Chapter 3
Quantum chemistry calculations

This chapterdealswith the quantumchemicalresults. After a descriptionof
the computationaldetails, CASSCF geometryoptimizations(section3.2) and
CASPT2andTD-DFT verticalexcitationenegies(section3.3) arepresente@nd
comparedvith MR-CClresultgsection3.4). Next, thecalculatedViR-CCl poten-
tial enegy curvesandtransitiondipole momentsareshownin section3.5. Then
thekinetic couplingtermsarecalculatedusingthe MR-CCI wavefunctions(sec-
tion 3.6). Finally, section3.7 investigateghe ionic stategpotentialsandapprox-
imatetransitiondipole moments.

3.1 Computational details

For the sakeof simplicity, all the calculationsdescribedn this work havebeen
doneassumingCs symmetryanda staggereaonfigurationasdepictedn figure
1.7 of theIntroduction(sectionl.2.2).

3.1.1 Bagssets

Effective core potentialbasissets(ECPs)makeuseof the fact thatin a chem-
ical sensea large numberof coreelectronsareunimportantandonly the valence
electrongarticipatan thechemicalreactions.Theinnerelectronsan,therefore,
be describedy pseudopotentialgr effective corepotentials.Relativisticeffects,
which aremostimportantfor coreelectronsof heavyatomsof the lower half of
the periodictable,canbe treatedby thesepotentials.ECPsexistalsofor second
row elementsgventhoughthe savingof computationatime is smallrelativeto
all-electroncalculations.CpMn(CQO} has102electrons.In thiswork thetenin-
nerelectronof manganesandthetwo coreelectronsof the carbonandthe oxy-
genatomsaredescribedn therelativistic effective core potentialapproximation
ECP(smallcore). The contractionschemegor theremainingelectronsgeffective
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atomicnumberZ=15.0for manganeseZ=6.0 for oxygenand Z=4.0for carbon
areasfollows: A (8s,7p,6d,1fsetcontractedo [6s,5p,3d,1fZ=15.0)for theMn

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

andfor the carbonatomsa (4s,4p)setcontractedo [2s,2p](Z=4.0)[110].

An Atomic NaturalOrbital (ANO) basissetwasusedfor the hydrogenatom.
Naturalorbitals,typically from a correlatedCISD calculation areusedfor a con-
tractionof alargenumberof primitive GaussypeOrbitals(GTOs)to asmallnum-
ber of contracted5TOs. For arestrictedHartreeFock wavefunctionthe ANOs
would be the sameasthe canonicalorbitalswith occupatiomumbersof eitherO
or 2. Whenacorrelatedvavefunctionis usedthe occupatiomumbercanbeany
numberbetween0 and2. The magnitudeof the occupatiommumbergovernsthe
choiceof theprimitive GTOsusedn thecontractionsin thiswork the ANO basis
set(7s,3p)contractedo [3s,1p]wasappliedfor theH atomg[111].

The multiconfigurational calculations have been carried out with the
MOLCAS-4 Quantum Chemistry software [112]' and the TD-DFT with
GAUSSIAN-98seriesof programgq113].

3.1.2 Applied abinitio methods

The a' A’ electronicground state configurationof CpMn(CO), conformsto a
closedshelloccupation

(20a)*(21a')*(22d)*(12a")*(13a")?
correspondingo the
(27m¢p)? (3d,2)? (3dy2_y2) (37 0p) * (3dlay )

electronicconfiguration. Low-lying virtual orbitals correspondo 3d,.(23a’),
3d,.(14a") andnf,(24d', 25d', 15a” and16a”).

CASSCFwavefunctionsvere usedin subsequeniS-CASPT2calculations
in orderto calculatethe verticalexcitationspectrum(section3.3). This methodis
the state of the art for achievingchemicalccuracyn the calculationof excitation
enegies. However for the givenbasissetandactivespacethe CASSCFwave-
functionwasnot a goodreferenceor a MS-CASPT 2treatmentof dissociation.
The methodof choicein suchproblematiccaseds the MR-CCI treatmenbased
on CASSCFeferenceavavefunctions.In boththeMS-CASPT2andthe MR-CCI
descriptionthe previousCASSCFcalculationsvereaveragedver severalroots
of a givenspinandsymmetry In the active spaceten electronswere correlated

Theauthoris gratefulto RolandLindh for providingapreliminaryversionof theMS-CASPT2
software
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in fourteenorbitalsincluding the highestr, occupiedorbitals,the 3d,;, occu-
piedandvacanwrbitals,the3d of correlationandthelow-lying 7., orbitals. This
active space so-called10el4agconstitutesa goodstartingpoint for the addition
of dynamicalcorrelationeffectsby meansof the CASPT2treatmenin the multi-

stateapproachiwith a level shift correctionof 0.5 E,). An activespacedimited

to 10 electronzorrelatedn 10 activeorbitals(thepreviouslOel4apacewithout
the four low-lying 77, orbitals)hasalsobeenusedfor the purposeof CASSCF
geometryoptimizationsin orderto studythe effect of the quality of the CASSCF
wavefunctionon the calculatedoondlengthsand angles. Transitiondipole mo-

mentswereestimatedatthe CASSCHevel.

Verticalexcitationenegiesandtransitiondipolemomentdavealsobeenstud-
iedusingTD-DFT andthesamebasissetemployedn the CASSCFcomputations
(describedn section3.1.1). In particular two differentfunctionalswere used,
namelythe B3LYP andthelocal approactBP86. The exchangdunctionalB3 is
thehybridmethodproposedy Becke[114] thatincludesamixtureof Slaterfunc-
tional [115], Beckes 1988gradientcorrection[116] andHartree-Foclexchange.
Its correlationpart,LYP, is thegradientcorrectedunctionalof Lee, YangandParr
[117]. In the BP86functional,the exchange-correlatiopotentialcorresponds$o
thegradientapproximategbotential GGAs)by Becke[118] for theexchangand
Perdew[119] for correlation.

ThegroundstateCASSCFoptimizedgeometrywith thelarge CASSCFL0el4a
activespacéhasbeenusedin thecalculationof the Franck-Condoenegies(MS-
CASPT2,TD-DFT andMR-CCI) andtransitiondipolemomentf CASSCE MR-
CCl) andfor thecalculationof thepotentialenegy curvesalongthestretchingco-
ordinateof theMn-CO,, bond(MR-CCI).

3.2 CASSCF and DFT geometry optimizations

The geometryoptimizationshavebeenperformedunderthe Cs symmetrycon-
straintwhich is a reasonablessumptiorasdiscussedn sectionl.2.2. Starting
from the gasphasestaggeredgeometry(figure 1.7 (a)) CASSCFoptimizations
havebeenperformedor thea' A’ electroniagroundstateandafew low lying sing-
let A’ excitedstatesn orderto follow the geometrychangeshattakeplacewhen
exciting the molecule. The geometrief 75-CpMn(CO) andns-CpMn(CO)
havebeenalsooptimizedatthe DFT (B3LYP) level of theory
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3.2.1 Structure of the parent molecule n*>-CpMn(CO);

The CASSCFoptimizedgeometrief n5-CpMn(CO} in its electronicground
statea! A’ andin thethreelow-lying excitedstates' A’, ¢! A’ andd* A’ correspond-
Ing to 3dym — 3dam, excitations(seesection3.3) arereportedn table3.1. The
optimizedgroundstategeometryis comparedo the DFT (B3LYP) geometryand

to the experimentastructuresn gas-phasandsolid state.

Bond lengths®

Gas-phase”

Solid state®

a'A’
DFT

alAyd

b'A’

ClA’e

da’

Mn-Gip

1.808

1.780, 1.797

1.793

1.810 (1.830)

1.994 (1.996)

2.846 (2.249)

1.910 (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-C;i naT

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*

1.148

1.150, 1.134

1173

1.148 (1.146)

1.135 (1.136)

c-c?

1.424

1.388, 1.394

1.434

1.420 (1.420)

( )
1.138 (1.138)
1.418 (1.416)

1.422 (1.415)

)
1.141 (1.139)
1.421 (1.417)

Bond Angles

CiMn-Cy

91.9

92.0

94.0

93.2 (93.6)

94.7 (93.4)

85.4 (91.5)

102.7 (100.4)

CopMn-Cop

91.9

92.0

93.4

925 (92.9)

95.0 (93.0)

106.5 (102.2)

94.0 (91.9)

Table3.1: OptimizedCASSCFgeometries® Thebonddistancegin A) andangleg(in

deg)arecompareavith theexperimentahndDFT (B3LY P) datafor theelectroniaground
state(C;, andC,,, standfor thein-planeandout-of-planecarbonatomsin theCs (yz) sym-
metry).® Referencg45]. ¢ Reference§l120] and[47] respectively® The valuesin par

enthesesireobtainedwith the 10e10aCASSCFactivespace Valuesafter 20 cyclesof
optimization.! Averagevalues.

Both CASSCFand DFT optimizedbond lengthsand bond anglescompare
ratherwell to the experimentaktructures. The agreemenbetweenthe experi-
mental,the DFT andthe CASSCFoptimizedstructuredor theelectronicground
statevalidatesthe CASSCFactive spacewhich hasto includethe main bonding
interactiongn the complex. As mentionedn the previoussection,two different
CASSCFRactivespacesavebeerusednamelythe10elOavhichexcludeghefour
low-lying 7¢,, orbitalsof the10el4adaptedo theexcitedstatesalculationgsee
section3.1). Thelargestdeviationwhich neverexceed$ % is obtainedfor the
averageMn-C,;,,, distanceandthe Mn-C,, distancewhich areboth very sensit-
ive to the CASSCFactivespace.Indeed,whenthe ., orbitalsareincludedin
theactivespacehed,-p, Mn-CO backdonatiors well describedseetheMn-CO
bondlengthswhich agreeperfectlywith the gas-phaséeterminedsalues).Con-
sequentlythe Mn-Cp interactiongovernedoy the 7¢,/3das, Stabilizinginterac-
tion is significantlyaffectedwhengoingfrom the CAS10e10d0 the CAS10el4a
calculation(significantelongationof the calculatedMn-C,;,, distance).In any
casethisinteractions underestimatee€itherby theDFT methodMn-C,;,,=2.203
A) or by the CASSCFmethod(2.231A or 2.215A) ascomparedo the experi-
mentalvalueof 2.149A reportedn gasphase.
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On the basisof the resultsobtainedfor thea' A’ state the changeof the geo-
metrywhengoingfrom theelectroniagroundstateto thelow-lying singletexcited
statesh! A’, ¢t A" andd' A’ hasbeeninvestigatedhroughCASSCFcalculations.
The optimizationof the ¢t A’ statedid not convege to a minimum probablydue
to thedissociativecharactepf this state.Thevaluesreportedn Table3.1arethe
bondlengthsandbondanglesafter20 cyclesof optimization. Themainfeatureis
a significantelongationof the Mn-C¢, distanceof thein-planecarbonylaccom-
paniedby the openingof the bondanglebetweerthetwo out-of-planecarbonyls.
The Mn-CpandMn-CO (out-of-plane)ondsarenot significantlyaffectedin this
excitedstate.In orderto confirmthe dissociativecharacteof the c' A’ statewith
respecto thein-planecarbonylloss,potentialenegy curveshaveto betakeninto
account.

In section3.5it canbe seenthatat the MR-CCI level of theoryit is the b* A’
andnotthec! A’ statewhich hasdissociativecharacter This is dueto a crossing
betweerthelattertwo statesaroundtheFrank-Condomegion. Theb! A’ optimized
(CASSCF)structurewhichis very similarto theelectronicgroundstategeometry
shouldthereforecorrespondo the c' A’ MR-CCI state,whosepotentialshowsa
clearbarrierin figure 3.3,dueto furthercrossingswvith otherstates The MR-CCI
potentialof thed' A’ statehasa minimumalongthe Mn-CO stretchingcoordinate
(figure3.3) andits optimizedstructuredoesnotdiffer muchfrom thegroundstate
one. The elongationof the Mn-CO bondsdoesnot exceedl0 % in the b' A’ and
d* A’ stateandthe Mn-Cp bondis not affectedwhenexcitingthemolecule.

3.2.2 Structure of the fragment n*>-CpMn(CO),

Thefragment)s-CpMn(CO) hasbeenoptimizedattheDFT (B3LYP) levelin the
singletclosed-shelandtriplet electronicconfigurationsTheoptimizedstructures
aredepictedn Figure3.1.

As reportedin ref [121], the DFT resultsshowa lower enegy for thetriplet
1n°-CpMn(COj) relativeto thesingletwith AE = Eg;pgiet - Evriprer = 8.09kcal/mol
(0.35eV).WealsofoundalowerDFT enegy for thetripletwith AE =5.6kcal/mol
(0.24eV). Thelower enegy of thetriplet is in agreementwith CASPT2results
(performedat the DFT optimizedstructure)[121]. On the contrary MP2 results
predicta lower enegy of the singletwith AE=-10.93kcal/mol(-0.47eV) [121].
Theseresultspoint to the neardegeneracyf the two electronicconfigurationsn
theunsaturatedragment.

Whengoingfrom thereactanCpMn(CO) electronicgroundstateto the low-
lying singletstateof CoMn(CO), themaindeformationis ashorteningf theMn-
Cp bond(ca. 20 %) dueto the enhancemendf the Cp/Mn interactionafter the
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Singlet CpMn(CO), SIDE VIEW Triplet CpMn(CO),
 1.834 (1.80) 11.916 (1.84)

[1.86] : [1.94]

1833 (1.82)
[1.83]
1.175 (1.19)
[1.18]

1.792 (1.78)
[1.79]

1.177 (1.21)
[1.19]

TOP VIEW

1.427 (1.47) 1.440 (1.47)

Figure3.1: Sideandtop views of the optimizedgeometriedor the singletand
triplet CoMnCGQ,. Bond distancesn A andanglesin degrees.Valuesin paren-
thesesandbracketsorrespondo MPZ2/lanl2dzandB3LY P/lanl2dz,respectively
fromref[121].

lossof the CO ligand in the symmetryplaneof CpMn(CO). The Cs symmetry
Is retainedn thefragment.This justifiesthe modeldescribedn section3.5: The

potentialspresentedn this sectionare calculatedunderCgs symmetryconstraint
anddescribehecleavagef thein planeMn-CObond. Theshorteningf theMn-

Cpbondis alsoobservedto alesserextent,in thetriplet statewhich presentsan

importantangulardeformationwith respecbothto the singletandto thereactant
CpMn(CO}. Accordingto recentgeometryoptimizationsperformedatthe DFT

level withoutany symmetryconstraintshe CoMn(CO), fragmenthasalsoa geo-
metryvery closeto Cg symmetry[122].

3.3 CASSCF/CASPT2and TD-DFT vertical excita-
tion spectrum

Thecalculated3LYP andBP86excitationenegiesof thelow-lying singletelec-
tronic statesof A’ andA” symmetryandthe associatedscillatorstrengthsarere-
portedin Table3.2. The lowestpartof the absorptionspectrum(below 31 000
cm~! or322nm)is composedf metalcenteredransitionscorrespondingo 3d,

to 3d,,, excitations.Thisis confirmedby the CASSCF/MS-CASPT2xcitation
enegiesreportedn Table3.3. Theexcitedstatehaveamixedcharacteasdocu-
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B3LYP BP86
Transition | Principal configurations AE f Principal configuration AE f
aA’ - aA” | 3dey - 3dy,(-0.43) 25200 (3.15) | 0.0000 |a'A’ - a'A” | 3d,2,2- 3ck,(0.54) 26480 (3.31) | 0.0000
3d,2,2 - 3d,, (0.48) 3ohy — 30, (-0.47)
a'A’ - b'A’ | 3dyy - 3d,, (0.53) 26720(3.34) | 0.0097 |a'A’ ~ b'A’ | 3ok — 3d, (0.55) 27760 (3.47) | 0.0114
3dx2.2 - 3dy, (0.34) 3dy2.42 - 3dy, (0.39)
a'A’ - b'A” | 3d,2 - 3dy, (0.47) 27040(3.38) |0.0018 |a'A’ — b'A” | 3dy - 3d,,(0.42) 28800 (3.60) | 0.0032
3y 30y, (0.31) 3d,2 - 30k, (0.38)
3d,2,,2 - 3d, (0.27) 30,22 - 3dk, (0.35)
a'A’ - c'A’ | 3d,2-3dy,(0.42) 27240 (341) |0.0025 |aA’ - c'A’ | 3d2,2- 3dy,(0.48) 28880 (3.61) | 0.0035
3d,2,2 - 3dy, (-0.42) 3d,2 - 3dy, (-0.32)
3dhy — 30, (-0.32)
aA’ - c'A” | 3d,2- 3d,(0.45) 30720(3.84) [0.0000 |a'A’ - c'A” | 3d,2- 3dy,(0.55) 30400 (3.80) | 0.0000
3dy — 3dy, (-0.31) 3oy — 30, (-0.25)
3dx2.y2 - 3dy, (-0.29) 3dy2.y2 - 3dy, (-0.23)
a'A’ - d'A’ | 3d,2-3dy,(0.48) 309609(3.87) | 0.0000 |a'A’ - d'A’ | 3d,2- 3d,(0.59) 30720 (3.84) | 0.0001
3dx2.2 - 3dy, (0.29) 3dy2.42 - 3dy, (0.22)
3y — 3dx, (-0.26) 3oy — 30y, (-0.18)
a'A’ - d'A” | 30k - T co(0.67) 33200(4.15) | 0.0005 |a'A’ - d'A” | 3dey - Tt co(0.67) 34240 (4.28) | 0.0004
aA - A’ | 3d22- Tt co(0.66) 33200 (4.15) [ 0.0000 [alA’'— €A’ [ 3d,2,2-Tco(0.67) 34240 (4.28) | 0.0005
a'A’ - e'A” | 3dyy - T c0(0.52) 36240 (4.53) | 0.0003 |aA - e'A” | 3dy- co(0.59) 37200 (4.65) | 0.0002
SdXZ,yZ - Tt CQ(-0.37) 3dx2,y2 T Co(-O.SQ)
a'A’ - A" | 3d,2,2 - T co(0.54) 36800(4.60) | 00113 |a'A’ - f'A" | 3d.2,2 - T co(0.45) 37440 (4.68) | 0.0014
3dy - Tt c0(0.38) 3dhy — T¢ co(-0.37)
a'A’ - fPA" | 3dyy - T co(0.46) 36800 (4.60) | 00132 |a'A’ - f'A" | 3d.2,2- T co(0.51) 37600 (4.70) | 0.0024
3022 T co(-0.47) 3dy — T¢ c0(0.29)
3dhy — Tt c0(0.27)
aA - g'A’ | 3d2- T co(0.57) 39840 (4.98) | 0.0207 |aA’' - g'A’ | 3d.2,2-T¢co(0.40) 37680 (4.71) | 0.0011
3dyy — Tt* co(-0.26) 3dx2.y2 - Tt* co(-0.33)
SdXZ,yZ - T CQ(‘O.ZS) 3dx2,y2 T 00(0.31)
3dz2 - Tt 00(0.25)

Table3.2: CalculatedB3LYB andBP86excitationenegiesin cnt ' (andeV) to-
getherwith the correspondingne-electrorexcitations(weightingcoeficientsin
parenthesegndoscillatorstrengthsf.

mentedby the CI coeficientsof the principalconfigurationsvhich do notexceed
0.5in mostcases.Thea'4A’ — b'A’, a'A’ — c!A"anda'A’ — d'A’ trans-
itions correspondindo 3dys,, — 3das, excitationsat 25733cn?, 26 470cm !
and30366cm™1, respectivelyat the MS-CASPT2level andat 26 720cm~! (27
760cm1), 27240cm~! (28880cm~1!) and30960cm~! (30720cm™1), respect-
ively atthe DFT level (valuesobtainedwith the BP86functionalaregivenin par
enthesisgontributeto thefirst shoulderof theabsorptiorspectrunicf figure 1.8)
startingat25000cm~—* (400nm, 3.10eV) with amaximumat29412cm-* (340
nm, 3.65eV) [46].

To alesserextentthea* A’ — a'A”, a*'A' — bt A" andal A’ — ! A” trans-
itions correspondindo 3ds, — 3dar, excitationsbetweer24 972cm~! and29
949cm ! atthe MS-CASPT2level andbetweer25200cm* and30 720cm™!
atthe DFT level (B3LYP) shouldalsocontributeto this first band. Thefour low-
lying singletstatesof CpMn(CO}) arenearlydegeneratandshouldcontributeto
the main UV absorptionof this moleculeaccordingto the qualitativeoscillator
strengthseportedn Tables3.2and3.3. Theexperimentaspectrundoesnotshow
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Transition Principal configurations CASSCF MS-CASPT2 0 f

a'A’ 0.733

alA’>alA” | 3d,253d,,(0.42) 32021 (3.97) | 24972 (3.10) 0.723 0.0110
3d,,—3d,, (0.44)

a'A’5b'A’ | 3d,y—3dy (-0.51) 34678 (4.33) | 25733 (3.22) 0.721 0.0069
3d,2.,2—3dy, (0.46)

a'lA’>b'A” | 3d,.2.,253d,, (0.68) 30779 (3.82) | 26024 (3.23) 0.726 0.0085

alA’> c!A’ | 3d,2—53d,(~0.9) 32488 (4.06) | 26470 (3.30) 0.724 0.0157

alA’— c'A” | 3d,2,2/3d,2 53y, (0.55) 37882 (4.70) | 29949 (3.71) 0.720 0.0002
3dyy—3dyx(-0.37)

alA’—>d'A’ | 3d,2,2/3d 2 —3d,, (0.56) 38396 (4.80) | 30366 (3.80) 0.722 0.0015
3d,y—3d,,(0.42)

alA—e'A’ | 3d2,2- W0 (-0.57) 41149 (5.14) | 36075 (4.51) 0.724 0.0000
3d 2/ 3d,2.,2—>7*c0 (0.41) -

a'A’ 5 d'A” | 3dy— W0 (-0.74) 40249 (4.99) | 37410 (4.63) 0.727 0.0001

alA’ 5 A | 3d,y— 7o (0.63) 47733 (5.91) | 40690 (5.09 0.720 0.0040
3d,2— T*c0(0.42) v,

alA’— g'A’ | 3dy— W0 (0.72) 46629 (5.80) | 41175 (5.15) 0.723 0.0052
3d,2— Tco (-0.21) '

alA’—>e'A” | 3d2.,2— T¥c0(0.83) 43278 (5.37) | 42346 (5.25) 0.730 0.0000
3d,2— T co (0.21)

a'A’5 A" | 3d,2— T¥co(-0.82) 47939 (5.94) | 45019 (5.58) 0.727 0.0004

Table3.3: CalculatedCASSCFandMS-CASPT Zexcitationenegiesin cnt! (and
eV) with correspondingne-electrorexcitation(weighting coeficients givenin
parenthesesyyeight coeficient of the referencaCASSCFfunctionw in the per
turbationmethodCASPTZ2,andCASSCFoscillatorstrengthsf .

any absorptioraround34 482cm™! (290nm, 4.28eV) but a seconcbandwith a
ratherhigh intensityoccurswith a peakaround40000cm™! (250nm, 4.96eV).

The secondbandcanbe assignedo thea'A’ — f'A’ anda'A’ — ¢'A’
transitionscorrespondingo 3dy,, — 75, excitationsat40690cm™! and41 175
cm~!, respectivelyat the MS-CASPT2level. Theat A’ — e!A’ (36 075cm™1),
alA' — d'A' (37410cm ), alA’ — el A" (42346cmY) andalA’ — frA”
(45019cm™1) havevery low oscillatorstrengthsandshouldcontributelesssig-
nificantly to this secondband. The TD-DFT excitationenegiesof the! A’ (3dy,
— T4 o) eXcitedstatesarecalculatecht 33200cm™! (34240cm1), 36 800cm™!
(37600cm 1) and39840cm ! (37680cm ') anddiffer from the MS-CASPT2
valuesby morethan2000cm™!.

Eventhoughthe enegeticsobtainedthroughthe differentmethodscompare
ratherwell, the correlationbetweerthe CASSCFandthe TD-DFT expansionss
difficult to establishn somecasesandsomeinconsistencyemainsat this level,
asillustratedby thecomparisorgivenin table3.4. As pointedoutin section2.8.2
a directcomparisorbetweenDFT andHartree-Fockesultsis hazardoust mo-
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b'A’ A’ d*A’

CASPT2 |B3LYP [BP86 |CASPT2 [B3LYP [BP86 |CASPT2 [B3LYP |BP86
Excitation energies (cm™) |25733 26720 |27760 |26470 |27240 |28880 30366 |30960 |30720
Oscillator strengths 0.0069 |0.0097 |0.0114 |0.0157 |0.0025 |0.0035 [0.0015 |0.0 0.0001
30,y — 3dy, -51 53 55 - - -32 42 -.26 -.18
300,42 3dy, 46 34 .39 - -42 48 28 29 22
3d,, - 3d,; - - - .90 42 -32 28 48 59
e'A’ A’ gA’

CASPT2 |B3LYP |BP86 |CASPT2 |[B3LYP |BP86 |CASPT2 |B3LYP

BP86

Excitation energies (cm™) |36075 [33200 (34240 |41175 |36800 37440 |40690 |39840 |37680
Oscillator strengths 0.0 0.0 0.0005 |0.0052 |0.0132 |0.0014 |0.004 |0.0207 |0.0011
30y - Tt co - - - 72 46 -37 |63 -26 |-
302 — T co -57 66 67 - 47 |45 - -25 | .40
30, - T o 41 - - -21 - - 42 57 25

Table3.4: Low-lying excitedstatescalculatecat the CASSCF/MS-CASPT2nd
TD-DFT levelsof theory

lecularorbitalslevel for bothsetsof orbitalsobeydifferentequations the Kohn-
ShamequationsandtheHartree-Foclequationstespectively The sameholdsfor

acomparisorof DFT andCASSCF/CASPT#vhichis basednHartree-Fockhe-
ory. Thisleadsto differentcoeficientsfor the principalorbital excitationsof the
differentexcitedstates.Neverthelesshoththe TD-DFT andthe CASPT2meth-
odsagredn assigningl — d transitiongo theenepeticallylowerstates' A’, ¢' A’

andd' A’ andd — 7%, excitationgo theenegeticallyhigherstates:' A’, f' A’ and
g'A'. Theagreemenof the oscillatorstrengthsf is reasonabldor the b' A’, the
d' A" andthee® A’ states Fortheotherstateghedifferencebetweerthe CASSCF
andthe DFT valuesontheonehand(c! A’) andthe B3LYP andBP86ontheother
hand(f!A’ andg*A’) areratherlarge.

In arecentpaper[123] somegenerakrendshavebeenextractedrom a com-
parativestudyperformedon the electronicspectraof a numberof unsaturatedr-
ganicmoleculesin particularthedifficulty in describingchage transferstatesn
a dipeptidemodelhasbeenattributedto insufficient flexibility in the functionals
to describestateswith extensivechage separations.

3.4 Comparison with MRCI excitation energies

Accordingto theMS-CASPT2andTD-DFT calculationf thelastsectionthesix
low-lying metal-centeredtatesof CpMn(CO}) rangebetweer25000cm—1 and
30000cm-1 (3.13eV- 3.80eV), someof thembeingnearlydegenerataroundhe
Franck-Condoigeometry Thesestatehavebeenassignedo theabsorptiorband
observedn theexperimentaspectrunbetweerd00nmand290nm (3.10eV-4.28
eV).TheMR-CCltransitionenegiesobtainedn thiswork arereportedn table3.5
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togethewith theMS-CASPT2andTD-DFT valuescalculatedn theprevioussec-

Transition MR-CCI MS-CASPT2 TD-DFT(B3LYP)
aA - aA” 25040 (3.13) 24970 (3.10) 25200 (3.15)
aA’ - b'A’ 25840 (3.23) 25730 (3.22) 26720 (3.34)
a'A’ - b'A” 27 200 (3.40) 26 020 (3.25) 27 040 (3.38)
aA - A 28 400 (3.55) 26 470 (3.31) 27 240 (3.41)
aA - clA” 33600 (4.20) 29 950 (3.71) 30720 (3.84)
aA’ o dA 33 600 (4.20) 30370 (3.80) 30 960 (3.87)
a'A’ - d'A” 35 600 (4.45) - -

Table 3.5: Transitionenegies (in cnt* andeV) to the low-lying 1 A’ and! A”
excitedstatesof CoMn(CQO}), at differentlevels of calculationsfMR-CCI, MS-
CASPT2andTD-DFT).

tion. Forinstancetheb' A’ andc! A’ havebeencalculatecat 25 730cm~! and26
470cmt, respectivelyatthe MS-CASPT2evel (26 720cm~! and27 240cm!
atthe TD-DFT level) and25 840cm™! and28 400cm™t at the MR-CCI level.
The overallagreemenbetweenthe differentlevelsof calculationis satisfactory
ThelargestdeviationdetweerntheMR-CClandMS-CASPT2values pbtainedor
theb! A" andc! A’ statesamountto 1180cm ! and1930cm ™!, respectively The
correspondingleviationsbetweenthe MRCCI and TD-DFT transitionsenepies
amounto 160cm~! and1160cm™!, respectively Thetransitionenepgiesobtained
throughtheMR-CCl approaclaregenerallyoverestimatedith respecto theMS-
CASPT 2transitionsenegies. Theserendshavebeenobservedinddiscussedor
othertransitionmetalcomplexeq124, 125]. It is generallydifficult to conclude
abouttherelativequality of thetwo approachesincethis dependstronglyonthe
zeroth-ordewavefunctiorgivenby theCASSCFcalculation.Indeedhereference
wavefunctiorhasnotto fulfill exactlythesamecriteriafor assuringabalancedie-
scriptionof the differentexcitedstateslependingon whethertheremainingelec-
tronic correlationis addedperturbationall{ CASPT2)or variationally(MR-CCI).
Howevertheoverallagreemenbetweerthedifferentmethods/alidategheuseof
theMR-CCIl methodfor thecomputatiorof the potentialenegy curvesassociated
with thelow-lying singletexcitedstatesof CpMn(CO}.
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3.5 CASSCF/MR-CCI potential curves and trans-
ition dipole moments

Thepotentialenegy curveshavebeencomputedindertheassumptiothattheCs
symmetnyisretainedalongthereactiornpathcorrespondingp theCO,, loss(figure
3.2)andthefragmentCpMn(CO} is keptfrozenin the Franck-Condomgeometry

OC  CO

<>

COax

'o- pl ane
(yz)

Figure3.2: Modelsystenmusedin the calculationof thepotentialenegy curves.

Thisis in reasonablagreementvith the DFT geometryoptimizationgeportedn
section3.2.2which showa symmetryof the CpMn(CO), fragmentvery closeto
Cs. Furthermoretheseassumptionarejustifiedby thetime-scaleof the primary
photoprocesgvestigatedn thiswork, namelythe CO losswhich occurswithin a
few tensof femtosecondf24].

Theone-dimensiongbotentialenegy curvesv(q,) (with g,=[Mn-CQ,,]) for
theelectroniogroundstatepotentiala' A’ andtheb A, ¢t A’, d* A’, et A’ anda' A",
btA”, ¢t A" andd! A” stateshavebeerobtainedhroughCASSCFcalculationsup-
plementedy a MR-CCI treatmentandareshownin figure 3.3. Theycorrespond
to singleexcitationsfrom the 3d,, to the 3d,, and3d,, orbitalsof symmetrya’
anda”, respectively

AverageCASSCFcalculationgwith equalweights)over 4 rootsfor the ! A’
statesand4 rootsfor the! A” statesvereperformedo obtainelectroniovavefunc-
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Figure 3.3: CASSCF/MRCladiabaticnon-relaxedpotentialenegy curvesasa
functionof the Mn-CQO,y elongationn CpMnCQ, computedinderCs symmetry
constraint.

tionsusedasreferences thesubsequen¥R-CClI calculationsThe10el4aact-
Ive spaceadescribedn section3.2 wasusedto computethe CASSCFwavefunc-
tion. Singleanddoubleexcitationsto the whole virtual spacewereincludedin
a multireferenceschemekeepingasreferenceshe configurationsvith Cl coefi-
cientslargerthan0.08for all roots. For the e! A’ statethis wasonly possibleat
dissociation. Around the Franck-Condomegionthe e! A’ statecorrespondso a
muchenegeticallyhigherstate notincludedin thereferenceC ASSCFRwavefunc-
tion. Becausef convepge problemsin the MR-CCI treatmenthe enepy of this
stateis overestimatedn the Franck-Condomegion. The dissociationbarrier of
the electronicgrounda' A’ stateis calculatedo be 126.2kJ/mol (1.34eV). This
valueis in the rangeof the calculatedvaluesandexperimentatiataavailablefor
themetal-carbonybonddissociatiorenegy in first-rowtransitionmetalcarbonyls
[126].

The setof adiabaticpotentialenegy curvesdepictedin figure 3.3 is charac-
terizedby severahvoidedcrossingstwo of themaroundthe Franck-Condoigeo-
metry betweertheb! A’ andc! A’ andbetweerthea! A” andb* A” bothatca. 1.8
A. Whereaghe b! A" potentialappeargo be dissociativeleadingdirectly to the
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primaryproductsCO + MnCp(CO) [ A4'], thec! A’ presentsaasmallenegy bar

rieraround?.5A, dueto anavoidedcrossingwith d* A’, whichwill prevenfastand
total dissociation.Thea! A” andb! A” stateswhich arenearlydegenerataround
theequilibriumgeometryavoideachotheratthispoint,leadingto onedissociative
potentialtowardsthe primary productsCO + MnCp(CO)2[a! A”] andto aquasi-
boundpotentiawhichwill trapthemolecularsystem Theupperstatesi' A’, e! A’,

¢! A" andd' A" havebeencalculatedn orderto getthe mainfeaturesof the ab-
sorptionspectrumn theUV enegy domainandto performdynamicakimulations
which shouldtakeinto accountthe non-adiabaticouplingbetweernthe different
electronicstates.

Theelectronictransitiondipolemomentg TDM), depictedn figure 3.4, were
calculatedat the MR-CClI level for the ' A’ statesand at the CASSCFlevel for
the ' A” states.For the sakeof comparison,TDMs havebeenalsocomputedat
CASSCHevelfor the A’ statesandMR-CCl andCASSCFresultsarein reason-
ableagreementFor symmetryreasongCs) the x-componenbf the TDM con-
nectingthe A’ stateswith the electronicgroundstate(a'4’) andthe y- and z-
componentouplingthe A” stateswith the groundstatevanish. Moreover the
absolutevaluesof they- andz-componentgorrespondindo thea' A’ — bl A’
andthea'A’ — ctA’ excitationsare quite differentin the Franck-Condome-
gion: They-componenfor thea' A’ — b! A’ transitionis muchlargerthanthatfor
thea'! A’ — ! A’ excitation: TDM(y): alA’ — bt A’ > TDM(y): al A’ — ctA’,
andthe reverseholdsfor the z-componentTDM(z): a'A’ — bt A’ < TDM(2):
atA' — ctA'. In the caseof the x-componen{excitationof A" states)t is found
thatthe absolutevalueof thea' A’ — o' A” transitiondipoleis muchlargerthan
the onecorrespondingo thea' A’ — b' A” excitation. Thesdarge differencesf
thetransitiondipolemomentswill havea stronginfluenceonthewavepacketly-
namicsof thecorrespondingtategseechapted). Namely if laserenegieswhich
populateonly the lowestexcitedstatesof eachsymmetryareusedthe following
dominantexcitationscanbe expected:

x-polarized:b' A” mainly populated,
y-polarized:b' A’ mainly populated,

z-polarized:c' A’ mainly populated.
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Figure3.4: X-, Y- andZ-component®f the CASSCF/MR-CCladiabaticelec-
tronic transitiondipole momentsn CoMnCQ (1a.u.=1eg).
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3.6 Thekinetic couplings

The generalpropertiesof the kinetic couplingtermsT(®) andT(? arediscussed
in section2.9. A way to approximatelycomputethemusingthe coeficients of
the Cl expansionn amulticonfigurationalvavefunctions describedhere.In the
caseof thepotentialenegy curvesof A’ symmetryall couplingsbetweerthefour
low-lying excitedstatesverecalculatedvhereador the A” symmetryonly those
betweerthetwo lowestelectronicstatesnveretakeninto account. The estimated
couplingelementserepresentedreonly thosebetweertheb! A’ andc! A’ states
andbetweerthe statesa' A” andb! A", calleda and 3 to distinguishfrom the A’
statedabeleda, b,... etc. All othercalculatedcouplingelementsaregivenin the
appendixB.

3.6.1 Thekinetic couplingterm T
A'-states

Thefour low-lying excitedstatesof symmetryA’ arecomposeaf four maincon-
figurationsheredenotedoy D, D,, D3 andD,. Theseconfigurationgiffer in the
occupationof the highestoccupiedmolecularorbitalsfor eachsymmetry which
are2la’, 22a’ and23d’ for o’-symmetry and 13a” and 14a” for o”-symmetry
In the ground state configurationthe orbitals 21a’, 224’ and 13a” are doubly
occupiedwhereaghe orbitals23a’ and13a” arethe lowestunoccupiedrbitals.
All consideredmolecularorbitals have mainly d-character The orbitals 23¢’,

13a" and14a” showaleadingcoeficient for oned-orbital: 23a’ is mainly ad,, -,

13a" ad,,- and14a” ad,,-orbital. Theorbitals21a’ and22q’ arelinearcombina-
tionsofad,:- andad,>_,>-orbital. Thisassignmentanbesummarizeésfollows:

210’ =~ kg1 2 - dp2 + kg1 g2y - day2_y2,
220’ =~ kgg o2 - dy2 + kg g2y - dy2_y2,
23d’ = d,,,

130" = dgy,
14d" ~ d,,.

Thedeterminantd, _, arecharacterizethy thefollowing occupatiorschemes:

D, : (21d), (22d')?, (23d)", (13a")?, (14a")°
D, : (21d)?%, (22d')}, (23d)*, (13a")?, (14a")°

Ds : (21d')?, (22d')?, (23a')°, (13a")!, (14a")*
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Dy : (21d')?, (22d')?, (23d')?, (13a")°, (14a")°

Theseconfigurationsareillustratedin figure 3.5.

Dl DZ D3 D4
yz XZ yz XZ yz XZ yz XZ
+ — + = = + |+ —
aai e e IR T R I o e
2la’  22a Xy 2la’ 22a Xy 2la’ 22a Xy 21a’ 22a Xy

Figure3.5: Occupatiorschemesf thefour leadingconfigurationsvhichdescribe
the electronicexcitedstatesof symmetryA’ .

From thesestateconfigurationgfigure 3.5) and applyingthe Condon-Slater
rulesit follows that,

0 0 0
50 D1(00) = (D2(a) 5 D)) = (Dalaa)l -

{D1(ga)| D4(ga))

0 0
90, Ds(ga)) = (D2(0a) | 5 ™

andtheonly non-vanishingnatrix elementsare:

0 0
5o D2(a)) = ~(Dala)

because®nly D; and D, differ in a singleexcitation,while the othermatrix ele-
mentsinvolve two or moreelectronexchangesTheseelementsanbeeasilycal-
culatedundertheassumptiorthatalsotheatomicorbitalsareorthonormabnddo

not dependon ¢,. Recallingthe compositionof the molecularorbitals21 ¢’ and
22d', it is possibleto write,

= (D1(ga)|

Ds(ga)) = 0.

(D1(ga)| D1(ga)),

0 0
Dala)) = (220/|—21d

T12 = (D1(qq
v = (Dile)ig, a

0
= <k22,z2 : sz + k22,w27y2 : dx27y2|£ (k21,z2 : sz + k21,:c27y2 ) dw27y2)>

0 0
~ k22’228—qak21’z2 + k22,l‘2—y2 a—qak21’22_y2 (31)

and

0 0
o1 = <D2(q—“)|aq Di(ga)) = —T12 = (21@'\£22a')
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0
= <k21,z2 : d22 + k21,m2—y2 : daﬁ—yﬂ% (k22,z2 : d22 + k22,m2—y2 : dmz—y2)>

0 0
R kot 2 a—qakm,z? + kot g2y 8—%k22,x2—y27 (3.2)

wherek;; arethe correspondingoeficients of the molecularexpansion. The
shorthandhotationusedto labelthestated' A’, ¢t A’, d' A’ ande! A’ is b, ¢, d ande
respectivelyn thetop panelof table3.6the ClI coeficients(cf equation(2.120))
of thestate9, ¢, d ande correspondingo thedeterminant®,, D,, D; andD, are
shown.Alsotheorbitalcoeficientsk;; aregivenin thetop panelof table3.6. From
thesedatathe kinetic couplingtermshavebeencomputedaccordingto equation
(2.121).Hereonly thetermswhich couplethe b' A’ andthec! A’ stateareshown.
Theresultsfor all othertermsarelistedin appendixB. Thedataof table3.6were
interpolatedusinga smoothcubic splineprocedurewith differentstandarddevi-
ationsgivenin thefigure captions.The CI coeficientsareplottedin figuresB.1
to B.4 of appendixB. Theorbital coeficientsaredepictedn figureB.5. In some
casegsesfigurecaptionspointswereomittedin orderto getsmoothcurves.Note
thatin thosecaseghereal curveswould look steepethanthe shownones. The
smoothedlatawerethenusedto calculateZ ") accordingto (2.121). The matrix
elementsA{! andA'}) of thefirstterm A (cf eq. (2.121))andthecorresponding
elementsf the seconderm B areshownin figure 3.6 (a) and3.6 (b) respect-
ively. All othermatrixelement®f A™M andB™) aregivenin theappendix:Figures
B.6to B.9andfiguresB.10to B.13respectivelyIn figure3.7,7,, andry; resulting
from the orbital changeareplotted.

As derivedin section2.9.1theresultingmatrix elementshouldbe antisym-
metric. However technicallyspeakinghey arenot becausef numericalerrors.
To getapreciseantisymmetrienatrix7(!), thecalculatectlements4,; and-4;; as
well ast, and-7»; havebeenaveragedFinally 7(") is the sumof A andB™),
Its matrix elementdor the couplingbetweertheb andc stateareshownin figure
3.8. All othermatrix elementscanbe foundin the appendixin the figuresB.14
to B.17. Note thatthe matrix elemenﬂ“,fj) is, within the errorbar, zeroalongthe
reactioncoordinateandthereforenot shown.
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Figure3.6: Pane(a)showstheelementsq,(,? andAg) calculatedromtheCl coef-
ficientsaccordingo equation2.121). Panelb) showsthe elementsBéi) andBS)
calculatedirom the CI coeficientsaccordingto equation(2.121). The A;; mat-
rix elementgCI term)arelargerthanthe correspondings;; element{MO term)
exceptaroundl.&f\, wherethey haveapproximatlythe samevalues(= 1).
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Figure3.7: Elements, andry, calculatecaccordingo equationg3.1)and(3.2),
respectively
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Figure3.8: Couplingelementl}fcl) anch(bl) calculatedrom the ClI coeficientsac-
cordingto equation(2.121). The matrix elementof TV arethe sumof the cor-
respondinglementof AY) (Cl term)andB™) (MO term)shownin figure3.6. In
the presentase poth contributionsareimportant.
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A"-states

In the caseof the A”-statesthe orbitalsare basicallypureandthey canthusbe
approximatedy a singleatomicbasisfunction. The assignmenof the relevant
orbitalsreadsasfollows:

200’ ~ d,z,
21a’ ~ dw2,y2,
220 ~ Tops
23d’ =~ dy,,
240’ & 1o,
130" = dgy,

140" ~ d,,.

Sincethe molecularorbitals are mainly describedoy single atomicorbitals, the
electronicconfigurationsvith thedominaniCl coeficientswhichdescribehefour
low-lying excitedstatesof symmetryA” areeasilydescribecbelow All excita-

Dl D2 D3 D4
Trco Tco Tco Tco
Xz - Xz _‘_ Xz yz Xz
yZ yZ
i e e
T B S I e S
22 Xz_yz Xy 22 Xz_yz Xy 2 Xz_yz Xy 2 Xz_yz Xy

Figure3.9: Occupatiorschemesf thefour leadingconfigurationsvhichdescribe
the two lowestexcitedstatesof symmetryA” till ca.2.5A.

tions are d-d transitionsexceptonewhich is a transitionto a 7.,-orbital. This
meanghattheexcitedstatesarecompletelydeterminedy theoccupatiorscheme
of thed-orbitalsandthe ., -orbital:

D; : (sz)la (de—y2)27 (dyz)oa (W*CO)Oa (dwy)Qa (de)l Doy > dy,
D, : (dz2)27 (dmz—yz)la (dyz)ov (’/T*CO)Oa (dzy)2: (dzz)l : de—yZ — dy,
Dy : (d,2)?, (dy_y2)?, (dy2)°, (1°CO)Y, (duy)', (des)® : iy — 7°CO
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Dy (d,2)? (de2—y2)?, (dy) ', (T CO)°, (dy)', (d)’ © dye — doy
D5 : (d2)", (dp2_y2)?, (dy2)?, (7 CO)°, (dsy)', (dez) : doubleexcitation

Dg : (d2)?, (dg2_y2)’, (dy2)?, (7*CO)°, (diy)', (d)’ :  doubleexcitation

Notethatthery,, (22a') orbital remainsdoublyoccupiedn all consideredaonfig-
urations.Thereforejt is neithershownin figure3.9norin thepreviousoccupation
schemeHowever from the Cl coeficients(cf bottompanelof table3.6)it canbe
seenhattheseconfigurationglo notsuffiice to describeheexcitedstatedrom the
Frank-Condomwindowto theasymptotiaegion: Two statescorrespondingo the
configurationsDs and Dg crossthe b! A" adiabaticstateafter2.5 A. Singlepoint
calculationsaattheFrank-Condomgeometryhaveshownthatthesantrudingstates
arenotthenexttwo higherstatestthispoint,asonecouldexpectputhigherones.
Forthepurposeof simulatingexperimentsvith excitationenegiesaround3.1-3.6
eV, statewith higherenegiesarenotneedeandit suficesto havethetwo lowest
A" stateproperlycharacterizedwWavepacketpropagationsvithoutkinetic coup-
ling, describedn sectiord.4,will showthatwith theabovementionedexcitation
enepiesonly theb! A” stateis populatedvhereashea' A” statestaysnearlyun-
populatedbecausef the weaknes®f its transitiondipole moment. In the b A”
statethe wave packetis trappedandthe a' A” canonly be populatedthrougha
couplingbetweerbothexcitedstates Accordingto table3.6theb! A” stateis only
well describedill ca. 2.5A. Thisis howeverenoughfor a properdynamicsde-
scription, sincethe trappedwave packetin this stateneverreache.5A. Below
2.5A thetwo low-lying stateof symmetryA” arewell definedusingfour config-
urations.This canbe seenfrom table3.6 wherethe coeficientscorrespondingo
this states(,, /3,1...4, aredominantill 2.5A . Thesefour configurationsareillus-
tratedby the occupatiorscheme®f therelevantorbitalsin figure 3.9.

Likewise,theCl coeficientsfunctionswereinterpolatedy acubicsplinepro-
cedure.Theresultingcurvesaregivenin thefiguresB.18to B.19 of appendixB.
In thecaseof the A” statesromoleculamrbitalsshowinga strongmixing of two or
moreatomicbasisfunctions(like in the A’ case)occurred.Forthatreasortheor-
bitalsareassumedo keepconstantiuringtheMn-CO bondelongationandthere-
fore theelements;, andconsequentlyhetermsB,%,) in equation(2.121)vanish.
Thismeanghatin the A” caseonly theterm A4, needgo becalculatedo estimate
T,S,l). Theresultingelementél’gﬁ) andTﬁ(L) areshownin figure 3.10. Again they
wereaveragedo be antisymmetric.
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Figure3.10: Couplingelement@é? andTﬁ(L) thatcouplethestatesi' A" (=a;) and
bt A" (=3) calculatedrom the CI coeficientsaccordingto equation(2.121).

3.6.2 Thekinetic couplingterm T2

The kinetic coupling elementsT(® havebeencalculatedaccordingto equation
(2.126).In figure3.11 theelementof T thatcoupletheb! A’ with thec! A’ state
areshownandthosewhich couplethea! A” andtheb* A” stateareplottedin figure
3.12.In thefiguresB.20to B.23 of appendixB all otherelementof 2(2), for the
caseof A’ symmetryarepresentedit hasto be notedthatalthoug@(l) hasdiag-
onalelementequalto zerothisis notthecasefor 2(2). Thediagonakelementsire
shownin figureB.24for A’ symmetryandin figureB.25for A” symmetry These
matrix elementdaveto be addedto the potentialcurves.But accordingto equa-
tion 2.217 mustbe multiplied with % This leadsto maximaof the diagonal
elementof lessthan0.01eV andthereforenegligible. Thus,they havenot been
includedin the dynamicalsimulations.Also it shouldbe pointedoutthat7® is

notanti-symmetri¢seesection2.9.1). Neverthelessomeelements$ook like anti-

symmetricsincethederivativeterm(whichis indeedanti-symmetric)s dominant
in thesecases.
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Figure3.11: Couplingelemenﬂ”,ff) andTC(b?) calculatedusingthe CI coeficients
accordingto equation2.126).
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Figure3.12: Couplingelementg’cﬁz) andTﬁ(? calculatedusingthe CI coeficients
accordingto equation2.126).
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3.6.3 Sourceof errors

Our approactof calculatingthe kinetic couplingtermsT(®) andT(? usingthe Cl
andMO coeficientsof aMR-CCl electroniovavefunctionis basedn a seriesof
approximationsTheyleadto errorswhich haveto be keptin mind:

1. OnlytheleadingCl andtheMO coeficientswith largestchangefavebeen
takeninto accountin the calculationof thekinetic couplingtermT(1),

2. In orderto getsmoothcurvesin the splinesmoothingprocedurenotall the
pointshavebeenconsideredseeappendixB).

3. Forthecalculationof T(? accordingo equation(2.126)acompletebasisis
assumedHowever in practicethe basishasnotbeencomplete.
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3.7 lonicpotentialsand approximated transition di-
pole moments between ionic and neutral states

3.7.1 lonic state potentials

To simulatepump-probdonizationspectrathe low-lying ionic stateshavebeen
calculatedat the samelevel of theoryasthe neutralelectronicstates.During the
ionizationprocesoneelectronis removedrom the neutralmolecule:

CpMn(CO), 25 CpMnCO} +e-.

The detachectlectronmovesasa free particledescribedoy a planewave. Like
theneutralstate theion canbedescribedy a Cl expansion:

‘(I)zon Qa chn Ga ‘Dzon qa)> (33)

wherethe|D¥"(q,)) arethe stateconfigurationgepresentingheionic state.Re-
movingoneelectronfrom CpMn(CO}), leadsto doubletionic states.Thethreeen-
ergetically lowestones,calculatedby CASSCF/MR-CCl arethe hereso called
a?A", a? A" andb?® A’ statesasdepictedn figure3.13. Theyareboundstatesshow-
ing no crossingbetweerthe Frank-Condorpoint andthe asymptoticegion. Our
calculationshowthatthenexthigherdoubletstatesareseparateérom thesehree
loweststatedy approximatelyl eV. All threestatesaredescribedy onedominant
configuration(cf expansior{3.3))whichdiffersfrom thegroundstateby removing
oneelectronfrom thed,,, thed,»_,» andthed,. orbital, respectively:

CLQA” : (dz2)2, (dw2—y2)27 (dwy)l
CLQAI . (dz2)2, (dmz_yz)l, (dwy)2

VA 1 (dp2), (de2—y2)?, (dgy)?

Theresultingconfigurationsaredepictedn figure 3.14.

3.7.2 Transition dipole moments between the neutral A’ states
and theionic states

The free electronremovedfrom the neutralmoleculehasa continuousspectrum
of momentunmeigenvaluesNo selectionrulesfor transitionsfrom the excitedto



Quantunchemistry:Potentialstransitiondipolesandkinetic couplings 79

10 NN
_____________________ (b2A/)+
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energy / eV
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Figure 3.13: The threelowestsingletcationic stateswith the four lowestsing-
let excitedstatesandthe electronicgroundstateof CoMnCQ, all calculatedat
CASSCF/MR-CClevel of theory

theionic statescanbe applied.Neverthelesa one-photortransitionfrom the ex-
citedneutralstateto anionic statecostdessenegy thanfor exampleamultiphoton
transitiondirectly from theneutralgroundor via severakxcitedstatedo thesame
ionic stateandshouldbemoreprobable.Thereforejn thepumpprobe(excitation-
ionization)procesgshe the molecularorbital from which the electronis removed
to geta specificionic stateconfigurationshouldcorrespondo the excitationin
theneutralexcitedstate.

The transitiondipole momentis written asthe electricdipole operatorsand-
wichedbetweertheionic andthe neutralstate:

TDMsefit/rZal—)ion = <(I);0n|,u”,z/y/z‘¢)]> = ZC]k<D:0n(q_a)|:U’Z]:$/y/z‘Dk>i (34)
k

wherethe ionic stateis describedby one configuration,®?" = D", andthe
neutralstateconsistsof a linear combinationof severalconfigurations|®;) =
> Cjx|Dy). Sincey is al-particleoperatortheCondon-Slaterulesimposethatif
theneutralstateconfigurationD,, differsfrom anionic configurationn morethan
onemoleculamrbitalthecorrespondingnatrixelemenvanishesForinstancefor
Piom = (a?A")* and|®;) = b' A’ oneobtains:

transitiondipole: o' A" — (a*A")" o« Cy3
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CLQA” CLZA, b2Al

yz XZ yz XZ y XZ

N - NN A

2 2
Z2 X2_y2 Xy Z2 X2_y2 Xy z X2_y Xy

Figure3.14: Principalconfiguratiorof theionic statesi> A", a> A" andb* A'. Com-
paredwith thegroundstateconfiguratioroneelectrons removedromthed,,, the
d,>_,» andthed,. orbital, respectively

sincetheionic configuratiomm®A” (figure 3.14)differsfrom the configurationDs
(figure 3.5)in only oneorbital, butin morethanoneorbitalfrom Dy, D, and D,.
In ananalogousvay the transitiondipole betweerthe ¢! A’ neutraland (a2 A")*
ionic statecanbe approximatedy:

transitiondipole: ¢' A’ — (a*A”")" « C3

To find the dipole momentsbetweerthe b andc excitedstateandthe othertwo
ionic stateghemixing betweerthed,._,» andthed,. charactepresentn theor-
bitals21a’ and22a’ hasto betakeninto account.Thecontributionof thed,z_,» —
d,. excitationwhichis preferablef thea?A’ is to becreateccanbe calculatedus-
ing the Cl coeficientsandthe orbital coeficientsof theb andc stateasfollows:

transitiondipole: b' A" — (a*A")" o< Ch1 - ko1 g2—y2 + Cha - kagg2_y2

transitiondipole: c' A" — (a®A")" o Cry - kara2_y2 + Crg - kag g2y

Thecorrespondingalculationto getthed,. — d,, contributionwhich leads
to thecationb® A’ stateis:

transitiondipole: o' A" — (5> A")" oc Ch1 - ko1 .2 + Cha - koo 2

transitiondipole: c' A" — (b A")" oc Cry - ka1 ,2 + Crg - koo o2

With theseconsiderationgheresultingtransitiondipolemomentdor theb* A’ and
ct A’ statesareplottedin figures3.15and3.16respectively
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approx. transition dipole moment / ea,
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Figure 3.15: Electronictransitiondipole momentsconnectingthe excitedstate
bt A" with the cationicstates:®? A" (solid line), a®> A’ (dashedine) andb? A’ (dot-
dashedine) approximatedisingthe Cl- andorbital-coeficients(seetext).

[N

approx. transition dipole moment / ea,

08 15 /" 2 25 3 35 4

Frank Condon distance(Mn-CO)/A

Figure 3.16: Electronictransitiondipole momentsconnectingthe excitedstate
c' A" with the cationicstates:? A" (solid line), a®> A’ (dashedine) andb* A’ (dot-
dashedine) approximatedisingthe Cl- andorbital-coeficients(seetext).
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3.7.3 Transition dipolemomentscouplingthe A” stateswith the
ionic states

In the A” casea strongorbital mixing betweerthed,». andthed,._,» orbitalsdoes
notappearUsingthesamereasoningsfor the A’ stateghetransitiondipole mo-
mentscanbe approximatedy the Cl coeficientsof table 3.6 The comparisorof
the configuration®f thea' A” andb! A” stategfigure3.9)with the configurations
of theionic stateqfigure 3.14)determinesvhich Cl coeficientsserveto approx-
imatethetransitiondipolemoments.

transitiondipole: a' A" — (a?A")* o Cy3 + Cua

transitiondipole: o' A" — (a?A")t o« Cp3+ Cpa
transitiondipole: a* A" — (a*A")" o« C,.2
transitiondipole: b' A” — (a*A")" «x Cj
transitiondipole: a' A" — (b*A")" « C,,

transitiondipole: b' A" — (b*A")" « Cs,

Theresultingtransitiondipolemomentgor theb! A’ andc! A’ statesareplottedin
figures3.17and3.18respectively
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Figure 3.17: Electronictransitiondipole momentsconnectingthe excitedstate
c' A’ with the cationicstates:? A" (solid line), a®> A’ (dashedine) andb? A’ (dot-
dashedine) approximatedisingthe Cl- andorbital-coeficients(seetext).

Notethatthepresented DM for neutral — ionic transitionsareonly propor
tional (" <”) totheCl coeficients. Thereforepnly therelativeandnottheabsolute
valuesof theseTDM areknownandthe pump-probespectran chapte arerep-
resentedy the populationof theionic statesonly in "arbitrary” units.
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Figure 3.18: Electronictransitiondipole momentsconnectingthe excitedstate
ct A’ with the cationicstates:? A" (solid line), a>A’ (dashedine) andb? A’ (dot-
dashedine) approximatedisingthe Cl- andorbital-coeficients(seetext).



