  needstobecalculatedtoestimate¡ � �*���  . Theresultingelements
¡ � �*��X� and

¡ � �*��X� areshownin figure3.10. Again they

wereaveragedto beantisymmetric.
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3.6.2 The kinetic coupling term T ÄÆÅLÇ
The kinetic couplingelementsT ·ÉÈ�º havebeencalculatedaccordingto equation

(2.126).In figure3.11 theelementsof ¶ ·ÉÊ�º thatcouplethe
Â ¸J¿4À with the Ë ¸�¿�À state

areshownandthosewhichcouplethe ¾ ¸�¿4À5À andthe
Â ¸J¿4À À stateareplottedin figure

3.12. In thefiguresB.20to B.23of appendixB all otherelementsof ¶ ·ÉÊ�º , for the

caseof ¿4À symmetryarepresented.It hasto benotedthatalthough¶ ·¹¸*º hasdiag-

onalelementsequalto zerothisis not thecasefor ¶ ·ÌÊ�º . Thediagonalelementsare

shownin figureB.24for ¿ À symmetryandin figureB.25for ¿ À À symmetry. These

matrix elementshaveto beaddedto thepotentialcurves.But accordingto equa-

tion 2.21 ¶ ·ÌÊ�º mustbemultipliedwith Í�ÎÊÐÏ�Ñ . This leadsto maximaof thediagonal

elementsof lessthan0.01eV andthereforenegligible.Thus,theyhavenot been

includedin thedynamicalsimulations.Also it shouldbepointedout that ¶ ·ÉÊ�º is

notanti-symmetric(seesection2.9.1).Nevertheless,someelementslook like anti-

symmetricsincethederivativeterm(whichis indeedanti-symmetric)is dominant

in thesecases.
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3.6.3 Source of errors

Our approachof calculatingthekineticcouplingtermsT ÿ�� � andT ÿ�� � usingtheCI

andMO coefficientsof aMR-CCI electronicwavefunctionis basedonaseriesof

approximations.Theyleadto errorswhichhaveto bekeptin mind:

1. Only theleadingCI andtheMO coefficientswith largestchangeshavebeen

takeninto accountin thecalculationof thekineticcouplingtermT ÿ�� � .
2. In orderto getsmoothcurvesin thesplinesmoothingprocedurenot all the

pointshavebeenconsidered(seeappendixB).

3. For thecalculationof T ÿ�� � accordingto equation(2.126)acompletebasisis

assumed.However, in practicethebasishasnotbeencomplete.
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3.7 Ionic potentials and approximated transition di-

pole moments between ionic and neutral states

3.7.1 Ionic state potentials

To simulatepump-probeionizationspectrathe low-lying ionic stateshavebeen

calculatedat thesamelevel of theoryastheneutralelectronicstates.During the

ionizationprocessoneelectronis removedfrom theneutralmolecule:

CpMn(CO)5 6879 CpMnCO:5 + e; .

Thedetachedelectronmovesasa freeparticledescribedby a planewave. Like

theneutralstate,theion canbedescribedby aCI expansion:

<�=?>�@BA>DCFEHGJILKNMPORQTS >�@UA> Q CVEWGWI <�XY>�@BAQ CFEWGHILKHZ (3.3)

wherethe
< X >�@BAQ CFEHG ILK arethestateconfigurationsrepresentingtheionic state.Re-

movingoneelectronfrom CpMn(CO)5 leadsto doubletionic states.Thethreeen-

ergetically lowestones,calculatedby CASSCF/MR-CCI,arethe hereso called[R\^]`_ _ , [a\b]`_ andc \^]`_ states,asdepictedin figure3.13.Theyareboundstatesshow-

ing no crossingbetweentheFrank-Condonpoint andtheasymptoticregion.Our

calculationsshowthatthenexthigherdoubletstatesareseparatedfromthesethree

loweststatesbyapproximately1eV. All threestatesaredescribedbyonedominant

configuration(cf expansion(3.3))whichdiffersfromthegroundstatebyremoving

oneelectronfrom the dae^f , the d ehg ; fig andthe dRj g orbital, respectively:

[ \ ] _ _lk C d j g I \ ZmC d ehg ; fig I \ ZmC dne^f I^o
[ \ ] _lk C d j g I \ ZmC d e g ; f g I^o8ZmC dne^f I \

c \ ] _lk C daj g I^o8ZmC d ehg ; fig I \ ZmC dne^f I \
Theresultingconfigurationsaredepictedin figure3.14.

3.7.2 Transition dipole moments between the neutral prq states

and the ionic states

Thefreeelectronremovedfrom theneutralmoleculehasa continuousspectrum

of momentumeigenvalues.No selectionrulesfor transitionsfrom theexcitedto
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Figure3.13: The threelowestsingletcationicstates,with the four lowestsing-

let excitedstatesandthe electronicgroundstateof CpMnCO¤ , all calculatedat

CASSCF/MR-CCIlevelof theory.

theionic statescanbeapplied.Neverthelessa one-photontransitionfrom theex-

citedneutralstatetoanionicstatecostslessenergy thanfor exampleamultiphoton

transitiondirectlyfrom theneutralgroundor via severalexcitedstatesto thesame

ionicstateandshouldbemoreprobable.Therefore,in thepumpprobe(excitation-

ionization)processthethemolecularorbital from which theelectronis removed

to geta specificionic stateconfigurationsshouldcorrespondto theexcitationin

theneutralexcitedstate.

The transitiondipolemomentis written asthe electricdipoleoperatorsand-

wichedbetweentheionic andtheneutralstate:

¥§¦©¨«ªh¬B­b¬¯®°J±F²h³�´¯µL¶"·¹¸�ºB°y»½¼¯¾ ¸�ºB°¸À¿ Á ¸ÃÂÅÄ ªh¬B­b¬¯® ¿ ¾ ÂHÆ »PÇÉÈ½Ê Â È ¼ ¦ ¸�ºB°¸ÀËFÌ µ Í ¿ Á ¸�Â�Ä ªh¬B­b¬¯® ¿ ¦ È ÆhÎ (3.4)

wherethe ionic stateis describedby oneconfiguration,¾ ¸�ºU°¸ » ¦ ¸�ºB°¸ , andthe

neutralstateconsistsof a linear combinationof severalconfigurations,¿ ¾ ÂhÆ »Ï Ê Â È ¿ ¦ È Æ . SinceÁ isa1-particleoperator, theCondon-Slaterrulesimposethatif

theneutralstateconfiguration
¦ È

differsfrom anionic configurationin morethan

onemolecularorbitalthecorrespondingmatrixelementvanishes.Forinstance,for¾ ¸�ºB°¸ » ËFÐRÑ^Ò`Ó Ó Í�Ô and ¿ ¾ ÂWÆ »PÕWÖ Ò`Ó oneobtains:

transitiondipole: Õ Ö Ò ÓØ× ËUÐ Ñ Ò Ó Ó Í ÔÚÙ Ê¹Û Ä ¤
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Figure3.14:Principalconfigurationof theionicstatesìaí^îðï ï , ìaíbî`ï and ñ^í^îðï . Com-

paredwith thegroundstateconfigurationoneelectronis removedfromthe òaó^ô , theò óhõÅöRôbõ andthe òa÷ õ orbital,respectively.

sincetheionic configurationìaíbîðï�ï (figure3.14)differsfrom theconfigurationøúù
(figure3.5) in only oneorbital,but in morethanoneorbital from øüû , ø í and øþý .
In ananalogousway the transitiondipolebetweenthe ÿ û îðï neutraland �FìRí^î`ï ï����
ionic statecanbeapproximatedby:

transitiondipole: ÿ û î ï�� �Uì í î ï ï � ���
	���
 ù
To find thedipolemomentsbetweentheb andc excitedstateandtheothertwo

ionic statesthemixing betweenthe ò óhõ�öRôiõ andthe ò ÷ õ characterpresentin theor-

bitals ���mìnï and ��� ìnï hasto betakenintoaccount.Thecontributionof the ò óhõÅöRôbõ �òaô ÷ excitationwhich is preferableif the ìaíbî`ï is to becreatedcanbecalculatedus-

ing theCI coefficientsandtheorbital coefficientsof theb andc stateasfollows:

transitiondipole: ñ û î ï�� �Fì í î ï � ����	���
 û���� í û 
 ó õ öRô õ�� 	���
 í ��� íwí 
 ó õ öRô õ
transitiondipole: ÿ û î ï�� �Fì í î ï � ����	���
 û���� í û 
 óhõ�öRôiõ � 	���
 í ��� íwí 
 óhõÅöRôbõ

Thecorrespondingcalculationto get the ò ÷ õ � ònô ÷ contributionwhich leads

to thecation ñ^í^îðï stateis:

transitiondipole: ñ û î ï�� �Fñ í î ï � ����	���
 û���� í û 
 ÷ õ�� 	���
 í ��� íwí 
 ÷ õ
transitiondipole: ÿ û î ï�� �Fñ í î ï � ����	���
 û���� í û 
 ÷ õ�� 	���
 í ��� íwí 
 ÷ õ

With theseconsiderations,theresultingtransitiondipolemomentsfor the ñ û îðï andÿ û î ï statesareplottedin figures3.15and3.16respectively.
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� �"!$#&%('*),+�!-# #/.10

243"5$6&7(8*9,:�5$6<;1=
>4?A@-BDC(EF>HGI@$B/J1K

Frank Condon

a
p

p
ro

x.
 t

ra
n

si
tio

n
 d

ip
o

le
 m

o
m

e
n

t 
/ 

e
a

0

Figure3.15: Electronictransitiondipole momentsconnectingthe excitedstateLNM�OQP
with thecationicstatesRDS OTPUP

(solid line), RDS OTP
(dashedline) and

L S OTP
(dot-

dashedline) approximatedusingtheCI- andorbital-coefficients(seetext).
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Figure3.16: Electronictransitiondipole momentsconnectingthe excitedstate
u M�OQP

with thecationicstatesRDS OTP P
(solid line), R&S OTP

(dashedline) and
L S OTP

(dot-

dashedline) approximatedusingtheCI- andorbital-coefficients(seetext).
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3.7.3 Transition dipole moments coupling the vxw/w states with the

ionic states

In the yTz z caseastrongorbitalmixing betweenthe {D|�} andthe {�~ }��&�H} orbitalsdoes

notappear. Usingthesamereasoningasfor the yTz statesthetransitiondipolemo-

mentscanbeapproximatedby theCI coefficientsof table3.6Thecomparisonof

theconfigurationsof the ����yQzUz and �X��yTzUz states(figure3.9)with theconfigurations

of theionic states(figure3.14)determineswhichCI coefficientsserveto approx-

imatethetransitiondipolemoments.

transitiondipole: � � y z z�� � �D��y z z����������,� �������,� �

transitiondipole: � � y z z�� � �&�Hy zUz������������ ��������� �

transitiondipole: � � y zUz�� � �D��y z����������,� �

transitiondipole: � � y z z�� � �&��y z������������ �

transitiondipole: � � y zUz � � � � y z � � �����,� �

transitiondipole: � � y z z�� � ����y z������������ �
Theresultingtransitiondipolemomentsfor the �X��yTz and �N��yTz statesareplottedin

figures3.17and3.18respectively.
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���A�$� �D� �*�,¡��$� �/¢1£

¤�¥"¦$§ §&¨ ©ª¤,«�¦$§/¬1­
®�¯A°$± ±&² ³*´Hµ�°$±/¶1·

Frank Condon

a
p

p
ro

x.
 t

ra
n

si
tio

n
 d

ip
o

le
 m

o
m

e
n

t 
/ 

e
a

0

Figure3.17: Electronictransitiondipole momentsconnectingthe excitedstate
¸º¹�»Q¼ with thecationicstates½D¾ »T¼ ¼ (solid line), ½&¾ »T¼ (dashedline) and ¿�¾ »T¼ (dot-

dashedline) approximatedusingtheCI- andorbital-coefficients(seetext).

NotethatthepresentedTDM for ÀÂÁNÃÅÄ�Æ�½�ÇÂÈ É�Ê�ÀËÉ ¸ transitionsareonlypropor-

tional(” Ì ”) to theCI coefficients.Therefore,only therelativeandnottheabsolute

valuesof theseTDM areknownandthepump-probespectrain chapter4 arerep-

resentedby thepopulationof theionic statesonly in ”arbitrary” units.
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Figure3.18: Electronictransitiondipole momentsconnectingthe excitedstate
êºë�ìQí with thecationicstatesîDï ìTí í (solid line), î&ï ìTí (dashedline) and ð�ï ìTí (dot-

dashedline) approximatedusingtheCI- andorbital-coefficients(seetext).


