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Abstract

Photoinduced ultrafast isomerizationsare fundamenal reactionsin photochemistry
and photobiology. This thesisaimsfor an understandingof the genericforcesdriving

thesereactionsand a theoretical approad is set up, able to handle realistic systems,
whosefast relaxation is mediated by conical intersections. The main focusis on the
dewelopmen of strategiesfor the prediction and acceleratedoptimization of conical
intersectionsand their application to arti cial compounds with promising physico-
chemical properties for technical applications as molecular switches. All calculations
are basedon advancedquartum chemical methods and mixed quantum-classicaldy-
namics.

In the rst part of this thesisthe two-electron two-orbital theory by Michl and
Bonafi¢-Koutedky usedin its original formulation to rationalize the structure of con-
ical intersectionsin charged polyene systans is extended by including the interac-
tions of the active pair of electronswith the remaining closed-shelkelectronsthat are
presen in any realistic system. A set of conditions, called resonane and heterosym-
metry conditions, for the formation of conicalintersectionsin multielectronic systems
are derived and veri ed by calculations on the basic units ethylene, cis-butadiene
and 1,3-cyclohexadienat various geometies and functionalizational patterns. The
guartitativ e results help to understandthe role of geometricaldeformationsand sub-
stituent e ects for the formation of conicalintersectionsand to derive rules of thumb
for their qualitative prediction in arbitrary polyenes. An extension of the rules of
thumb to conicalintersection seamsis formulated. The strategy pursued is to divide
the molecular systeminto basic unitsand into functional groups. Each unit and its

intersection spaceare treated independenly, thereby reducing the dimensionality of
the seart spacecomparedto the complete molecule. Subsequetly, the intercon-
nectivity of the intersection spacesof the di erent units is determinedand an initial

guessfor the complete seamis constructed. This guessis then fed into a quantum

chemistry padkage to nalize the optimization. The strategy is demonstrated for
two multi-functionalized systems, hemithioindigo-hemistilbene and tri uorometh yl-

pyrrolylfulgide.

In the secad part of this thesis state-of-the-art quartum chemical calculations
and time-resoled transient and infrared spectroscoly are usedto reconstruct the
complexmulti-channelisomerizationmedanismsof hemithioindigo-hemistilbeneand
tri uorometh yl-indolylfulgide. Both the cis-trans isomerization in hemithioindigo-
hemistilbene and the electrocyclic ring closure/openingin indolylfulgide are charac-
terized by a chargetransferin the excited state. The ability of ead systemto stabilize
this chargetransfer is essetial for the returning to the ground state. The relaxation
to the ground state through extendedregionsof the seamis found to be the decisive
step determining the reaction speedand the quantum yield.

In the last part of this thesismixed quantum-classicaldynamicssimulations at multi-

con gurational perturbation theory (MS-CASPT2) level, using Tully's fewestswitches
surfacehopping approad, are performedto study the ultrafast photoreactivity of 1,3-
cyclohexadienen the gas-phase For this purposea numerical routine for the e cien t



calculation of non-adiabatic couplingsat MS-CASPT2 level is preserned. The major
part of the excited moleculesare found to circumvent the 1B,/2 A; conical inter-
section and read the conical intersection seambetween the excited state and the
ground state instantaneuosly Time constarts for the ewlution of the wavepadket on
the bright 1B,-state, the relaxation into the 2A;-state and the return to the ground
state are extracted. It is demonstrated that the accessibiliy of the conical intersec-
tion seam dependson its energéic and spatial relation to the minimum enegy path,
aswell as on the momertum which is accurnulated during relaxation on the excited
state potential eneigy surface.
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Intro duction

Ever sincethe nding about the atomic structure of matter it has beenour pursuit

to cast a glancein chemical, biological and physical processesat atomic resolution,
i.e. to follow geometrical deformations like bond breaking and formation in space
and time. Tracking the temporal and spatial ewlution of a systemis the matter of
dynamics. As the length scaleof molecular bondsis 10 1° m (= 1 Angstrom) and

the nuclear speedis in the order of 10> m/s a femtosecond temporal resolution is
required to achieve a sub-Angstrom spatial resolution, i.e. to freezethe motion at

atomic level. Ultrashort pulsesprovide a tool to monitor high-speedmotion and open
the door to femodynamics. In their pioneeringwork Zewail and co-workers dewel-
oped the pump-probe technique[l 3], allowing to take snapshotsof the motion of the
wavepadket on the excited state potential energysurfaceby applying a probe pulseat

di erent delay times after triggering an evert with a pump pulse. The pump-probe
time-resolved spectroscojy allows to addressfundamertal questins reagarding the

time order and time scaleof photochemicaland photobiological processesThis tech-

nique also proves valuable for studying processesn the ground state, e.g. protein

folding initiated by an ultrafast moleculardeformationinducedby the pump pulse[4],
thereby establishinga precisezerotime referencefor determining the time scalesof
folding. Nowadays, the dewelopmen of the time-resolhed techniques has extended
the probing window from the ultraviolet to the near-infrared[5 13], thus permitting

to follow the dynamicsover extendedregionsof the excited state surface. A variety of
experimertal setupslike time-resoled transient absorption, uorescence,photoelec-
tron andinfrared spectroscoly have beendesignel that allow to obsenethe dynamics
from di erent angles.

The introduction of the pump-probe technique launched a wave of experimenal

researt on a variety of chemical and biological systems. It soon becameevidert

that a number of processeccur much faster than any theoretical model could ex-
plain at that time. Exemplarily, prototypical moleculeslike ethylene[14,15] and
1,3-cyclohexadiene[16 20]but also bulky systemslike retinal[21 23] were found to

return to the ground state in a fraction of a picosecond.The e cien t ultrafast trans-

fer of population betweenstates could be explained only when real potertial energy
surfacecrossingsbetweendi erent electronic states, i.e. conical intersections[24 26],
were considered. The developmat of novel theoretical approades|[27 35] special-
ized at the optimization of low-energy conical intersections catalyzed the researt

of photoreactions. These peculiar points on the potertial energy surface(called by

someauthors diabolic pointg36]) were quickly recognizedas the key factor for the

stability of DNA bases[37 42, the initial event in the processof vision[43 46], elec-
trocyclic photoreactions[47 50],photodissciations[51 53], energy and charge trans-
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fer processes[5455], etc.. As the passagehrough a conical intersection occursvery
rapidly and can not be detected spectroscopicallyit has becomea task for the quan-
tum chemiststo shedlight on their structure, accessibiliy and reactivity. In recen

years,asnew eld of researtr the optimization and characterization of energetically
low-lying conical intersection seams,hyperlines of conical intersectionsallowing for

a versatile and e ective decg to ground state from extended regionsof the excited
state potential enagy surface,moved into the focus of interest[36,56 60].

The presen work providesan ab-initio treatment of ultrafag photoreactionsmediated
by conical intersection by meansof quantum chemistry and mixed quantum-classical
dynamics. In the rst sectionthe basic theoretical conceptsare outlined. In the
secondsectiona theory is presented which allows to derive rules of thumb to predict
the structure of singleconicalintersectionsand conicalintersection seamsn arbitrary

multifunctionalized polyenes.The method is basedon anextensionof the two-dectron
two-orbital model introducedby Michl and Bona£i¢-Koutedky[61]. It is ableto predict
structure, topology and energydependenceon the substituernt pattern and accelerates
the searh of conical intersectins and conical intersection seam. In three examples
this generaltechniqueis appliedto the photochromic systemsl,3-cyclohexadiae/cZc-
hexatriene,hemithioindigo-hemistilbeneand tri uorometh yl-indolylfulgide, the latter

two being candidatesfor application as molecular photoswitchesin protein folding

studies[62]and molecular electronics[63]. Conical intersection seamsfound in both

systems,together with data from time-resohed transient and infrared spectroscoyy,

are usedin the third sectionto reconstructthe complex multi-channel isomerization
medanism of both chromophores. The relaxation to the ground state through ex-
tended regionsof the seamis found to be the decisive step determining the reaction
speedand the quartum yield of isomerization.

Quantum chemistry givesvaluableinsights into possibleintermediates,barrier heights
and ground state products by meansof minimum energy paths. Howewer, momen-
tum consenation in vibrational modesdrivesthe systemsaway from the minimum

energy path and can alter the outcome of the reaction. Dynamical simulations are
indispensablefor answering the following questions: (i) What time constaris char-

acterizethe individual stepsof a reaction? (i) What is the population distribution

in di erent reaction channels? (iii) Which regiors of the conical intersection seam
are readhed prefererially? (iv) What is the product distribution out of the conical
intersection seam? Dynamical simulations on polyatomic systemsare very tedious
and exact quartum dynamicsin full coordinate spaceis currerntly out of read for

photoreactions. Quantum dynamics calculationsin a reducedcoordinate spaceis an
alternative, but the coordinates have to be seleted with great careto be physically
meaningful. Semi-classicaldynamics[64,65] provide a workaround by focusing on
a subsetof the system, which is treated quantum medanically (the electronic de-
greesof freedom) under the in uence of the rest of the system treated classically
(the nuclear degreesof freedom). This partitioning allows to mimic the ewlution of
a quantum dynamical wavepadket by a swarm of classcialtrajectoriesdriven by the

quantum medanical electronic potential. In this work the Tully's fewest switches
surface hopping approad[66] implemerted in the software padkage for Newtonian



dynamics Newton-X[67]is interlaced with the multi-state completeactive spaceper-
turbation method[68 70] available in Molpro[71]to simulate non-adiabatic dynamics
through conical intersections. In the fourth section of this work the implemertation

of non-adiabatic couplingsat multi-state complete active spaceperturbation theory
level, as well as preliminary results on the dynamics of 1,3-cyclohexadienere pre-
serted. Cyclohexadieneis a prototype for a molecular photoswitch[72] and is the

building block of the family of fulgide switches[73].It is expeded that the disclosure
of its dynamicswill provide valuableinformation about the accessibiliy and reactivity

of the conical intersection seam[74peyond the static description.






1. Theoretical background

The presen work investigaes light-induced ultrafast chemical reactions proceeding
on a femosecondto picosecondtime scaleby meansof ab initio quantum chemical
methods. The time-independen Sdrédinger equation

B ( r;R)= E(r;R) ( I;R) (1.1)

provides the foundation of quantum chemistry. The molecularwavefunction ( r;R)
cortains the whole information about the nuclear and electronic degreesof freedom
of the systemand H is the Hamiltonian operator

X 1 X 1 X Z X 1 X zZZ
= r 2 Tr? e S —— (1.2)
2m i 2 J R;i i Rij . R
| —{z—} | : {z— }
Tnuc Bel

The rst two terms in eq. 1.2 give the kinetic energy of the nuclei (i.e. ") and
of the electrons. The third term gives the electron-ruclei attraction and the last
two terms give the electron and nuclear repulsion, respectively. The indices ;
and i; j run over the nuclei and electrons. Solution of eq. 1.1 posesa formidable
challengeand is practically impossiblefor systemswith more than three degreesof
freedomunlesssomeapproximations are introduced. Probably the most signi cant
oneis the Born-Oppenheimer(BO) approximation, named after Max Born and Julius
Robert Oppenheime, which allows to treat electronicand nuclear degreef freedom
separately[75,76]. Its physicaljusti cation is provided by the high ratio of the masses
of nucle and electrons,allowing the eledrons to quasi-instantaneouslyadapt to a new
nuclear arrangemen. Therefore, the electronic motions dependonly parametrically
on the positions of the nuclei. This dependenceallows usto write the total wavefunc-
tion ( r;R) in a product form

BO(r;R) = (R) °(r;R); (1.3)

where (R) dependsonly on the nuclear coordinates and ©(r;R) depends explic-
ity on the electranic and parametrically on the nuclear coordinates. ©(r;R) is an
eigenfunctionof the electronic Schrédinger operator el

|46| e'(r;R)=V(r;R) el(r;R); (14)

with V(r;R) the electronic energy The ansatz of eq. 1.3 simpl es the solution of
eq. 1.1 signi cantly and is the basisof modern quartum chemistry. The electronic
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Sdrédinger equation can be solved for a number of xed nuclear con gurations in
order to obtain the parametrical dependanceof the electronic energy V(R) on the
nuclear coordinates. The function V(R) enters the time-independen Sdrddinger
equation as a potertial in which the nuclear wavefunction ewlves

e+ V(R) (R)= E(R) (R): (1.5)

The BO appraximation is well suited for many purposes. Howeer, there are cases
whereit fails and an explicit treatment of the correlation betweenmolecularand elec-
tronic degreeof freedomis indispensable.In sec.1.1the circumstancesunder which

the BO approximation breaksdown are elaborated and the most prominernt example
for this break down, the conical intersections, are introduced. Sec. 1.2 provides a
detailed insight into the mathematical treatment of conical intersectionsand conical
intersection seams,their optimization and characterization. In sec 1.3 the multi-

con gurational nature of photochemical processespccuring via conical intersectians,

is elucidated with the help of molecularsymmetry. Finally, in sec. 1.4 seeral quan-
tun chemicalmethods for treating multi-con gurational problemsare preserned. The

following notation is usedthroughout: vectors are denoted by an arrow (e.g. X),

matrices are given in bold (e.g. H).

1.1. Beyond the Born-Oppenheimer approximation

Going beyond the BO approximation the molecularwavefunction ( r;R) is nolonger
represerted asthe simple product from eq. 1.3. A formally exact ansatzis given by
expandingthe molecularwavefunction in the complete basisof eigenfunctions ¢ of
the electronic Schrédinger equation 1.4 at a xed nucleargeometryR as

(BR) = (R) #(riR): (1.6)

Inserting expansionl.6into eq. 1.1, multiplying from left with f' ! and integrating
over the electronic coordinates gives

X D E x D E X D E
Jel fnuc i ieI + jeI ﬁel i ;al = E J_el i ;al : (17)
i i i

Using eq. 1.4 and the chain rule for the secondderivatives'['\nuc the nal form of the

time-independen Scrodinger equation for the nuclei is obtained

]
D E X 1 D E X
T\nuc i + V| i + jel -fnuc iel 2 el r el r = E il

2m J !
(1.8)

X

YFrom here on dependencieson nuclear and electronic degreesof freedomare not denotedexplicitly .
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or in a matrix notation
e+ vil+ K ~= ET1+ (1.9)

K is the non-adiabatic coupling matrix with elemerts

X 1 D el ., 2 el E D el el E
m | —e—)  |—f—)
scalar coupl: derivative coupl:

It describesthe changeof the electronic wavefunction with the nuclear displacemen
i.e. correlatesnuclear and electronic motions. To that point no appraximation has
beenintroduced and eqs. 1.8 and 1.9 are formally exact. In most casesthe elec-
tronic structure changesonly slightly with geometricaldeformation and electronscan
quickly adapt to the new nuclear arrangemen. Then, the coupling terms are neg-
ligible and the BO approximation is justied. Howewer, there are also caseswhere
the electronic structure changesabruptly over a small geometricaldeformation. The
electronscan no longer follow the nuclei instantaneuosly and the BO approximation
breaks down, giving rise to large couplingsKj . It is therefore a matter of general
concernto clarify whenthe BO approximation is impractical.

The scalar couplings are signi cantly smallea in magnitude than the dervative cou-
plings. Howeer, they cannot be completely neglected,as the Hamiltonian operator
K would becomeNon-Hermitian. The hermetcity can be recovered by considering
the non-Hermitian part |9f the sg@lar coupliggs, which can be expressedhrough the
derivative couplings as r el r je' [77]. Thus, the noDn-adiabaicEcoupIing

K is determinedby the properties of the derivative couplings &' r je' 2
D E
D el eIE D el eIE D el eIE iElr 'q ]_E|
oro 7= cro and Prp = VIR ; (1.11)

The expressionon the left statesthat the derivative coupling couplesonly vibronic
statesbelongingto di erent electronicstates(for i = j the coupling elemet is zero).
The expressionon the right shaws that, in general,the derivative coupling between
two statesincreases in magnitude whentheir Potertial Ener gy Surface (PES)s come
closer.

Large couplingsinducean e cien t and rapid changebetween electronic surfaces.This
phenomenonlies beneaththe experimertal obsenation that ultrafast photochemical
reactionscan take lessthan a few hundred femtoseconddrom the momern of excita-
tion of the reactart into an electronically Excited State (ES) to the formation of the
product in the Ground State (GS). In order to shedlight on the ultrafast molecular
medanismsit is crucial to locate energetically accessibleaegionswhere PESsdegen-
erate. Thesespecial points, known as Conical Intersection (Coln), are characterized
in the next section.

2For derivation see Appendix A
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1.2. Conical intersections

Although the conditions for potertial energycurve crossinghad beenanalyzedmath-
ematically already in the thirt iesby von Neumannand Wigner[78]another ft y years
had to go by before chemiststook the conceptof Colns to heart. While Colns be-
tween excited stateswererecognizedasan e ectiv e relaxation medanismfrom higher
ESto the rst ES (Kasha's rule[79]is a direct consequencdrom the instantaneuos
relaxation to rst ES), radiationlessdeactivation from the rst ES was explainedby
vibronical coupling of the ES wavefunctionto the GS using Fermi's goldenrule[72]. It
wasbelieved that in molealesthe realization of the concet of Coln betweenthe GS
and the rst ES demandsformidable structural deformations. Hence, Colns would
occur only in high energyregionson the PES and would be irrelevant for the photo-
chemistry. The lifetimes predicted by the Fermi's goldenrule reat from nanoseconds
down to seeral hundred picoseonds. Due to the lack of techniquesallowing for sub-
nanosecondime resolution the validity of applying the Fermi's goldenrule could not
be experimentally veried up to the late '80s. Zewail's pioneerworks[1, 3] on fem-
tosecondpump-probe gas-phasepectroscoly demonstratedthat somephotoreactions
proceedmuch faster than anticipated. In the following yearsthe pump-probe tech-
nique was successfullytransferedto the condenseghaseand the ultrafast photoreac-
tivit y wascon rmed in numerousstudies. With the advanceof computer technology
and the dewelopmert of a ordable methods for treatment of ES the obsened ultrafast
photoreactivity could be attributed to the presenceof low-energyColns betweenthe
GSand rst ES[47,80 87]. In the next subsectionssomecharacteristic properties of
Colns, aswell as methods for their localization and characterization are presened.

1.2.1. Adiabatic versus diabatic representation

In sec. 1.1 it was stated that the rapid change of the character of the eectronic
wavefunctonin the vicinity of a Coln is responsiblefor the large non-adiabatic cou-
plings Kj; . The calculation of coupling elemerts is a rather tedious task. Further-
more, their local nature requiresto sample the PES around a Coln in small in-
tervals to recover their correct shape. A possibleworkaround is to usethe diabatic
represemation[88, 89]. Diabatic wavefunctionsare mathematical constructsthat diag-
onalizethe coupling matrix K. From a chemical point of view diabatic wavefunctions
can be understood asdistinct electronic con gurations (e.g. covalert or ionic), which
behare smoothly, even in the vicinity of a Coln. Howewer diabatic wavefunctions
are not eigenfunctionsof the electronic Hamiltonian H® and the coupling between
statesoccursvia the o -diagonal elemerts in the Hamiltonian matrix. The adiabatic
wavefunctions, which are eigenfunctionsof the electronic Hamitonian, are allowed to
changetheir characte. This happensinstantaneously when passingthrough a Coln
and leadsto large non-adiabatic couplings. Then, the leadingelectronic con guration
does not manageto stick with the adiabatic state and follows the diabatic surface,
i.e. changesto a di erent adiabatic surface.

Transformation betweena pair of diabatic and adiabatic statesis unitary and is given
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by the following formula®

cos() sin( ) | ad |

sin( ) cog ) ad

with  the rotational or mixing angle[89]for which the coupling K;; vanishes. The
diabatic represetation is chemically more intuitiv e becauset follows the energy of
a particular electronic con guration along the reaction coordinate and allows for a
smooth change of PESs. Therefore, it is usedto derive the conditions for Coln
formation.

(1.12)

NO RO

1.2.2. Conditions for the existence of conical intersections

The adiabatic wavefunction is expandedin the vicinity of a Coln in the basisof two
orthonormalized diabatic states § and 4[90]

d=yc 94+¢ & (1.13)

The eigenstatesand energies'; and ", in this basisare obtained by solvingthe secular
problem | |
Hyp " Hi G
Hio Hy " C
E

D
with matrix elemens H; of the form ¢ K ¢ . Diagonalizingeq. 1.14gives

=0 (1.14)

q
_ Hu+ Hz (Hin  Hz)?+ 4HE,
1=2 = 5 :

(1.15)

At a Coln the two statesare isoenergetic,i.e. "; = ",. This requiremert providesa
set of two independert conditions for the degeneracy

Hll H22: 0 and H12 =0 (116)

Egs. 1.16 implicate that two independertly variable nuclear coordinates are needed
to readh a point of degeneracy This conclusionis the basisfor the non-crossingrule

which statesthat in diatomicsreal crossingscanoccur only betweenstatesof di erent

(spatial or spin) symmetry, asthe couplingterm H, is zero. In this special casethe

condition H;;  Hy, = 0 canbe fullled at a particular internuclear distance. For

statesof the samesymmetry the couplingterm hasa nit magnitude and no internu-

clear distanceexist whereboth conditions are ful lled simultaneously In polyatomic

moleculeswith 3N 6 independerily variable coordinates this limitation does not

hold. Correspndingly, degaeracy can occur at ead point of a 3N 8 dimensional
hyperspace known asthe Intersection Space(IS)[89].

3Provided that the two states are well separated everywhere on the PES from the remaining
electronic states.
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(3N-8)D IS

Figure 1.1.: A symmetric Coln within the two-dimensional BS, which lifts the
energeticdegeneracy The 3N-8 dimensionallS, which presenesthe degeneracy
lies perpendicular to the BS. The BS vectorsin the diabatic (egs. 1.17) and in
the adiabatic (egs. 1.18) basisdo not coincidebut spanthe sameplane.

At ead point of this spacethe degeneracyis lifted alongtwo speci ¢ vectorsderived
from the conditionsin eq. 1.16

g=r r(H1z H2) (1.179
A=r grHp (1.17b)

Thesevectorsspanthe BS[89]perpendicularto the IS (g. 1.1).

The implemertation of algorithms for optimizing Colns requiresthe knowledgeof the
BS. Howewer, while the requiremerts in eqgs. 1.16 are formulated in a diabatic basis
most quantum chemical programs provide adiabatic states and energies. Using the
transformation betweenadiabatic and diabatic states(eq. 1.12)it canbe showvn that
the adiabatic vectors

Xi=1grV1 V. 1.18
1 R( 1 D2) E ( a)

Xo= (Vo V) drg & (1.18b)

span the very sameplane around a Coln asg and i (seeAppendix B) (g. 1.1).
Thereby, V; and V, are the adiabatic energies.Therefore,it su ces to calculate the
gradiert di erence vedor X; and the scaledderivative coupling vector X, to obtain
the BSin the vicintiy of a Coln. In reality, the BSis curvedin space[91hand the plane

10



1.2. Conical intersedions

spannedby X, and X, at a Coln is only tangertial to the curved BS. Consequetly,
alsothe spacespannedby the 3N 8 vectorsperpendicularto X; and X, is tangertial
to the IS and displacemen along them lifts the degeneracyas well. Recorery of the
degeneracyis possibleby a subsequen displacemat along X; and X,. With this
considerationit becomegpossibleto formulate a set of curvilinear coordinates, which
reproduce the IS energy pro le around the Coln correctly to secad order[59, 60].
Di erentiating the energytwice with respect to the curvilinear coordinates provides
a projection of the Hessianmatrix to the IS. Its diagonalization gives frequencies
and normal modes characterizing the local curvature of the IS around a Coln. This
analysisallowsto seard the IS not only for local minima but alsofor saddlepoints[92].
It facilitated the optimization of Minimum Energy P ath (MEP) in the IS, boosting
the seart of energeticallylow-lying Coln seams[74].

1.2.3. Projection method for optimizing minimum energy conical
intersections

(755>
' ""’ ;"0.
R e
5o (74
SRS 0% "I"I"'I W=
RSN e
&

S 3
R 0 7 7%
S S
“‘““\“““““ SO
S

SRS AN
TS SCUS SIS SRESN
X NSO S S R et s <> N
RIS

R T T S S SR S SISO ST TS
SRS S
O S SOCSSOUSSISe
> “\“\‘:0'0','

%

&S e
{{{{{,,’,’,/Illllll SqMinimum
27777

Figure 1.2.: Sdematic represemation of the algorithm usedto optimize minimum
energy Colns (SoS;MECI). The e ective gradiernt, which is followed during the
optimization, hastwo cortribu tions. Starting at an arbitrary position in space,
displacemen along the gradient di er encevector X; locatesthe nearestpoint
of degeneracybetweenthe upper (S;) and the lower (Sp) states(greenarrows).
Following the projection of the S; gradiert onto the orthogonal complemen to
the plane spannedby the gradiert di erence (X1) and derivative coupling (X,)
vectorslocatesa minimum in the IS.
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1. Theoretical badkground

Next, a robust and fast method for locating minimum energy Colns, proposed
originally by Bearpark et al.[31,92] and currertly implemerted in software padkages
like Gaussian[93]and Molpro[71], is outlined. The generd idea is to minimize an
e ectiv e gradiert composedof two terms

X1

1

=2V, Vy) + Pis(r rV2): (2.19)

Displacemen along the gradient di erence vector X, drivesthe algorithm towards
the nearestpoint of degeneracy(greenline in g. 1.2). The multiplication of the
normalizedgradiert di erence vector with the energydi erence assureghat the rst
term vanisheswhen both states becomedegenerate.The secondterm represes the
projection of the ES gradient onto the orthogonal complemen to the plane spanned
by X; and X, (blue linesin g. 1.2), accomplishedby the projection matrix P,s =
1 A(ATA) AT with A amatrix with columnsX; andX,. At apoint of degeneracy
the orthogonal complemen to the plane spannedby X; and X, is tangertial to the
IS. Following the projection of the gradiert onto this sub-spaceensuresthat the
optimized structure is a minimum in the IS (SoS;MECI in g. 1.2). Consequetly, at
a minimum energy Coln the energyof the upper state increasesn any of the 3N 8
directions of the IS. Then, the energy of the lower state increasesas well, as the
degeneracybetweenthe upper and the lower state is consered in the IS. Thus, any
information about the GS products accessiblalirectly from the apex of the Coln is
resenedto the BS. A completely symmetic Coln (a Coln with a circular baseof the
cone)asgivenin g. 1.1would implicate an in nite number of relaxation directions
in the GS[56]. In practice, there exist preferential relaxation directions assaiated
with steepslopeson the GS PES. Thesepreferertial directions can be obtained by
performing an unrelaxedscanon a circular crosssectionaround the Coln in the plane
spannedby X, and X,. The number of minima passedhrough during the scanequals
the number of barrierlessrelaxation pathways in the GS.

By performing an unrelaxed scan one neglecs the fact that the plane spannedby
X1 and X, coincideswith the BS only in in nitesimal displacemen from the apex
of the cone. An advanced procedureto cope with this issuereplacesthe scanon
the circular crosssectionby a constrainedoptimization on a hyperspherearound the
ColIn[94]. In the presen work solely unrelaxed scansaround Colns were performed.
It desenesfurther attention, that the information about the GS relaxation channels
gatheredin this way is non-dynamical and descrikes accurately only vibrationally
cold ES moleculeswhich relax to the GS through the tip of the Coln.

12



1.3. Orbital analysisof photochemicalreactions: whento look for conicalintersetions

1.3. Orbital analysis of photo chemical reactions: when
to look for conical intersetions

The previous sectionfocusedon the mathematical badkground of Colns. Up to now
a chemical interpretation of the conditions for Coln formation (egs. 1.16) has been
left out. One goal of this work is to establish a correlation betweenthe chemical
composition, the molecularstructure and the accessibiliyy of Colns. For that purpose
a Molecular Orbitals (MO) analysiswhich is usedto estimatethe energypro le along
geometricaldeformations is presened. Thereby, the emphasisis on isomerizations.
Figure 1.3apreserts the valenceorbitals of three unsaturated hydrocarbones,which
canundergoeither a doublebond torsion (ethylene,bottom row) or a cyclization (cis-
butadiene, middle row and cZc-Hexatriene (HT), top row). In the caseof ethylene,
starting at the Highest Occupied Molecular Orbital (HOMO) a double bond torsion
introducesa node in the MO, thereby correlating the HOMO of the oneisomerto the
Lowest UnoccupiedMolecular Orbital (LUMO) of the other isomer. Correspondingly,
the con guration with a doubly occupied HOMO of the oneisomercorrelatesto the
con guration with a doubly occupiedLUMO of the other isomerand vice versa. This
correlation diagram (dashel black linesin g. 1.3a)allows to follow the energyof a
particular electroniccon guration alonga reaction coordinate in analogyto a diabatic
represemation. The samecorrelation pattern is encourered for butadieneand HT
with respect to the symmetry conservingdisrotatory ( , mirror plane) and conrota-
tory (C, rotation axis) cyclization (g. 1.3a). Thus, the correlation diagrams of all
three reactions can be described with the samediabatic sheme (greendashedlines
g. 1.3b). By allowing the diabatic statesto mix adiabatic states are constructed
(red, black and blue solid line in g 1.3b). Thereby, the diabatic curve crossingsbe-
comeavoided crossinggmarked with circles)in the adiabatic represemtation. Se\eral
conclusionscan be drawn from the correlation diagram:

a) Geomdrical deformationsfor which the PESsof GS and ES come closecan be
derived by symmetry consideations.

b) A low-energyColn betweenGSandESis likely to exist when the valenceorbitals
of reactant and product are correlatedaccordingto g. 1.3. In fact, this correla-
tion is in the heart of the qualitativ e rules by Woodward and Ho mann[95, 96],
predicting symmetry "allowed" and "forbidden" photoisomerizations.

¢) The non-crossingrule for diatomics[78] holds along the symmetry conserving
coordinate. A real Coln can be readhed by an asymmetric deformation.

d) Dierent isomerization reactions are characterized by a common corrdation
diagram. Hence,rulesfor locating Colns that apply to one of the isomerization
reactionsoutlined above should apply to all three reactions.

The diabatic scheme(g. 1.3b) shaws that in the avoided crossingregionsthe adi-
abatic states cannot be represemted by a single electronic con guration and become

13
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a)
cZc-hexatriene / 1,3-cyclohexadiene
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Figure 1.3.. a) Correlation diagrams for ethylene, cis-butadiene, cZc-HT along
the symmetry conservingreaction coordinates double bond torsion, disrotatory
and conrotatory ring opening/closure. b) A unifying diabatic (dashed lines)
and adiabatic (solid lines) represetation of the correlation diagramsof ethylene,
cis-butadiene, cZc-HT. The diabatic states cross,the adiabatic states exhibit
avoided crossings.

a mixture of con gurations. Therefore, for the accurate quantum chemical descrip-
tion of photoisomerizdion reactionsmediatedby Colnsit is essetial to usemethods
which can handle multicon gurational problems. Sud methods are in the focus of
the next section.

1.4. Solution of the time-indep endent Schrédinger
equation

The electronicwavefunction © is a many-particle function, depending explicitly on
the coordinates of the electrons and parametrically on the coordinates of the nuclei.
Ead electronis represeted in the basisof one-paticlewavefundions 7, alsoknown
asspin-orbitals[75],products of the spatial wavgfunctignsof the electroniccoordinates
and spin wavefunctions,describingits spin(  or )

E E
= o = i (1.20)
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1.4. Solution of the time-independent Sdrédinger equation

The total electronic wavefunction can be expandedin the complete basis of one-
particle spin-orbitals[75]. If the total electronic wavefunction ¢ dependsonly on
onevariable the expansion reads

*»
‘W= G TQ): (1.21)
i
For two independen variables an expansionin the sameoneparticle basisreads
el * ~ ~
(l; 2) = Ci;j |(1) j (2) (122)
i
Correspondingly, for a systemof n electronsthe exact expansionreads
elfq4.9..... * ~ ~ R .
(1, 2000 n) = Ci;j coem ,(1) j (2) . m(n). (123)
iij ;nm

A proper electronicwavefunction must satisfy seweral conditions. The Pauli exclusion
principle postulatesthat it must changesignwhenthe coordinatesof any two electrons
are exdhanged

(1,20 = ¥2;1::;n): (1.24)
With eq. 1.24eq. 1.23is rewritten as a linear conbination of Slater determinans,
i.e. mathematical construct, which satisfy the Pauli principle

elf4.9..... — SD H SD _— . . . .
1;2;:::5n) = Cq q with q = pil : oo : (1.25)
n!| _
d i(n) n(n)
where the expansiongoes over all possiblei; j :::;m combinations. The expansion

coe cien ts Cy areunknown and an optimization procedureis required (seesec.1.4.2).
The electronic wavefunction ¢ commutes with the spin and angular momertum
operators 82 & (°2 and (2, however, the Slater determinants do not. It is therefore
corvertional to work with Con guration State F unction (CSF)s , which are spin-
and symmetry adapted linear conbination of Slater determinarts, to avoids spin-
cortamination issues[97].
The spatial part ; of the one-particle wavefunction ~ usedto construct the Slater
determinarts areunknown aswell and needto be optimized (seesec. 1.4.2). Roothaan
proposedto expandead ; in the completebasisof atomic orbitals [98]

%

i = Ci k- (1.26)
Ki

The atomic orbitals can be either of Slater type or Gaussiantype, the former being
hydrogen-like and thus more accurate, the latter allowing for a fast integral calcu-
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1. Theoretical badkground

lations. With increasing molecular size and number of integrals the STOs quickly
becomeimpractical, sothat nowadays the GTOs are the functions of choicein quan-
tum chemical calculations. Due to the inaccurate description at very short and large
distancesfrom the nuclei eatch | is represeted as a hon-variable contraction of
seweral primitiv e GTOs X

k = (o S (1.27)

The non-variable nature of the expansionassureghe uniformity of quantum chemical
calculations. The art and sizeof the cortraction scheme,i.e. the basisset, decideon
the quality of the orbital represetation. In general,the quality improveswith the
number of primitive GTOs included in the cortraction. The useof nit basissets
represeims an error sourcethat must not be underestimated.

The complexnature of the many-particle wavefunction requiresa treatment at seeral
levels as summaiized in the follwing scheme:

el | Sb ~
zy - [ SR ¥ ST S
el: wave fct: conf: state fct: Slater det: spin orbital
| |
Kz} - Kzt I{z}
mol: orbital contr: basis fct: prim : basis fct:

An exact electronic wavefunction ¢ is completely determined by two in nite sets
of expansioncoe cien ts, the CSF (Cq in eq. 1.25) and MO (¢ in eq. 1.26) coef-
cients. As ininite expansionsare not manageablepractically di erent truncation
sthemeshave beenproposed. T he crudestapproximation is to completelydiscard the
multicon gurational nature of the electronicwavefunction and only optimize the MO
coe cien ts. This basicapproad is known asthe Hartree Fock (HF) Self Consistert
Field (SCF) method[75, 76]. It constitutes the fundamert for all subsequenhmethods.
A signi cant improvemen is achieved by expandingthe wavefunction in the basisof
all determinarts generatedvia singleand double excitations from the HF determinart
and nding the optimal solution for the CSF coe cien ts. Those methods are known
as Cl with Singles(CIS)[99] and CI with Singlesand Doubles (CISD)[100]. Despite
discarding higher order excitations, already for CISD the expansionspacebecomes
prohibitiv ely large even for medium-sizedmoleculesand basissets. A more sophis-
ticated strategy is to optimize the MO and CSF coe cien ts simultaneously This
ansatz,calledthe Multi Con guration SCF (MCSCF) method[101 104],achievesac-
curate results with a signi cantly reducednumber of determinarts/CSFs. Howewer,
the additional e ort emerging from the complexity of the optimization procedure
makesit necessaryto restrict the excitations to a subspaceof orbitals, referredto as
the active space. This modi catio n of the MCSCF ansatzis called the Complete
Active SpaceSCF (CASSCF)[101 104]. Normally, the active spaceis constructed
from the valence orbitals. The remaining orbitals are further described at HF level.
This shortcommingprevernts CASSCF from providing quartitativ e results. Two im-
provements have beenestablished,the Multi Reference ClI (MRCI)[104 106] and the
Complete Active Space Perturbation Theory (CASPT2)[68 70]. Both methods ex-
tend the expansionspaceby including higher order exdtations from the CASSCF
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1.4. Solution of the time-independent Sdrédinger equation

wavefunction. The MRCI is a variational approad, similar to CIS and CISD, but
usinga CASSCFreferencefunction instead of a HF one. CASPT?2 treats higher order
excitations as perturbation to the CASSCF wavefunction. Both techniquesprovide
almost quartitativ e results, howewer, at the expenseof immensecomputatinal e ort.

CASPT2 is lesstime-consumingand the method of choice for the systemsstudied
in this work. The next sectionsprovide an overview of the MCSCF and CASPT2
methods. To reducethe mathematical complexity a more practical notation of wave-
functions and operators, known as secondquartization, is brie y introduced.

1.4.1. A short intro duction to second quantization

Wavefunctionsand operatorsin the standard formulation of guantum medanics(i.e.
rst quartization) arede ned asfunctionsin the Hilbert spaceH,, ofa xed number of
particles n. Secondquartization providesan alternative formulation[75, 107]capable
of treating systemswith variable number of particles. It extendsthe expansionspace
of the wavefunction to the Fock space constructedasa direct sumover Hilb ert spaces
H, (n = 0:::N, with N the maximal number of one-particlefunctionsin the system)

Fn=Ho Hi Hy: (1.28)

Secondquartization rede nes wavefunctionsand operatorsin the basisof a common
set of elemenary operators (creation and annihilation operators) and allows for a
compactformulation of analytical solutionsin multicon gurational problems.

In secondquartization* the occupation number vector k is the pendart to a Slater
determinart. It givesthe occupation of a particular Slater determinart

E E
k = kika, sk s (1.29)

with N the total number of orbitals (occupiedand unoccupied)andk; = 0; 1 according
to whetherthe i-th orbital is occupiedby an eledron or not. In rst quartization any
multicon gurational wavefunctioncanbe expandedin the bags of Slaterdeterminarts
(eg. 1.25). In secendquartization the expansionis realizedin the basisof occupation

number vectors k
E X E

=" Cik: (1.30)
k

The creation and annihilation operators Secondquartization allows to formu-
late operators which shift occupation number vectors betweenHilbert spaces. The
creation operator &’
E P@ 1
&'k, 0, kv =( 1) 7
E
&k ;L ke =0

K; K S “k E.
1 1 = y AN (131)

4This sectionwas written basedon the lectures of Jeppe Olsen given at the ESQC 2011[108].
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createsan electron in the i-th orbital if it is initially I:l.)moccupiedand giveszeo if this

k 1
orbital is already occupied. The phasefactor ( 1) ' X dependson the position
of the orbital in the occupation number vector and assure that the Pauli exclusion
principle is ful lled.

The annihilation operator &;

E Py E
ki Lioke_=(D) = ke 30n 0 ke

& ki; ;05 kv =0

(1.32)

annihilates an electronin the i-th orbital if it is occupiedand giveszeroif this orbital
isempty. It canbealsode ned asthe adjoint to the creationoperator, i.e. & = a’ g
The product ajVa- annihilates an electronin the i-th orbital and createsan electron
in the j -th orbital j, thus, performingani! | single-electronexcitation

E E
aaky; ;L ;0 ke = kg 305 5L ke (1.33)

Higher order excitation operators can be de ned in analogousway.

E
Wavefunctions in second quantized form Each occupation numbervect0||rE k can
be expressedasa product of creation operatorsapplied to the vacuumstate , which
is just an empty vector

E W E

k = (@) (1.34)
i=0

From the above de nitions for the elemerry operators (eq. 1.31and 1.32) it fol-

lows that the product &’a; applied to an occupation number vector leavesthe vector

unchangedand multiplies it with the occupation number of orbital i

N E X E E
aak = (k)k =nk; (1.35)

with n being the total number of eledrons in the system.

One-and two-electron operators in second quantized form Operatorscanalsobe
reformulated in secondquartized form under the considerationthat rst and second
guartization should give the sameresult when applied to a wavefunction. Any one-
electron operator can be written in a form

= * fi &/ = : Dj fi(1) iEé]yaii (1.36)

ij ij
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1.4. Solution of the time-independent Sdrédinger equation

where ﬁ(l) is an arbitrary one-electon operator in its rst quartized form. Any
two-electron operator can be written in a form

D E
0= gualdlaa= JIAL2K QA4 (137

ij kI ij ki

wherefi(1; 2) is an arbitrary two-dectron operator in its rst quartized form.
Formulated in this way both operators are independert of the number of electronsin
the system,but dependon the orbital basis

With the above de nitio ns the electronic Hamilton operator (eq. 1.2) can be refor-
mulated in the scope of secondquartization as

X 1 X Z X 1 X 1X
Bel = 2 + — = f”.ajyai+é 0j k& a a8 (1.38)

r
c2m L Ry Ry ) )
i i ; i ] i kl
| {2 I O 2 T !
) R RLCR)

When the spin of the electronis taken into accoun eq. 1.38 becomes

X 1 X
Rel=" f;E;+ > i k16 ik (1.39)
i ij kI
with the spin-adapted excitation operators Ej; = P &' & and & = EjiEx

il éjk-

Matrix elements in second-quantized form When the electronic Hamiltonian op-
grator (gg. 1.39)is applied to a wavefunction of the form eq. 1.29the matrix elemert

becomes
D E X D E 1X D E X 1 X
o= f B o+ 5 Gk Gue = BiDi+ o g
ij ij kI ij ij kI

(1.40)
Dji and djjx are matrix elemerts of the one- and two-electrondensity matrices D

and d X D E X D E
Dji = CCsr éji S and djilk = CCsr Qilk S ! (1.41)

rs rs

Eqg. 1.40 provides a very compact expressionfor the energy expectation value of
multicon gurational wavefunctions. The one-and two-electronintegralsf;; and gj i
collectthe MO parameters,while the CSF coe cien ts show up in the density matrices
D andd.

1.4.2. The MCSCF formalism

The MCSCF approad optimizesthe MO and CSF coe cien ts simultaneously The
complexity of the optimization procedure requireseither the explicit selectionof con-
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gurations or restriction of the excitations to an orbital subspacethe active space.
CSFs are generatedby either performing all possibleexcitations among the active
orbitals (i.e. CASSCF or solely excitations up to a certain order (i.e. Restricted
Active Space Self ConsistenField (RASSCF)[109]). The MCSCF theory gives a
gualitativ ely correct description of the wavefunction in regionswhere di erent elec-
tronic con gurations interact (static or long-rangecorrelation[110]). In the following
two variants of the CASSCF formalism are presetted, the Single-StateCASSCF (SS-
CASSCF) and the State-AverageCASSCF (SA-CASSCF)[111,112].

SS- and SA-CASSCF energies The MCSCF wavefunction hasthe form of eq. 1.29
and the total MCSCF energyis given by eq. 1.4Q0 The energyis a function of the
MOs ~ and the CSF coe cien ts C. As the MOs de ne a real orthonormal basisthe
optimal solution can be formulated by a unitary transformation of the MO basis

~=U""% with UTU = 1; (1.42)

where~ ° denotessomeinitial guesdor the MOs. The orthogonaltransformation ma-
trix U cortains n? optimization parameters(with n the sizeof the matrix). Howewer,
it can be showvn (seeAppendix C) that the number of linearly independert parame-
ters of an orthogonal matrix is only n(n  1)=2. This prohibits the straightforward
use of minimizers like Newton-Raphsonto nd the optimal solution. This problem
can be resoled by writing down the transformation matrix in a matrix exponertial
form

1 1
U=€e=1+K+ ZK?+ + K"+ (1.43)
2 m!

This is possiblewhen K is a skew-symmetric matrix (i,e. KT = K). Then the
matrix exponertial is unitary

;
K f ==l =1 (1.44)

The lower triangular matrix of K cortains n(n 1)=2linearly independern parameters.
In secondquartization K is expressedsthe one-electronoperator (seeAppendix D)

X
K=" KpEpq (1.45)
pg

with Epq the spin-adapted one-electronexcitation operator and ky, the elemens of
the matrix K, alsocalled the orbital rotation parameters.In the following the entity
of rotation parametersis referredto asthe setk. The action of K (and, hence,of K)
on a trial initial setof MOs transformsead MO as follows

X 1X

qr
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The CSF-cee cien ts are parametrizedin a similar fashion. Thus, an optimal solution
for the MCSCF wavefunction canbe generatedfrom a guesswavefunction ¢ (alinear
conbination of CSFswith initial MO and CSF coe cien ts ~ ° and C?) by applying
exponertial operators

ERp= A = ge’efAde (1.47)

with P the operator cortaining the linearly independent CSF rotational parameters
p.

The optimal parameterscan be now obtained via a Newton-Raphsonsctemetrun-

cated to secondorder. Thereforethe energy is expandedin the spaceof parameters
of K and p around ~ © and C?

I ! I T ! !

E(R,p) — E0+ KR Ok + 1‘ 4 hkk hkp ¢
p S 2 p hip  hipp p (1.48)
=E°+ TG+ ;“TH“:

EC is given by eq1.40,~ is the supervector cortaining the optimization parameters,
G is the supervector cortaining gradierts of the energywith respectto ~ and H is
the Hessiansupermatrix of the secondderivativesof the energy At a stationary point
in the parameterspacethe rst derivative of the energyis zero

@(~)=0= G+}H~ ) ~ = 1-H 'G: (1.49)

@ 2 2

The elemerts of G and H are obtained by applying the Baker-Campklell-Hausdor
formula (seeAppendix E) to eq. 1.47,i.e. by expandingthe exponertials according
to eq. 1.43

ERp = o+ [R:A]+ P8+ IR A
E
PR AT+ IR P AT o

Exemplarily, the gradient of the energy g« with respect to the MO rotations (eq.
1.48), can be derived from eq. 1.50as

(1.50)

D E X D E
o[KiB1 o = kg olEp Bl o = Rek (1.51)
pqg

where eq. 1.45was used. The gradiert of the energyg, with respect to the CSF

rotational parameers and the elemerts of the HessianH (eq. 1.48) can be expressed
in a similar fashionin terms of one-and two-electronintegrals and density matrices,

which allows for their analytic computation.

Eqg. 1.49is evaluated to obtain the rotational parametersk and p. Next, the action
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of & and €” on the wavefunction o is computed[104]. This can be readily done
by rewriting the exponertial accordingto the Taylor expansionintroduced in eq.
1.43. However, this algorithm is quite expensiwe asit involvesmultiplications of large
matrices. An alternative approad is to diagonalizeK and P and expressthe matrix
exponertial (e.g. K) as

& = Ve VY=V (cos(") isin(")VY with KV =i"V: (1.52)

V is the unitary matrix which diagonalizsthe skew-symmetricmatrix K and " is a
diagonal matrix with real values.

An iterative procedureis applied until the gradiert G falls in magnitude belowv a
certain threshold. Then, the rotational parameters™ becomeall zero accordingto
eq. 1.49,which carespondsto a multiplication of the MOs with a unit matrix U = 1
and a stationary solution has beenfound.

As the Hessian(eq. 1.48) is prohibitiv ely large approximative schemesare utilized,
where the o -diagonal terms are discarded[113]. In an even cruder approximation
alsohp, can be neglected[104]. Furthermore, it is allowed only for rotations between
inactive and active orbitals, asinactive-inactive, active-active or virtual-virtual rota-
tions of electron pairs do not changethe CASSCF wavefunction.

The energyand orbitals at HF level can be obtained as a special caseof the MCSCF
procedurewhere the CSF expansionis truncated to only one Slater determinart. Eq.

1.49then simpli es to 1

kK= éhkklgk: (1.53)
This procedure for obtaining the HF wavefunction is known as the quadratically
cornverged SCF approad[114].
Eq. 1.49can be utilized to optimize ES as well, becausethe n-th ES constitutes a
saddlepoint in the parameterspacewith n 1 negative eigervalues in the Hessian.
Howe\er, for ES the state speci ¢ variant of CASSCF (i.e. SS-CASSCF)is proneto
convergenceproblemsdueto root ipping. This happenswhenthe orbitals of the ES
under optimization are very di erent than the orbitals of a lower state. Then, both
states may start to cortinously switch order during the iterative procedure. Root
ipping is nearly inevitable when dealingwith higher ESswhere the state density is
large. Furthermore, two SS-CASSCFstates of the samespatial symmetry are not
orthogonal, which complicatesthe calculation of transition properties like transition
dipole momerts, non-adiabatic couplings, etc. Finally, in certain casesa description
of two or more states on equal footing is desired,e.g. at Colns. To deal with these
problemsa state averagedvariant of CASSCF(i.e. SA-CASSCF)wasdeweloped. Here
the optimization objective is not the energyof a single state, but rather a weighed
average of N statesof interest

N _ _ X
E=  wEKp) with 0 w, 1 and w = 1 (1.54)
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1.4. Solution of the time-independent Sdrédinger equation

An averagesetof MOs, obtained by the setof rotational parametersk, is optimized for
all N states, which are orthonormalizedby N setsof SCF parameters{p:; ;pn}-
The variational condition (eq. 1.49)is modi ed to

@E(:l;N) — X Wi@EiSA(ﬁ;ﬁ) -0

. - : (1.55)
@ 1n i @ 1n

where =, indicatesthe energydependenceon an averaged set of MO rotations and

on N setsof CSF parameters. SA-CASSC resohesthe shortcomingsof SS-CASSCF.

Howewer, a disbalancein the qudlity of the individual state-averagedstatescan arise

when the optimal MOs for the di erent wavefunctionsdi er signi cantly.

SS-and SA-CASSCF Gradients Di erentiating eq. 1.48with resped t o adisplace-
ment of an atomic certer R and truncating to rst order givesthe generalform of
the CASSCF energygradiert

0 T
E_E,0 ., @
R @R @XR @R
For optimal MO and CSF-cce cients, as obtained at SS-CASSCFlevel by the

Newton-Raphsonprocedureoutlined in eg. 1.49~ and G becomezeroand the second
and third term vanish leaving[104]

(1.56)

@>* @ _ X @ii 1X @ijkl X @ij
e Dii+t 5 5 di Fi : 1.57
® ® , V2, @ g G5
with the Fock matrix elemen
X X
Fi =  fiDg+2  GumGikm: (1.58)

k kim

The rst and the secondterm in eq. 1.57 follow from di erentiating eq. 1.40 with

respect to R , while the third term contains overlap derivativesand arisesfrom the

orthogonality condition for the MOs at all R . In the state-averagedcasethe gradiert

g, of the i-th averagedstate with respect to the MO rotations R does not vanish
accordingto eq. 1.55and the gradiert is given by

e, @@ @&

R R R R g@®R

The seond term couplesthe MO coe cien ts and is obtained by solving the Coupled
Perturbed MCSCF (CPMCSCF) equations[104,115], obtained by di erentiating eq.

(1.59)
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1. Theoretical badkground

1.49with respectto R
0o _ 1T
@ - @ @ @ A = H 1 @B .

x ® @ & (1.60)

Hence,the computation of state-averagedgradierts is assa@iated with the additional
e ort of calculating the total Hessian.

1.4.3. Second-order perturbation theory

Despite providing a correct description of the wavefunction in asymptotic and state
degeneracyregions, CASSCF needsimprovemeri for obtaining quartitativ e results
exceptfor small molecules. As the orbitals outside the active spaceare further de-
scribed at HF level short-rangecorrelation e ects (dynamic correlation) are not prop-
perly treated. Consequetly, excitation energies,relative stabilization of stationary
geometries,transition state barrier heighs, etc. at CASSCF level have often only
qualitative daracter. In the worst scenario CASSCF can predict a wrong order-
ing of the ES[116]and complicate the interpretation. An improvemer could be
achieved by adapting the secondorder Mgller Plesset (MP2) ansatz[117,118] toES.
The MP2 approat has been shovn to successfullyresolve the major part of the
correlation energy around the GS equilibrium geometry[118, 119], providing almost
quartitativ e resultsfor GS calculations. The CASPT2 generalizeshe MP2 ansatzto
multi-con gurational wavefunctions[68 70]. MP2 and CASPT2 are special applica-
tions of the Rayleigh-Stirédinger perturbation theory, which is preserted in the next
subsection.

Rayleigh-Schrodinger perturbation theory The Rayleigh-Strodinger perturba-
tion theory assumeghat the electroniccorrelation energycan be recoveredby adding
a "small” perturbational term to the Hamiltonian for which a solution hasbeen found
(e.g. the Fock operator in caseof MP2). This assuntion is well justi ed asthe cor-
relation energy cortributes lessthan 5% to the total electronic energy The exact
Hamiltonian reads

B =Ho+ HY (1.61)

with = 0:::1 an arbitrary real parameter. Next, the perturbed energyand wave-
function are expressedvia power seriesin the parameter around the zeroth-order
solution

E=E%°+ E'+ 2E2+ (1.629
E E E E
= 0+ 142z 24 (1.62b)
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1.4. Solution of the time-independent Sdrédinger equation

Inserting egs. 1.61,1.62aand 1.62binto the time-independert Scrédinger equation
1.4 gives

n o E E E E
Ho+ H1 O + o+ = E°+ E '+ 0 + o+ :
(1.63)
Collecting powersof givesthe zeroth- and higher-orderequations
E
O:Ho © =E° 9 (1.649
.~ E . E E E
PiHO P+ HY ° =E? P+ EN O (1.64b)
. E . E E E E
2:HO 2 +HT Y =E° 2 +E' ' +E? O (1.64c)

D E
Usingthe intermediate normalization conditon ° " = Owith n=f1;2;:::gone

obtains an expressionfor the n-th-order energy

b, E

E®= °HO % (1.653
b, E

Et= °H! °; (1.65b)
b, E

E?=  OHT ' (1.65c)

E
Thus, provided that one has the rst-order perturbed wavefunction ! one can

calculate the CASPT2 perturbation energy using eq. 1.65c. The rst-order wave-
function is obtained by solving eq. 1.64b. Therefore,the con gurational spae of the
rst-order wavefunction and the zeroth-orderoperator 1° have to be de ned. Their
de nition is not unique and di erent construction schemeshave been suggestedin
the literature. In the following the most commonsdemeis discussed.

CASPT2 rst-o rder wavefunction The con gurational spacein which the rst-

order wavefunction is expandedcan be devided into four subspacesV;V-;V sp
and V 1q::[68]. \fp is the one-dimensional spacespannedby the referenceCASSCF
wavefunction © . V., cortains all other wavefunctionswhich can be obtained with
the referenceactive space V sp is generatedby singleand doubleexcitations from the
referenc%spacevo (i.e. éqpésr 9). The V 1q:: spacearisesfrom higher excitations

from ° . The V, and Vr1q. subspacesare per construction orthogonal to the
referenceCASSCF wavefunction and do not cortribute to the correction. Therefore,
the rst-order wavefunction is spannedin the V sp space

lE_ X Vsp — X S OE.
= G /= CFEpEs °; (1.66)
i pars
E
wherei runs over eah possiblepgs conmbination. Single excitations from  ° are
generatedby requiring that either p= gorr = s. The generatedexpansionfunctions
are not orthogonal. It is noted that di erernt Vgp expansionspacesare generated

from di erent referenceCASSCF wavefunctions.
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1. Theoretical badkground

CASPT2 zeroth-order Hamiltonian While at MP2 level the de nition of a zeroth-
order operaor H° is straightforward (i.e. a sum of HF one-eletron operators), at
CASSCEF level a zemth-order operator doesnot exist. Here, the zeroth-order Hamil-
tonian proposedby Andersson,Malmqvist and Roos is discussed[68]It is de ned as
a sum of one-electronoperatorsin a way that simpli esto the HF operator in case
of a closed-shelreferencewavefunction

Iqo = ﬁolelﬂo'i' |ﬁ? F—“Iﬂq + |ﬁSD I‘—AIﬁSD + IﬁTQ;;;I‘—AIﬁTQ;;;: (167)

Po; P> ;Psp and Pr.. are projection operators on the individual con guration sub-
spacesand F is the secondquartized form of the HF operator constructed from the
one-and two-electronmatrix elemens and the one-electrondensity matrix (eq. 1.40)
X , X 1
F= fHEp with 7 =1f+  Dis Gugs SOras (1.68)
q

p rs

With the de nition for the rst-order wavefunction from eq. 1.66 the action of the
zeroth-order Hamiltonian reducesto the action of F to the V gp subspace.

CASPT2 energy By inserting eq. 1.66and eq. 1.67in eq. 1.64b one obtains the
following systemof linear eqations

X D \ 0 0 \ E D \ o OE
S G (RO+ES) (o= e T O (1.69)
ij

or in a matrix form

(F E°)C= V: (1.70)

Sisthe overlap matrix of the non-orthogonalexpansionfunctions 's® with elemerns
D E

S” = 0 érsépqéxvézy 0 ; (1.71)

wherei,j are determined by a given pg s,vxyz combination, respectively. F is the
zeroth-order Hamiltonian matrix with elemens

X D 0 0E
Fij = ftﬂF érsépqéutéxvézy . (1.72)

tu

The matrix elemens of V can be evaluated recalling that Hi=# H°and using
egs. 1.39and 1.67. Egs. 1.71 and 1.68 show that higher-orderdensity matrices have
to be stored and evaluated. Thus, di erent cortraction schemeshave beendeweloped
to minimize the computational e ort.

Using eq. 1.70the multi-con gurational second-orderperturbation energy E? (eq.
1.65c¢)is then obtained as

X D E

D
E2= O0p1 1 -7 o oyl Jseo=v¥e= VYF E®) 'v; (1.73)
i
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1.4. Solution of the time-independent Sdrédinger equation

an expressionsimilar to the one of the MP2 perturbation energy From eq. 1.73it
follows that con gurations from the expansionset V sp with energiescloseto the
referenceenergyE° will leadto an overestimation or even singularities of the pertur-
bation energy This is know asthe "intruder state" problem[120,121]. As perturbation
theory holds only for small perturbations, sud con gurations should be included al-
ready in the preceedingCASSCEF calculation. If this is not practicable a level shift
technique can be applied[120,121]. Thereby a nite shift (normally 0:1 0:3 a.u.)
is addedto the referenceenergy E°, which removesthe e ect of the intruder state.
Caution is required that no new intruder statesarise by acciderial degaeracy of the
shifted referenceenergy with energiesof other con gurations.

MS-SR-CASPT2 and MS-MR-CASPT2 The Single-State CASPT2 (SS-
CASPT2) ansatz described above has one notable shortcoming arising from the def-
inition of the rst-order wavefunction, namely, the static correlation is considered
only at the preceedingCASSCF level. While the referencewavefunction © is or-
thogonal tozthe the wavefunctions from the V-, space,the perturbed wavefunction
0 + ! isnot. Hence,SS-CASPT2wavefunctionsof di erent statesareno longer
orthogonal, although their referencewavefunctionsare. A re-orthogonalizationis re-
guired, i.e. the static correlation betweenthe di erent stateshasto be re-evaluated.
Two improvemeris of the SS-CASPT2alogorithm, the Multi-State Single-Reference
CASPT2 (MS-SR-CASPT2[70] and the Multi-State Multi-Reference CASPT2 (MS-
MR-CASPT2)[70] approadies,implemert this re-orthogonalizaion.
In MS-SRCASPT2 equation 1.70 is solved independertly for n states (i.e. n SS-
CASPT2 independert calculations are performed), ead characterized by its own
expansionspaceV 3,, generatedfrom the correspnding referenceCASSCF wave-
function %" , and by a zeroth-order Hamiltonian H®", projecting on V.. After
the perturbativ e correctionshave beencomputedindependertly for all statesthe cou-
plings betweenthe individual (non-orthogonal) statesare calculated. A Hamiltonian
matrix of n?-sizeis diagonalizedto provide a set of eigenfunctions.
In MS-MR-CASPT2 a single expansionspaceVsp commonto all statesis con-
structed, which constitutes a union of the expansionspacesgeneratedby single and
double excitation from all referene wavefunctions. The perturbation correctionsfor
all statesare obtained in one cycle. Subsequetly, construction and diagonalization
of the e ective Hamiltonian is performedasin MS-SR-CASPT2to obtain the eigen-
functions. MS-MR-CASPT2 givesthe most accurate results but is more expensive
than MS-SR-CASPT2.
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2. The extended two-electron
two-orbital theory

If the Franck-Condon (FC) point is the doorway to the ES, which determinesthe
initial direction of relaxation, then Colns are the outlet to the GS, which decide
over reaction speed and product distribution. Ever since their importance was
recognized[24 26]the generalgoal of understanding and predicting their structure
and energeticshasbeenpursued[50,122 126]. With the valencebond formalism[127]
it could be shavn that similar geometrical patterns (-(CH) 3-kinks) determine the
Coln geometryof a vast number of conjugatedpolyenes[123128]. Michl and Bona£i¢-
Koutedky presetted a two-electrontwo-orbital model[61]to predict Colnsin strongly
polar and charged systems,which was successfullyapplied to se\eral biological sys-
tems cortaining a protonated Schi  base[129130].

Going beyond single Colns, the ES dynamics is even better accainted for by
Coln seams, the low-lying regions in the IS (sec. 1.2), accessibleduring a
photoreaction[74,116,131 133]. In analogyto reaction pathways on potential energy
hypersurfacesthe intersection seamscan be regardedas the minimum energy con-
nection betweenstationary Colnsin the I1S[92]. The relevanceof seamswvascon rmed
by quantum dynamics[77,134] and semi-classicakalculations for various molecular
systems[4249, 135 139], pointing out the necessi for methods to locate and ratio-
nalize them. To the authors's knowledgethree di erent strategiesare followed for
locating Coln seams.The straightforward oneis basedon a constrained optimization
out of a minimum energyColn[140 142]. It is the most realizableapproad for large
complex systems,but it fails when the constrained coordinate has an overlap with
the BS that lifts the degenerag betweenelectronic states. More elaborate methods
considerthe curvature of the 1S[143], permitting the application of MEP following
algorithms[92]. A further method that locatesthe lowestseamparallel to the ES MEP
hasbeen presentied recerly[144]. Thesemethods provide a mathematical framework
for the optimization of Coln seams.

In this chapter the two-electrontwo-orbital ansatzby Michl and Bona£i¢-Koutecky is
extendedand its applicability is expandedfrom unfunctionalized non-polar to multi-
functionalized strongly polar polyenesystems.In the rst sectiona set of equations
for the degeneracybetweenthe GS and the rst ES are derived. In the next two sec-
tions geometricaland electronicale ects, which satisfy theseequaitons, are discussed.
Simple rules of thumb for predicting and locating Colns and Coln seamsfrom the
chemical composition alone are formulated and conceptual strategiesfor the seard
of Colns are outlined. In a seriesof examplesthe rules are applied to distinguish
low-energy from high-energy Colns and to reveal the complex branched nature of
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2. The extendedtwo-electon two-orbital theory

the Coln seamin unfunctionalized non-polar to multi-functionalized strongly polar
polyene systems. Parts of this chapter are publishedin A. Nenov, T. Cordes,T. T.
Herzog,W. Zinth and R. de Vivie-Riedle J. Phys. Chem. A 2010, 114,p. 13016,A.
Nenov, R. de Vivie Riedle J. Chem. Phys. 2011, 135,p. 034304and A. Neno/, R.
de Vivie-Riedle J. Chem. Phys. 2012, 137,p. 074101.

2.1. Mathematical framework

2.1.1. The two-electron two-orbital model revisited

The two-electrontwo-orbital model[145,146] makesthe assumptionthat all states,
relevant for the photoreaction, can be constructed by permuting two electronsin the
two frontier orbitals of the system (active space). At the equilibrium geometry of a
conjugated -systemtheseorbitals correspnd to the highestoccupiedand the lowest
unoccupiedMOs and |, respectively. The assumptionsimpli es the multicon gu-
rational problem to a full-Con guration-In teraction (CI) calculation in a two-orbital
subspace:

D E D E D E E
6'4 1 gE 1|4E2 Dlﬁ 3g 1= % g
Dz|q 1 5'4 2 EE b 2|4E3 =0 with 5 = E

2.1)

In eq. 2.1 1.,.3 are CSFs(sec. 1.4) constructed by permuting two electronsin the
active orbitals and ¥ = H; + Ky + r—iz is the Hamiltonian of the two-electronsystem.
It is further assaimed that at the equilibrium geometry both active orbitals can be
constructed by a unitary transformation from a pair of equivalet MOs A and B,

localizedat di erent atomic certers:
! ! !

In the basisof A and B the 3 x 3 Cl determinart eq. 2.1 reads:
x D E
Eo+ 2hpg + AB i E F’%("AA "BB) J
i2A;B
p%("AA "88) Eo 2Kagt+ J E P%("A%( D"BB) E ;
J Ps("an "eB) Eo 2has ABii E
i2AB
(2.3)
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with
1 1
Eo= haa + hgg + Z(JAA +Jgg) + EJAB + Kag;

1 1
J= Z(JAA + Jgg) EJAB; (2.4)
"aa=8B = 2Naa-8 B *+ Jar-B B;

where haa-p g are the one-electron integrals, hag the resonanceintegral and
Jaa-g gag arethe two—electrcgm CoqurEb repHIsion intEgraIs. The exdangeintegral

K ag andthe hybrid integrals AA AB and BB BA arenegligiblein the basisof
the localizedMOs A and B dueto the vanishingoverlap and canbe thereforeomitted.
The required equivalencebetween A and B at the equilibrium geometry forcesthe
equivalene "aa = "gg and simpli es the determinart eq. 2.3to:

Eo+ 2hps E 0 J
0 Eo 2Kam+ J E 0 : (2.5)
J 0 Eo 2hAB E

Diagonalization of the determinart eq. 2.5 providesthe energiesand (unnormalized)
wavefunctions of the three roots at the equilibrium:

49— J
Es, = Eo 4hzg + J? 1= G—— 1+ 3 (2.69
4h3g + J2+ 2hpg
Es, = Eot+ J 2= 2 (2.6b)
9 — J
E52 = Eo + 4h,2AB + J2 3= 1+ 3 (26C)

Tan2, + 32 2hpg

The resonancderm hpg , which is negative in magnitude, is responsiblefor the large

energeticstabilization of the GS equilibrium, wherejhag j? J2. Thus, eat state
is described in goad appraximation by a single con guration, i.e. 1= 1} , =
2, 3% 3.

Naturally, the rst condition for a degeneracybetweenthe GS and rst ES would
imply the cancelationof the resonanceintegral hpg :

hAB =0 (27)

With decreasingmagnitude of the resonanceintegral the condition jhag j? J?
doesnot hold anymore. When eq. 2.7 is ful lled the energiesand wavefunctions of
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2. The extendedtwo-electon two-orbital theory

eq. 2.6cbecome:

1
Es, = Eo J 1= %( 1 3); (2.89)
n mn 1 pi
Es, = Eo+ J+ ("aa BB ) 2= 5 1+ 2 2+ 3 (2.8b)
1 p_
Es,=Eo+ J ("aa "eB) 375 1 2 2+ 3¢ (2.8c)

Eq. 2.8hasageneralform asit includestheterm "aa "gg . In the specialcasewhen
A and B are equienergetic(i.e. "an "gs = 0) onespeaksabout a homosymmetric
biradical geometry[61]. In the generalcasethe GS and rst ES are separatedby a
nite gapEs, Es, =2 J+ ("aa "Bg). Thereasonfor the nit gapis understood
by analyzing the wavefunctions 2.8. When the resonancentegral hag vanishesthe
individual eledronic statescan no longer be approximated by a single con guration
as doneat the equilibrium geomety. By expressingthe wavefunctionsin eq. 2.8in
the basisof the localized MOs A and B one obtains:

1 E E E

1= FF?( 1 3= AMB (2 A@B (2 =AB ; (2.99)
1 p_ E E

2= 5 1t 22+ 3= A (DA @ = A? (2.9Db)
1 P E E

255 1 »+ 3 = B (1)B (2 = B?: (2.9c)

The GSis no longerdescriked by a closedshellcon guration, it is a singlet biradical.
Both ES have the eledrons occupying either one of the localized orbitals A and B.
These con gurations will be refered to as zwitterionic in the following. Due to the
localizednature of orbitals A and B both active electronsavoid eat other better when
occupying di erent orbitals. Therefore,the biradical con guration lies energetically
lower than both zwitterionic con gurations. Someadditional deformationsare needed
which can compensatefor the stronger Coulomb repulsionin the zwitterionic state.
The condition that needsto be satis ed in order to obtain a degeneracybetweenthe
GSand rst ESreads:

JAA -JAB = hBB hAA: (210)

An asymmetric deformation that lifts the equivalencebetweenthe energiesof the
localized orbitals without violating eq. 2.7 is required to read a Coln.

Egs. 2.7 and 2.10 have proved quite handy in the discussionof Colns in highly
polar and charged polyenes[61].Introduction of polar groups and chargesalters the
electron-ruclei attraction and, thus, the Right Hand Side (RHS) of eq. 2.10and can
be usedto ful ll the requiremern. In particular, this model found application in the
interpretation of the photochemistry of se\eral biological compounds,like retinal[129,
130]and the chromophoreof the yellow uore scing protein[147,148].
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2.1.2. The extended two-electron two-orbital model

During derivation of the conditionseqs. 2.7 and 2.10the interactions of the two active
eletronswith the remaining electrons(preser in a realistic system)were completely
neglected.In the courseof this work the two-electrontwo-orbital ansatzwas re ned

by including the interactions of the active electronswith a closed-shelbf 2n electrons
(n beingthe number of closedshell orbitals). For the purposeit is more corvinient to

work in the biradical/zwitterionic basis(eq. 2.9). Rewriting the 3 x 3 CI problem
(eq. 2.1) in this basisgives:

P 2 2
Eot hw+Jdag+ Jat+ Jg E P=(hag + D) P=(hag + D)
k2A;B ) 2 2
pE(hAB +D) Eot2haa+Jaa+2 Ja E 0 =0
2
p—é(hAB +D) 0 Eo+2hgg +Jgg +2 Jg E
(2.11)
with
X X0 XX XX
Eq=2 h; + Ji + 4 'Jij 2 Kij ;
i i ij>i ij>i
xa X
Jass = 2 Jia=iB Kia=ig ; (2.12)
i i
¥ D E ¥ D E

D=4 AiBi 2 ABii

The sumsrun over the n closedshell orbitals. Inclusion of additional interactions in
the modd introducestwo terms to eq. 2.7:

x D E XD E
2hag +4 AIBi 2 ABii =0 (2.13)
i i
D E D E

Although the hybrid integrals Ai Bi and AB ii areanorderof magnitudesmaller
than the resonancentegral hag their sumis no longernegligiblefor the quarti cation

of eq. 2.13.

With eq. 2.13ful lled, diagonalizingthe determinart 2.11and requiring that Es, =
Es, providesthe extendedform of eq. 2.10:

X X ' X xa '
Jaa Jag = FhBB iz haa % + 2 _ Jg 2 _ Jia _ Kig _ Kia =
one electronterm |— : {z— ! }
two electronterm
= "g "a (2.14)
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P P P P
where"s = haan +2 Ja  Kjp and"g = hgg +2 Jg  Kjz aredened as

the energiesof the silngly occlupied orbitals A or B in tlhe presénceof 2n xed core
electrons(not equivalert to "aan and "gg introducedearlier). With the two-electron
term an additional tool for lowering the GS/ES gap, besidesthe introduction of po-

lar groups and charges,becomesavailable. The receipe is to modulate the repulsive
interactions of the two active electrans with the remaining 2n closed-shelklectrons.

In the courseof this work egs. 2.13 and 2.14 are referred to as the resonane and

the hetelosymmetry conditions, respectively. The resonane condition is equivalert

to the condition Hy; Hy = 0 in the diabatic represemation (eq. 1.16) and the

hetelosymmetry conditionsis equivalert to the diabatic condition H,, = 0 (eq. 1.16).
Thus, the resonane and the hetelosymmetry conditions are a re-formulation of the

diabatic conditionsin terms of adiabatic quartities, obtainable from quantum chemi-

cal calculations. A potential application of this relation for the optimization of Colns
without calculating the gradiert di erence X, and derivative couplingvectors X, (eq.

1.18)is discussedht the end of this chapter.

With the resonane and hetelosymmetry conditions it is possibleto classify all es-
sertial motions leadingto a Coln. Egs. 2.13 and 2.14 are very general and allow

the description of substituted and unsubstituted polyenes on equal footing and can
be usedto addressthe following questions. What is the role of the speci c geomet-
ric arrangemen found at a Coln? What is the in uence of functional groups? Are

gualitativ e predictions on structure and energeticposition possible? Eqgs. 2.13 and

2.14have beenquarti ed by SA-CASSCF(2,2)calculationswith averagingover three

states, which closelyresenble the 3 x 3 Cl problem 2.1, for seweral basic units[125].
The quartitativ e resultsallow to separatethe factors deformation and substituert ef-

fectsand to derive rules of thumb for qualitativ e prediction of Colns and Coln seams
in arbitrary polyenes.

2.2. Rules for nding single conical intersections

In section 1.3 a correlation diagram was preserted (g. 1.3), which generalizes
the behaviour of seweral isomerization reactions: a double bond torsion in a 2 -
electronicsystem(ethylene), a disrotatory electrocyclic ring closure/openingin a4 -
electronicsystem(cis-butadiene)and a conrotatory electrocyclic ring closure/opening
in a (4i + 2) -electronic system (Cyclohexadiene(CHD)). In diabatic represeta-
tion the states crossalong the reaction coordinate, thereby ful lling the condition
Hi:  Ho = 0 (eq. 1.16). Using the equivalencebetweenthis diabatic condition and
the resonane condition, the basicmotionswhich ful ll eq. 2.13are easily identi ed:
a 90 torsion in any double bond sub-unit and a half-way conrotatory or disrota-
tory ring opening/closurein any 4i - or (4i + 2) -electronic sub-unit, respectively.
In corresppndencewith the Woodward-Ho mann (WH) rules[95,96] used to predict
the stereahemistry of pericyclic reactionson the basisof orbital symmertry analysis
(sec. 1.3 this setof basicmotionsis labeledasWH-motions. Any of the WH-motions
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Figure 2.1.: (left) Schematic represemation of the energychangeof the localized
orbitals A and B upon pyramidalization and tilt. Pyramidalizatign lowers the
energy "a of orbital A by minimizing the repulsive interactions ' Jija of the
active electrons therein with the remaning 2n closed-shellelectrons. Tilt in-
Breasesthe energy "g of orbital B by maximizing the repulsive interactions

' Jig of the active electronstherein with the remaining 2n closed-shellelec-
trons. (right) Sdematic represemation of the energy change of the localized
orbitals A and B upon conjugation to functional groupswith mesomerice ect.
Negative mesomerice ect induced by low-lying  -orbitals hasthe samenet ef-
fect aspyramidalization. Positive mesomerice ect possiblethrough the presence
of heteroatomswith lone pairs hasthe samenet e ect astilt.

leadsto a homosymmetricbiradical geometry Note, that a geometricaldeformation
is mandatory to ful ll eq. 2.13.

To reath a Coln from a homosymmetric biradical geometry further deformations
are required. Quantifying eqgs. 2.13 and 2.14 for various geometrical constellations
in seweral basic molecular systems(ethylene, cis-butadiene, 1; 3-CHD, seeref. [125])
helped to extract a set of deformationswhich satisfy the hetelosymmetry condition
eq. 2.14. Theseare pyramidalization and tilt. Exemplarily, g. 2.1, left, sketchesthe
in uence of both deformationson the two-electronterm of eq. 2.14,tab. 2.1 provides
calculated valuesfor all quartities occuring in egs. 2.13and 2.14 on the example of
the basicunit ethylene.

The homosymmetric biradical geometry Ethyleneoge is the referencegeometry for
demonstrating the e ect of pyramidalization and tilt. At Ethylenesge the resonance
term hag becomeszero and both frontier orbitals A and B degenerateat energy of
0:6378a.u.. The energdic splitting betweenthe GS and the rst ES of 0:1179a.u.
is causedby-=the Ceaulomb repulsionin the doubly occupied frontier orbitals of the
rst ES A? B2 given by the expression1=2(Jaa + Jgg) = Jaa = 0:4428a.u..
For comparison,the Coulonb repulsionJag in the biradical GSis 0:3197a.u..
The Coulomb repulsionin the zwitterionic state is compensatel by applying either
pyramidalization or tilt. In g. 2.1, left and tab. 2.1 the tilt acts exclusively on
orbital B and the pyramidalization on otbital A. Generally tilt is any deformation,
which enhanceghe Coulomb repulsion2’ ' Jig betweenthe active electronsand the
remaining 2n closed-shellelectrons(g. 2.1, right). In the particular examplethis
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2. The extended two-electron two-orbital theory

Ethyleneogr Ethylene;. Ethylene;; Ethylenepy. /s

geometry

orbital A

o %ﬁi@ Qo m %
haa -6.2543 -6.3186 -6.2178 -6.2683
hpp -6.2543 -6.3298 -6.2366 -6.3091
hap 0.0000 -0.0026 0.0000 0.0036
Jaa 0.4428 0.4554 0.4546 0.4677
Jap 0.3197 0.3458 0.3168 0.3314
23t Jia 5.8137 5.8376 5.7157 5.7549
2% Jim 5.8139 5.9649 5.8416 5.9339
ex’ -0.6378° -0.6746 -0.7237 -0.7197
e -0.6378° -0.5827 -0.6056 -0.5921
Ajge ey |a2) 0.1179 0.0136 0.0093 0.0000

“eqryp =haape +23.; Jiajin — 2. Kiayis
bhere €4/ and € 4, p are identical

Table 2.1.: Quantification of the terms occuring in eqs. 2.13 and 2.14 for a 90°
twisted ethylene upon pyramidalization and tilt. At the homosymmetric biradical
geometry (Ethyleneopr) the orbital energies € 45 are equal. Pyramidalization of
orbital A (Ethylene,,) shields the active electrons from the remaining 2n closed-
shell electrons, thus, lowering the Coulomb term >~ J;4 and the orbital energy
ear. Tilt of orbital B (Ethyleney) enhances the repulsion 7 J;5 between the
active and the closed-shell electrons, thus, increasing the energy g5 of orbital B.
Together both effects induce the required energetic splitting between €4 and 5
to reach a Coln (Ethyleneyy, /1) without need of geometrical deformations.
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2.2. Rulesfor nding single conicalintersections

enhancemeh shawvs by moving C; towards one of the hydrogensattachedto C,. A
comparison of the homosymmetric biraTgicaI Ethyleneogr to the tilted Ethyleng;
indicates that the Coulonmb repulsion2 ' Jig increasesby  0:15 a.u. due to this
deformation. The increaseof the singly occupiedorbital energy"g destabilizesthe cp-
valert biradical con guration A B relative to the zwitterionic con guration A2 .
Pyramidalization is a deformation, which shieldsthe active dectrons from the re-
maining 2n electrons(g. 2.1). In the examplethis is achieved by pyramidalizing C,,
which @angesthe hybridization of orbital A from sp? to sp>. As a consequencéhe
term 2 [ Jjx decreasedy 0:1@a.u. at Ethyleng,y, with respect to Ethyleneygr

favoring the zwitterionic state A? .
Tilt and pyramidalization are most e ective when acting on di erent orbitals. A
degeneracybetweenthe biradical GS and the zwitterionic ES will be readed upon
any of the introduceddeformations. Minimum energyColns are readed by applying
both motions simultaneously asfound for Ethyleneg,,=i: . Conceiably, the energetic
degeneracycan be presened along the gradual transformation from the purely pyra-
midalized to the purely tilted Coln. This ideais amplied in sec 2.3.
Geometricaldeformationsalonedo not fully exploit the potential of eq. 2.14. Asym-
metric functionalization with polar groupslifts the energeticdegeneracyof both lo-
calizedorbitals A and B by inducing electrondensity ux. Functionalizing ethylene
(tab. 2.2) revealsthat mesomericgroups (e.g. -NH,, -COOH, etc.) have the same
net e ect on eq. 2.14 as geometricaldeformations(g. 2.1, right). Inductive e ects
were found to be much wealer, asthey act alongthe -bond, while the frontier or-
bitals in polyeneshave -character. A negative mesomerice ect is obsened when
one of the localizedorbitals (e.g. A in g. 2.1,right) interacts with an enegetically
low-lying virtual  -orbital of a functional group forming the bonding orbital A% The
resulting density ux hastwo e ects. On the one hand, the electron-ruclei attraction
haa (One-electronterm in eq. 2.14) increases(haa = 114571a.u. comparedto
haa = 106645a.u. at Ethylenegon in tab. 2.2). On the other hand, the delo-
calization of electron density into the -orbital lowers the repulsion within orbital
A% (Jan decreasedrom 0:4428a.u. at Ethylenesge to 0:4039a.u. at Ethylene-oon
in tab. 2.2). Both e ects lower the correspnding orbital energy $. A positive me-
somerice ect is obsened when a lone pair interacts with one of the localizedorbitals
(e.g. B in g. 2.1). The neworbital B?is shifted to higher energy § due to the
increasedCoulomb repulsion 2 ' Jig (two-electronterm in eq. 2.14). Comparable
to the conmbined e ect of tilt and pyramidalization, the substituert e ects are most
e ective whenthey act simultaneouslyon di erent orbitals. If their electrondonating
and withdrawing strength is properly chosen,they can stabilize the homosymmetric
biradical geometryto a Coln (Ethylene:oon=nn, In tab. 2.2).
Basedon the quartitativ e resultsfor the basic unitsa three-stepstrategy for the con-
ceptual seart of Colnsin functionalized and non-functionalized conjugatedpolyenes
is proposed. The rules of thumb are:

1) Distinguish basic units, which are sterically unimpeded of undergoinga WH-
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2. The extendedtwo-electon two-orbital theory

Ethylenesge Ethylene-oon >Ethylena\1H2 Ethylenecoon =nm,
geometry = ﬁ
/

orbital A %\\ %
orbital B %@ O%
haa -6.2543 -11.4571 -8.1794 -13.3561
heg -6.2543 -10.6645 -8.5460 -12.8085
hag 0.0000 0.0000 0.0000 0.0010
Jaa 0.4428 0.4039 0.4519 0.4159
J,ﬁ 0.3197 0.3079 0.3079 0.2959
2P ! Jia 5.8137 10.722 7.5484 12.9515
2 Mg 5.8139 10.001 8.0280 12.5480
" po? -0.6378 -0.6650 -0.6309 -0.6576
"god -0.6378 -0.6584 -0.5180 -0.5330

A B ijA2i 0.1179 0.0864 0.0283 -0.0073

P, P,

& pozgo = haag g + 2 | Jia-is i Kia=ig

Phere " po-go correspond to "a-g

Table 2.2.: Quarnti cation of the terms occuring in egs. 2.13 and 2.14 for a 9C¢°
twisted ethylene, substituted with a carboxyl group (Ethylenecoon), with an
amino group (Ethylengyy,) and with both. At the homosymmetric biradical
geometry (Ethyleneogr) the orbital enerdes "a-g are equal. Groups with a
negative mesomericeect (e.g. -COOH) lower the energy while groupswith a
positive mesomericeect (e.g. -NH,) increasethe energyof the localizedorbital
they areattachedto. Togetherboth e ects inducethe requiredenergeticsplitting
between", and "g to read a Coln without needof geometricaldeformations.
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2.3. Rulesfor nding low-energyconical intersectionseams

deformation. There could be more than onebasicunit dependingon the molec-
ular composition.

2) Fulll the resonane condition: For each basic unit selectedin 1) apply the
correspnding WH-motion, which cancelsthe resonanceerm hag to form the
homosymmetricbiradical with localizedfrontier orbitals A and B.

3) Fulll the hetelosymmetry condition, starting from the homosymmetricbirad-
ical: Assign geometricaldeformationsand/or mesomerice ects that tune the
relative energies'a-g 0f the localized orbitals. Their energeticsplitting hasto
compensatethe electronicrepulsionin the doubly occupiedzwitterionic con g-
uration.

The prede ned geometries can be usedasinput to nalize the optimization of Colns
by quantum chemical optimizations.

2.3. Rules for nding low-energy conical intersection
seams

The two conditions formulated in egs. 2.13and 2.14 hold for any point in the IS. In
this sectionit will be demonstratedthat with their help the rules of thumb can be
extendedto predict the position of Coln seams.The strategy is to divide the IS into
segmets wherethe geometrychangeslinearly, thus, permiting the application of lin-
earinterpolation techniques. The resonane and hetelosymmetry conditions are used
to estimate supporting points on thesesegmelis and to predict the interconnectivity
of the individual segmets.

In the following it is di erentiated betweentwo classef Coln seams.The rst class
includes seamsrelated to one WH-coordinate alone. They arise through variations
of the individual termsin eq. 2.14,leaving eq. 2.13unchanged. The secondclassin-
cludesseamsconnectingdi erent WH-coordinates, indicating possiblelosschannels.
In this casevariations in the integrals of both egs. 2.13 and 2.14 are needed. As
the aim are rules of thumb with qualitativ e predictive power, the simple form of the
resonane condition, i.e. eq. 2.7, is used.

Conical intersection seamsasscciated with one Woodward-Ho mann coordinate
In this classthe Coln seamscan be visualizedby a plane orthogonalto oneparticular
WH-coordinate (g) (g. 2.2). This plane is spannedby geometrical deformations
(tilt, pyramidalization) and substituert e ects. Eacd point in the plane ful lls the
resonane condition. The crossingpoint with the WH-coordinate correspndsto the
homosymmetrichiradical. Speci c combinations within the plane result in a motion
in A-direction and lead to a point on a Coln seam. At ead point of the seamh
changesits direction, whereasg stays parallel to the WH-coordinate (as indicated in
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2. The extended two-electron two-orbital theory

isomer 2

isomer 1

geom. effects \/

Figure 2.2.: Schematic representation of a Coln seam related to one WH-coordinate
(). Eq. 2.7 is fulfilled everywhere on the plane. The heterosymmetry condition
(eq. 2.14, l;) for Coln formation is fulfilled only for particular combinations of

geometrical and substituent effects (). Single Colns can be connected by a seam
confined to the plane (thick solid line).

fig. 2.2). Such seams connect the two isomers associated with the WH-coordinate in
a photoreaction. Within one plane the seam search reduces to a limited number of
degrees of freedom. An additional reduction of the degrees of freedom is achieved by
considering that the electronic configuration of the ES cannot change along a Coln
seam, i.e. it remains either ’A2> or TB2>. If the ES could change its character, this
would imply that at some point along the seam orbitals A and B would become
degenerate (i.e. as in a homosymmetric biradical) but, then, the heterosymmetry
condition would not be fulfilled.

If the heterosymmetry condition is fulfilled by geometrical deformations, the Coln
optimization problem reduces to a search in a two-dimensional subspace of the IS,
confined to the pyramidalization/tilt plane orthogonal to the WH-coordinate. In the
following this concept is demonstrated on the basic unit ethylene. The homosym-
metric biradical geometry Ethyleneopp is the reference geometry (tab. 2.1). To
obtain supporting points in the pyramidalization/tilt plane the fact that Colns can
be reached either by pure pyramidalization, pure tilt, or by combination of both is
used. Then, Colnyy e (tab. 2.1) can be regarded as an intermediate point linking
purely pyramidalized and purely tilted Colns. Furthermore, by utilizing the sym-
metry of ethylene a closed loop seam around the homosymmetric biradical geometry
Ethyleneopr (0° pyramidalization, 0° tilt) can be defined (fig. 2.3). This analysis
of the topography of the seam allows to compartmentalize it into segments where a
linear interpolation routine can be applied. A seam of the general form given in fig.
2.3 is expected to play a role for all non-polar and weakly polar compounds which un-
dergo cis-trans isomerization. The magnitude of the geometrical deformations along
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Figure 2.3.. Partitioning schemeof the closedloop Coln seamaround the homosym-
metric biradical geometry Ethylenepge (0° pyramidalization, 0° tilt) into linear
segmets.

the pyramidalization/tilt coordinates and the energypro le of the seamdependon
the speci ¢ functionalization pattern. As an examplea seamin the Hemithioindigo-
Hemistilbene (HTI) systemis preserted in section2.4.3.

Conical intersections seams connecting di erent Woodward-Ho mann coordi-

nates Depending on the complexity of the molecule several WH-coordinates can
exist (e.g. torsion around se\eral double bonds). Each WH-coordinate has a seam
assiated to it that is locatedin the coresponding hag = O plane (red-, green-and

blue-rimmed planesin g. 2.4). Only seamsin one of the planesmediate the desired
photoreaction, while the othersleadto by-products. The second classof Coln seams
connectsthe di er ent planes(solid line in g. 2.4) and thus openspathways to com-
peting loss channels. The seart focuseson the energetically low-lying seamsthat

connectthe minimum energyColns on the di erent planes. As theseColn seamsare
not restricted to a single WH-coordinate a systematicstrategy is required to explore
the full 3N 6 coordinate space.

For this purposethe resonane condition (eq. 2.7) is re-formulated in more intuitiv e
terms going down to the atom-certered basis. The localizedMOs A and B (eq. 2.2)
are represeted asa linear combination of atomic orbitals ;:

X X
A= cai a and B= g sj; (2.15)
| J
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Figure 2.4.: Schematic representation of a Coln seam connecting planes associated
with different WH-coordinates (§), each fulfilling the resonance condition (eq.
2.7). Particular combinations of geometrical and substituent effects on each
plane lead to the formation of Colns by fulfilling the heterosymmetry condition
(eq. 2.14). The dashed line connects the homosymmetric biradicals, the solid line
represents the Coln seam, connecting different WH-coordinates. The individual
steps of the procedure for locating the seam are marked as black diamonds.

where the sums run over different atomic centers ¢ and j. The resonance integral is
now written as a sum of two-center integrals:

hap = Z Z CAz’CBj<Xz'
i g

?L\xj> with ca/p; = {—1;1}. (2.16)

Only next neighbor interactions are considered and equal contribution of each center
in the linear combination is assumed. The sign of the two-center resonance integrals
<Xi E’Xj> depends on the relative phase of the atomic orbitals in eq. 2.15 and is either
positive (b;; = +<Xz‘ B‘Xj>) or negative (a;; = _<Xi fz‘x») According to eq. 2.16
the simplified resonance condition (eq. 2.7) is fulfilled only for an equal number of
positive and negative contributions, the prerequisite of non-bonding orbitals. Thus,
geometrical deformations, which cancel/generate pairwise positive and negative reso-
nance contributions, are required. With the decomposition of eq. 2.16 one can define
the homosymmetric biradical structures associated to different WH-coordinates (fig.
2.4) and extract the structural deformations connecting them (dashed line). The in-
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2.3. Rulesfor nding low-energyconical intersectionseams

dividual homosymmetricbiradicals can bgreadedin two ways. The rst onecancels
individual two-center resonances ; fi j by spatial separationas realizedthrough
torsional motion or bond cleavage. The secondonecanceldndividual expansioncoe -
cierts ca Cgj. This happensonly in 2n -electronsubunits, which becomestructurally
decoupledfrom the remaining -systemby a geometric deformation. Due to their
odd number of positive and negative resonanceantegrals, the subunits also decouple
energeticallyand do not cortribute to the active orbitals anymore.

Biradical structures belongingto di erent WH-coordinates(circleson the dashedline
in g. 2.4)are starting points for a subsequenhseart of Colns. For their qualitative
prediction the seond condition, eq. 2.14,hasto be ful lled. This can be realizedby
geometricaldeformationsor substituerns e ects as formulated in the rules of thumb
given in the section2.2. The individual Colns found by this strategy sene as sup-
porting points in the IS for the subsequenlinear interpolation of the interconnecting
seams.The systematic pairwise cancelation/generationof the two-cener integralsin
eg. 2.16 guararteesthat the e ects neededto conned two supporting points occur
simultaneously thus the linear interpolation betweentwo supporting points is justi-
ed.

Now the rules of thumb for a systemdic prediction and optimization of low-lying
Coln seamsconnectingdi erent WH-coordinates are summarized. The approad is
presened graphically in g. 2.4, the individual rules shov as bladk diamonds. The
only knowledgerequired is the geometry of reactart and product. Rules1. and 2.
do not require additional quantum chemical calculations. Rule 3. and 4. only need
nal optimizations of the predicted structures.

1. The WH-coordinate assaiated with the photochemical reaction under consid-
eration is identied. The resonanceintegral is formulated in the basis of the
atomic orbitals asa sum of two-cerier integrals (eq. 2.16). The geometrywhich
satis es eq. 2.7 is determined (labeled as "reference'in g. 2.4).

2. Dierent scenariosfor the pairwise cancelation/generationof positive and neg-
ative resonanceantegrals, which presene the simpli ed resonane condition are
followed. Eadh scenariois connectel to a di erent WH-coordinate and leadsto
the assaiated homosymmetric biradical structure. The dashedline connects
the individual biradical structures.

3. Mesomeic e ects of functional groupscan ful ll eq. 2.14 (thick arrowsin g.
2.4). For their analysisthe localizedMOs A and B are best suited and consid-
ered at ead biradical structure. Geometrieswithout mesomericstabilization
are discarded,as they typically lead to high energyseams.Coln optimizations
are started at the predicted geometries(red-, green-and blue-rimmed arrows).
These geometriesare not necessarilystationary points in the IS. Therefore,
geometrical constrairts (available via step 2.) needto be introduced. The
optimized structures sere as supporting points for 4.

4. By analizing the electronic con guration of the ES it is decided which sup-
porting points can be linked together via a low-energyseam. Only supporting
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2. The extendedtwo-electon two-orbital theory

E E
points with the sameES electronic con guration (either A2 or B? ) canbe

interconnected. A linear interpolation scheme with a subsequeh constrained
Coln optimization locatesthe seam(solid line in g. 2.4) connectingthe ref-
erenceColn (green-rimmedarrow) to the Colns assaiated with the additional
WH-coordinates. The constrairts, which must facilitate the stepwise cancela-
tion/generation of pairs of two-cerer resonancentegrals, are taken from step
2..

In this work the projection method preserted in sec. 1.2.3 was used for the nal

optimization of the estimated Colns. When geometricalconstrairts are applied the
projection method cornvergesat geometrieswith a nite energygap. This obstacle
can be surmourted by a subsequeh unconstrainedoptimization along the gradiert
di erence vector X,[142](eq. 1.18a) It locatesthe nearest Coln to the input geom-
etry. This stepis usually assaiated with the energeticdestabilization and therefore
it is crucial that already the precedingstepslocate a geometry in the vicinity of the
low-energy Coln seam. This last step can be omitted when the constrain-adapted
gradiert projection method[149]for Coln optimization is used.

2.4. Applications

In this sectionsthe rules of thumb for optimization of Colns (sec. 2.2) and Coln
seamg(sec. 2.3) are applied on realistic conjugatedpolyenesystems.For the purpose
photochromic moleculeswvere chosenwhich undergophotoinducedultrafast Coln me-
diated isomerization: CHD/cZc-HT asa represeriativ e of non-polar unfunctionalized
polyenes,where Colns are formed through geometricd deformations,HTI as a repre-
sertativ e of weakly polar polyenes,wherelow-energyColns are formed by combining
geometricaldeformationsand substituent e ects and tri uorometh yl-pyrrolylfulgide
as a represemativ e of multi-functionalized strongly polar polyenes,where the func-
tional groups alone determine the structure of the Colnst. HTI and fulgides have
potertial application as coheretly driven molecular photoswitches. Howeer, rep-
resenativ es of both families are characterized by a relatively low photoswitching
quanum vyields[116,126,150 153]. It is intriguing to pinpoint the reasonfor the low
yield. The rules presened above are well suited to addressthe question, whether
the presenceof concurring deacivation channelsto the GS is responsiblefor the low
quantum yields.

In sec. 2.4.1 the rules of thumb are bendimarked against known Colns in the
CHD/cZc-HT system. In sec.2.4.2low-lying Colnsin the HTI systemare identi ed.

In sec. 2.4.3a seamin the HTI system, assaiated with the cis-trans isomerization
coordinate is presened. In sec. 2.4.4the complex branched structure of the Coln
seamin the uorinated pyrrolylfulgide systemis revealed.

1The reader s referred to capter 3 for the detailed discussionon the medanismsof HTI and fulgide
isomerization.
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2.4. Applications

2.4.1. Conical intersections in non-polar polyenes:
1,3-cyclohexadiene/cZc-hexatriene

In sec.2.2CHD/cZc-HT wasidernti ed asa 6 -electronicbasicunit, asit is the small-
estunit, which canundergoa conrotatory WH-motion. In this regardthe systemwas
usedin ref. [125]as one of the basic unitsto quartify the rules of thumb outlined
in sec. 2.2 at SA-3-CASSC~(2,2) level of theory. In this sectionthe CHD/cZc-HT

systemis usedto demonstratethe application of theserulesfor non-polar conjugated
polyenes. Seeral already known Coln geometriesare rationalizec?.

Fig. 2.5summarizeghreelocal minima in the IS of the CHD/cZc-HT system(bottom

row). The global minimum in the intersection spaceColng,, was rst descriked by
Robb and colleagues[47and marks one of the pioneeringresults that demonstrates
the crucial role of Colns in ultr afast photochemistry. The structuresof Coln,, and
Coln, were reported by Tamura et al.[154]. More recerly the existenceof a low
lying accesible Coln seam connecting Coln,, and Colny, [74] was reported. All

structures exhibit a triangular pattern, denotedin the literature either asa -(CH)s-

kink[86, 89, 155] oras a Hula-Twist[123, 156]. Its formation has beenrecognizedas
a necessarycondition in non-polar polyenesto reach GS/ES degeneracy[8086, 157].
The three-stepstrategy for the conceptualseard of Coln structuresis visualizedin

g. 2.5(top to bottom) for Colny,, Coln, and Coln,. The nal Coln optimizations
of the predicted structures were performed with an active spaceof 6 electronsand
6 orbitals and averagingover the GS and the r st ES. The electronic wavefugctions
at SA-2-CASSCEF(6,6)shE0N dominart cortributions from the biradical (A B ) and

zwitterionic ( A2 or B? ) con gurations in support of the practicability of the rules
of thumb (seeref. [125]). The basic unitsin CHD/cZc-HT systemare ethylene, cis-
butadieneand CHD itself. The known Coln structures can be derived from ethylene
and cydohexadiene.Colny, (left column) is ass@iated with a torsion (one-bond ip)
around the C,-C3 double bond of the ethylene basicunit® leadingto an asymmetric,
though nearly homosymmetricbiradical with degeneratelocalized orbitals As.s and
B,. Dueto the intact -bond the torsion is partially hindered. Subsequet pyrami-
dalization at C; (denotedby a blue arrow in g. 2.5)andtilt of C, towards C, forms
the well known -(CH)3-kink arrangemerm, here between the adjacen certers C,, Cs
and C4. In the following, this arrangemen is referredto asa 1,3-kink (marked by a
dashedblue line in g. 2.5). In agreemeh with sec. 2.2 the pyramidalization lowers
the energyof orbtial A5 while the tilt raisesthe energyof orbital B?.

Colngin (middle column) is ass@iated with the C,-symmetry preservingconrotatory
rotation in the full 6 -electronspae. Along this WH-coordinate the frontier orbitals
degenerateand localize either at C;, C3 and Cs or at C,, C4 and Cs. Theseorbitals
are labeled A;.35 and B,.46. Subsequetly, a tilt in the carbon sca old C,-C¢ leads
to a more exible 1,5-kink arrangemen without pyramidalization. It enhancesthe

2For the prediction of further energetically low lying Coln geometriesin the CHD/cZc-HT system
seesec. 4.2 and ref. [125].
3A torsion around the C,-Cs double bond leadsto a mirror-symmetric species
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Figure 2.5.: Rationalization of several known Coln geometries in the CHD/cZc-
HT system within the scope of the extended two-electron two-orbital model.
Presented are the structures of the homosymmetric biradicals and the Colns with
the corresponding localized orbitals A and B. Red arrows denote the WH allowed
motions (resonance condition) for the basic units ethylene (one-bond flip, left and
right arrow) and CHD itself (conrotatory rotation, middle arrows) leading to the
homosymmetric biradicals. Blue arrows indicate the subsequent deformations
(heterosymmetry condition) leading to the individual Coln structures. At Coln
geometry dashed blue lines denote the 1,3/1,5-kinks, blue arrows denote the
center of pyramidalization.

electronic repulsion within orbital B}, 4, thus destabilizing the biradical GS ‘A'B’>

towards a Coln with the zwitterionic |A2> state.

Colny is associated with a one-bond flip within the central ethylene basic unit of
¢Zce-HT (right column). Thereby orbital A localizes at centers C; and Cs and orbital
B at centers C; and Cg. Colny is reached upon pyramidalization at C, and tilt of Cs
towards Cs, which forms a 1,3-kink. This time orbital B is stabilized, while orbital

A is destabilized.
Based on this scheme, i.e. making use of the different basic units identifiable in the
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CHD/cZc-HT system, further closedring and open ring low-energy Colns can be
predicted and optimized. A short discussionis presened at the end of sec.4.2.

2.4.2. Discrimination between low- and high-energy conical
intersections: hemithioindigo-hemistilb ene

hemithioindigo

~— -

Figure 2.6.. Ground state isomersof Z-HTI (left) and E-HTI (right) in the HTI
system. The building blocks hemithioindigo and hemistilbene(encircled) have a
commondouble bond (highlighted).

HTI hastwo stable GS confamers, Z-HTI and E-HTI (g. 2.6). Both conformers
are intercornvertable by visible light. HTI is composedof a hemithioindigo and a
hemistilbene moieties sharing a common double bond. For the application of the
rules of thumb (sec. 2.2) a separationinto a basic unit and functional groups (i.e.
sulfur, carbonyl, pheryl) is conveniert.

Conical intersections asscciated with the 2 -electronic basic unit ethylene The
most obvious separationof HTI is into an ethylene unit (C3-C4 in g. 2.7) and func-
tional groups. Both -obitals and -electronsof the ethyleneunit areregardedasthe
active spacefor the conceptual discussion. The torsional motion around the double
bond (one-bond ip), which connectsboth HTI isomers,coincideswith a WH-motion
(sec. 2.2). The resonane condition (eq. 2.13)is ful lled at a 9¢° twisted geometry
(g. 2.7). There, both subunits, hemithioindigo and hemistilbene,aswell asthe active
orbitals are spatially decoupled( g. 2.7). The orbital localizedat the hemithioindigo
is denotedas Az while the orbital localizedat the hemistilbeneis denotedasB,. Next,
the miscelaneougossibilitiesto satisfy the hetelosymmetry condition (eq. 2.14) via
geometrical deformations and mesomerice ects are discussed. The nal Coln op-
timizations of the predicted structures were performed with an active spaceof 10
electronand 9 orbitals and averagingover the GS and the rst ES (seeAppendix I).
The electronic wavefunctjons at SA-2-CASSCF{L(9) shov dominart cortributions
from the biradical (A B ) and zwitterionic ( A> or B? ) con gurations in support
of the practicability of the rules of thumb (seeref. [116]).

From the functional groups attached directly to the ethylene unit only the car-
bonyl group has a considerablee ect on the energiesof orbitals Az and B, due to
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Figure 2.7.: Individual Colns in the HTI system. The steps performed to fulfill the
resonance and heterosymmetry conditions (eqs. 2.13 and 2.14) are color-coded.
The atoms essential for the formation of a particular Coln (i.e. a minimal model)
are colored in red in the bottom panel. A 27- and a 67-electronic subunits, associ-
ated with the WH-motions cis-trans isomerization and conrotatory electrocyclic
ring closure, respectively, are identified. Different possibilities for combining
pyramidalization and tilt exist for the 27 unit. Correspondingly, four Colns are
obtained: Colng, Colnac, Colngy and Colngr. The presence of oxygen in the 67
unit provides the asymmetric distortion required to fulfill the heterosymmetry
condition without additional geomerical deformations giving Colncyp. Colneup
is the global minimum in the IS of HTI.

its low-lying 7w*-orbital. The positive mesomeric effect of sulfur is less pronounced
due to the diffusness of its 3p-orbiatals. Effectively, the negative mesomeric effect of
the carbonyl group on orbital As stabilizes the ‘A2> configuration at the 90° twisted
geometry. HTI exhibits a charge transfer in the ES from the hemistilbene to the
hemithioindigo moiety upon torsion around the central double bond.

The carbonyl group alone cannot stabilize the charge transfer state to a Coln with
the biradical GS (tab. 2.2) and additional geometrical deformations (i.e. pyramidal-
ization and tilt) are required. The asymmetry introduced in the central ethylene unit
through the functionalization makes miscellaneous variations possible. According to
the rules of thumb (sec. 2.2) Colns of minimal energy are obtained by simultaneous
pyramidalization and tilt (Colngg, s, in tab. 2.1). Furthermore, negative mesomeric
effects have the same net effect as pyramidalization, positive mesomeric effects are
equivalent to tilting (fig. 2.1). In the current example, the geometrical deformations
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can be correlatedto the mesomeic e ects by taking the pre-stabilization of orbital
A3 by the carbonyl group into accourt and applying pyramidalization to Cs from the
sameorbital. Subsequentilting of the hemistilbene moiety (and henceorbital B,)
towards the sulfur forms a potential Coln geomety (Colns in g. 2.7, the pyrami-
dalized C3 is marked by a blue circle). Coln optimization of the predicted structure
retains the prede ned arrangemen. Further Colns can be obtained for purely pyra-
midalized or tilted arrangemerts. In cortrast to the unfunctionalized ethylene, where
purely pyramidalizedand purely tilted Colnsare not minimum energypoints in the IS
the purely tilted Colnac in HTI (g. 2.7) with the hemistilbenemoiety tilted towards
the oxygenis enegetically stable (tab. 2.3). The orientation of the oxygen lone pair
towards B, requiresa smaller tilt in cortrast to ethylene (Colng; in g. 2.1) and,
thus, facilitates the formation of a minimum energyColn. E

Despitethe A? -con guration being more stablethen the B? -con guration at the

Colng Colna¢ Colngt Colnyt Colnchp
E (eV) 0:00 0:72 Q72 136 0:76
localization pattern A3=%4 A3=%4 A3=%4 A3=%4 A1;3;5=E2;4;6
ES con guration A? A? B? B? A?
torsion (°) 90.0 90.0 90.0 90.0 154.9
pyramidalization (°) | 64.0 0.6 54.7 59.¢ 3.0
tilt (°) 18.6° 21.7P -28.0¢ 23.3 S

IPyramidalization de ned for Cj.
2Pyramidalization de ned for C,.

3Tilt de ned for Cs.

4Tilt de ned for Cj.

5Tilt not de ned for anglesother than 90°.

Table 2.3.: Relative stabilization E in &V, localized orbital patterns, ES (S;)
electronic con guration and relevant coordinates for the Colns givenin g. 2.7.
Optimization was performedat SA-CASSCF(@0,9) level with averagingover two
states. The energyof Colng is usedasreferencefor E.

9 twisted geometry the energeticorder of both con gurations can be tangedby
applying pyramidalization and tilt in inverseway, i.e. pyramidalization to orbital B4
and tilt to orbital Az. Again seweral possibilities exist. Following the pyramidaliza-
tion of C4 atilt of the hemithioindigo (and henceorbital A3) canproceeal towards Cg
of the pheryl group, leadingto Colnyr (g. 2.7, the pyramidalized C, marked by a
blue circle), or towards the hydrogenHg, leadingto Colng; (g. 2.7, the pyramidal-
ized C4 marked by a blue circle). Both geometricalconstellationsare very prominert
and occur in various unfunctionalized polyenes. The triangular C-C-C or C-C-H ar-
rangemeits are known as -(CH) 3-kinks[86, 155] orHula-twists[123,156]. In fact, the
C-C-Striangular arrangemen at Colns is closelyrelated to the -(CH)3-kink. In HTI
the formation of Colnyr and Colng; courteracts the mesomerice ect of the carbonyl
group, which is a strong indicator for their irrelevancein the ES dynamics. Indeed,
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both Colnyr and Colng, are signi cantly higher in energythan Colns and Colna.

(tab. 2.3).

For the salke of completenesst is noted that Colns, Colnyr and Colng; possess
diastereomericstructures for 187 torsion around the certral double bond (labeled

Colng , Colnyr and Colng; with di erent characteristicsdue to the asymmetry in

the molecule(seeAppendix F). Their formation is readily understood in the cortext

of the above discussionand will not be discussedurther. Colng will be revisited in

sec. 3.1 when the isomerizationmedanism of HTI is investigated.

Conical intersections asscciated with the 6 -electronic basic unit hexatriene
For HTI a 6 -electronicunit enclosingthe oxygenand v e carbon atoms C, through
Ces canbe identi ed. It canbe regardedas a hexatriene basic unit with one carbon
atom exdhangedby an oxygen. Hexatrienecan undergoa cyclization to a CHD solely
from a cZc-conformation. Correspondigly, only E-HTI is cyclizable. This obsenation
will be of relevancefor the study of the HT| photoreaction metanismin sec. 3.1.
An intermediate geometrywith a partially formed C,-C¢ -bond can be located ( g.
2.7) with localized active orbitals A;.35 and B2.46. Due to the electronegativity of
theoxygen the energy of orbital A;.35 decreasesleading to the stabilization of the
A? -con guration and, thus, the degeneracyis reached along the WH-coordinate
without any additional geometricaldeformations (Colncyp). Rather, the exdhange
of a carbon from the basic unit by an oxygen introduces the asymmetry neededto
read a degeneracy Correspondingly, this Coln is notably stable (table 2.3) and must
not be neglectedduring the dicussionof the HTI dynamics,ewenif it is not assaiated
with the cis-trans-isomerization.

2.4.3. Conical intersection seam belonging to a single
Woodward-Ho mann coordinate:
hemithioindigo-hemistilb ene

In the previoussectionthe rules for obtaining single Colns (sec. 2.2) were utilized to
locate minimum enegy Colnsin the HTI system(g. 2.7). All Colnswith exception
of Colncyp have in commonthat they were derived from a 90° twisted geometry by
applying pyramidalization and/or tilt. Accordingto the discussionin sec. 2.3, these
Colns belong to a plane orthogonal to the WH:=coordinate cis-trans isomerization
(g. 2.2). At Colng %nd Colna. the EShasa A? -con guration, while at Colng, and

Colnyr it hasa B? -con guration. The hetelnsymmetry condition (eq. 2.14) does
not allow for a con guration changealongthg.seam(seealsosec 2.3). Hence,Colng
and Colna are conneted by aseEamWith A? -con guration. Colng and Colnyr are
connectedby a seamwith a B? -con guration. A connectionbetweenboth seams
does not exist in the scope of the extendedtwo-electrontwo-orbital theory. In the

following, the seambetweenColng and Coln,. is presened.
Referringto the generalform of the seam,derivedin g. 2.3,the Colng-Coln,. seam

50



2.4. Applications

Figure 2.8.: Coln seamamedidaing the cis-transisomerizationin ethylene (top) and
HTI (bottom). Geometriesat selectedpoints are given. Dashedlines indicate
the projections of calculated points along the seams. Only the seamsegmen
with positive pyramidalization anglesis plotted (see g. 2.3).

hasto be curved in the pyramidalization/tilt plane aswell. A straightforward linear
interpolation givespoor starting structures for the subsequeh constrainedColn op-
timization. To provide further supporting points, rst, a purely pyramidalized inter-
mediate Colng-a. With a pyramidalization angle of 74° was optimized*. For negative

“4For de nition of the pyramidalization and tilt anglesin HTI seeAppendix G
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tilt anglesno local minimum existsfor high pyramidalization angles. An intermediate
structure with pyramidalization angle of 67° and tilt of 12° was obtained by scan-
ning the tilt coordinate. With this preliminary work the HTI seambetween Colns
and Colna. was devidedinto linear segmets and the interpolation approad could
be applied to nalize the seam(g. 2.8, bottom). Both pyramidalization and tilt

were kept xed during Coln optimizations out of the interpolated geometries. For
comparison, the correspnding seamsegmen in ethyleneis givenin g. 2.8, top.
The supporting points were optimized as follows: Colnpy, =i constitute a minimum
in the full 3N 81S, Colngy, and Colng; are minimum energyColnsin Cs-symmetric
subspaces.

Indeed, the ehtylene seamand the HTI seamexhibit similar curvature in the IS,
howewer, with di erencesin the energeticpro le and in the magnitude of geometrical
displacemen The HTI seamis characterized by wealer pyramidalization and tilt

which is attributed to the mesomerice ect of the carbonyl group and the favorable
orientation of the lone pairs of the heteroatoms. Furthermore, Colna. constitutes a
minimum in the IS. The modestdeformationtogetherwith the pronouncel energetic
stability makesthe seamsegmenh around Coln,. easieraccessiblghan its pendart

in the ethylene systemand accelerateghe relaxation to the GS.

2.4.4. Conical intersection seams connecting di erent
Woodward-Ho mann coordinates: pyrrolylfulgide

Figure 2.9.: Two GS isomersof tri uorometh yl-pyrrolylfulgide, cZc (left) and C
(right). The basicunit 1;3-CHD/cZc-HT is highlighted.

In the previous section a seamcon ned to the pyramidalization/tilt subspaceof
the intersection subspacewas presened. In complex systemsmore than one WH-
motion is feasibleand concurrert photoprocessesnay be initiated simultaneoudly.
In such casethe seamsconnecting planes orthogonal to di erent WH-coordinates
have to be optimized. Rules for achieving this goal were preserted in sec. 2.3.
In the following, theserules are utilized to nd seamsassaiated with competing
channelsto the electracyclic isomerization between the open (cZc) and the closed
(C) forms of tri uorometh yl-pyrrolylfulgide (g. 2.9). Three scenariosare discussed
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Figure 2.10.: Visualization of the resonancentegral hag by superimposingthe lo-
calizedorbitals A and B alongthe conrotatory electrocyclic ring closure/opening
coordinate (WH-coordinate, greenline) of the basicunit 1,3-CHD/ cZc-HT. Pos-
itive (b ) and negative (g; ) two-certer resonanceintegrals between neighbor-
ing carbon certers are denoted. The requiremen of eq. 2.7 is met at the
homosymmetric biradical geometry labled [3=3] with localized active orbitals
Apzs= 1 3+ sandBoss= 2 4+ & and an equalnumber of positive
and negative two-cerer resonanceantegrals.

and a thorough analysisis carried out only for one scenario(for the analysisof the
remaining scenariosseeAppendix H).

1. The WH-coordinate which guidesthe cZc$ C isomerizationin fulgide is a conro-
tatory rotation. The basicunit assaiated with this rotation is the 6 -electron1; 3-
CHD/cZc-HT (givenin bold in g. 2.9). The HOMO and the LUMO at the equilib-
rium geometriesof CHD and cZc-HT are expressedn the basisof equivalert lo calized
MOs A and B accordingto eq. 2.16. For cZc-HT they readA;35= ;1 3+ sand
Boss = 2 4+ 6 (9. 2.10). For CHD the localizedorbitals are Azs = 3 5
andBys= 2 4(9. 2.10). Along the WH-coordinate the requiremern of the sim-
plied resonane condition (eq. 2.7) is met at the homosymmetricbiradical geometry
labeled[3=3] (g. 2.10),asthe resonanceantergral hag is composedof equalnumber
of positive (by,, bzs, bsg) and negative (aze, a3, a4s) resonancentegrals

hag = Do+ agz+ gy + aus + bsg + ae = O (2.17)

In the following hag is visualized by superimposing the localized orbitals A and B
asshavn in g. 2.10. Then, the sign of the two-cerner resonanceintegrals results
from the relative phaseof the atomic orbitals at neighbouring atoms. Naturally, this
represemation resenblesthe nodal structure of the delocalized orbitals.
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mations. Cener C; and C,, as well as C4 and Cs are involved in aromatic rings
(pyrrole and maleic anhydride, g. 2.9) and torsion around thesebondsis hindered.
With this in mind the following biradical structures can be derived.

Scenariol (green redin g. 2.11). Torsion around the C3;-C4 bond weakens
4. The simultaneouselongaion of the C;-Cg distancelowers a;g. The result
is a [2/2] open-ring geometry (g. 2.11,top row). Additional torsion around
the C,-C3 bond leadsto the [1/1] geometry The integral a,; is weakenedand
the C;-C, unit (2n -unit is decupled from the -system(caicgj = 0). At the
[1/1] geometry the resonanceintegral hag consistsonly of two terms bsg and
ays.

Scenario2 (greerl bluein g. 2.11). Torsion around the Cs-Cg bond weakens
bss. Simultaneousincreaseof the C,-Cg distanceweakensais. The result is a
[2/2] geomety (g. 2.11, middle row), again an open-ring structure, which is
di erent from scenariol. Additional torsion aroundthe C,-C5; bond cancelsay;
and decouple the C;-C, unit from the -system(caiCgj = 0), leading againto
a [1/1] geometry

Scenario3 (greerl magena in g. 2.11). Torsionaroundthe Cs-Cg bond weak-
ensbsg. Simultaneous torsion around C,-C3 (g. 2.11, bottom row) weakens
ay3 and yields a [2/2] geometry Increaseof the C,-Cg distance decouplesthe
C;-C, unit from the -systemand ultimately leadsto the [1/1] geometryfrom
scenario2. Decreaseof the C;-Cq distance (i.e. formation of a -bond) decou-
plesthe C;-C¢ unit to yield a new[1/1] closedring geometrywith only bz, and
a5 cortributing to the resonancehyg .

In principle Coln seams can connectead pair of homosymmetricbiradicals. In the
current examplethe interestis on seamsreatable from the referencestructure [3/3].
Which seamis energeticly favorable is decided by the mesomerice ects, i.e. the
interaction of the basicunit with the substituens.

3. The discussionof the mesomerice ects is limited to scenario3. The remaining
scenariosare shovn in the Appendix H. For the analysis the localized molecular
basisat eat biradical geometry is considered. The geometrical deformationsin 2.
divide the original -systemin subunits asindicated by the dashedlinesin g. 2.12
Only non-bonding subunits cortribute to the nal MOs, i.e. subunits that undergo
bonding and antib onding interactions with the remaining -orbitals canbe discarded
(red crosses). Sud subunits typically have no amplitudes in the terminal position.
The resulting localized active orbitals are Azs and B, for the [2/2] geometry and
A3 and B, for the [1/1] geometry

For theseorbitals the in uence of the functional groupsto satisfy the heteosymmetry
condition (eq. 2.14)is investigated. Two mesomeric groupsare presert in the fulgide,
an anhydride moiety with negative mesomerice ect (-M) conjugatedto the basicunit
at C, and Cs and an amino moiety with positive mesomerice ect (+M) conjugated
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at C, and C,. Exemplarily, g. 2.13shawsthe interaction of the functional groupsat
the geometries[3/3] and [1/1]. The energeticposition of the resulting functionalized
orbitals is indicated.

[ 3/3 ] geometry Eadch substituert canact on both orbitals A;.35 and B,.46 (g. 2.13
green-rimmedarrows). By appropriatg conbination of the mesomerice ects
either the electronic con guration A? or B? is stabilized. In eat casea
Coln with the GSis readed simply by adjusting bond lengthsasshovn in g.
2.13.

[ 1/1 ] geometry Each substituert canact only on oneorbital. The anhydride conju-
gatesto certer Cs from orbital Ass, the amino group to certer C, from ogaital

B, (g. 2.13violet-rimmed arrow). Both e ects stabilize exclusively A2 the
con guration.

From thesepredicted geometrieslow-lying Colns were optimized by quartum chemi-
cal methods. The nal Coln optimizations of the predicted structures wereperformed
with an active spaceof 8 electronand 8 orbitals and averagingover the GS and the
rst ES. The electronic wavefunctipnsat SA-2-CASSCF(8:8)shov dominart cortri-

butions from the biradical (A B ) and zwitterionic ( A> or B? ) con gurations

in support of the practicability of the rules of thumb[126]. Thesestructures are the
supporting points for the subsequet linear interpolation of the seam. In table 2.4
selectedow-lying Colnsfrom scenariosl-3 arepresened. In the rst row the geome-
tries of the Colns and the structures of the homosymmetrichiradical basic unitsare
superimposed. Latter were obtained by constrained optimization at CASSCF(2,2)
level, wherely the constrains originate from rule 2. Their optimization is not re-
quired for the seam, but advantageousfor testing di erent substitution patterns.
The comparisonshows that the Colns retain to a great extert the geometriesof the
biradicals. The interactions of the substituerts with the -systemmanifestin bond

Figure 2.12.: LocalizedMOs at the [3/3], [2/2] and [1/1] biradical geometriesfor
scenario3 (greert magerna). Dashedred lines indicate the spatial separation
of the -systeminto subunits. Red crossesmark atomic certers which do not
cortribute to the nal MOs.
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Figure 2.13.. Conjugation of the amino group (+M e ect) and antydride group
(-M e ect) to the -systemof the basicunit in the fulgide. The energeticorder
of the active orbitals is shavn on the right side. For thegreferengegeomery
[3/3] two conjugation patterns that stabilize either the A2 or B? con gura-
tion (upper and lower green-rimmedarrows) can be formulated. For the [1/1]

geagmetry of scenario3 only one conjugation pattern is possible,stabilizing the
A? con guration.

length rearrangemets (table 2.4) rather than in structural deformations. As a general
rule mesomericallystabilized Colns are more stable then Colns formed by pyrami-
dalization or tilt alone. Colna and Colng are ass@iated with the referencebiradical
[3/3] (upper and lower branch in g. 2.13)and thus with the WH-coordinate of the
electrocyclic reaction. Colnc, Colnp and Colng are assaiated with WH-coordinates
leadingto by-products and result from scenariosl, 2 and 3, respectively.

4. The Coln seamsbetweenthe supporting points are now obtained by linear in-
terpolation. Thereby, the focusis on seamsthat either include Coln, or Colng.
These seamsconstitute loss channels for the main photoreaction. The resonane
and hetelosymmetry conditions (egs. 2.13 and 2.14) do not allow for con guration
changealong the seam. Hencg only Coln structures with the sameelectronic con-
guration, either A? or B? can be connected,resulting in two low-lying seam
branches (Colng-Colnp, Colng-Colng) arising from Colng. Only one seambranch
(Colnp-Colnc) arisesfrom Colns. The necessaryconstrairts for the optimization of
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Colnp Colng Colnc Colnp Colng
E 1.0 0.2 0.0 0.7 0.4
geometry [3/3] [3/3] [2/2] [1/1] [1/1]
local. pattern | A135=Bzas A13s=Baae A13=Bss Azs7Be A58
EScon g. B2 A2 B2 A? A?
+M/-M C./C4 C,/Cs C,/C,4 -ICs C,/Cs
C1-Cs (A) 2.42 2.03 4.38 3.20 1.76
Cs-Ci=0y (A) 1.40 1.50 1.39 151 1.50
Cs-C=0) (A) 1.53 1.43 151 1.39 1.45
N-C; (A) 1.30 1.41 1.29 1.37 1.43
N-C( ¢z (A) 1.45 1.32 1.42 1.38 1.32

Table 2.4.: Structures, relative stabilization E in &V, localizedorbitals A and B,
ES electronic con guration of the extendedtwo-electrontwo-orbital model, rele-
vant mesomerice ects and distancesfor selectedlow-lying Colns from scenarios
1-3. The energyof Coln¢ is usedasreferencefor E. Optimization wasdoneat
SA-CASSCF(8,8)/6-31G*level with averagingover three states. For comparison
the structures of the homosymmetric biradical basic units (red-colored), opti-
mized at SA-CASSCF(2,2)/6-31G* level with averaging over three states, are
superimposed.

the intermediate points along ead seamcan directly be obtained from 2. For the
Colna-Colnc seam,the torsion around C3-C4 and the distanceC;-Cq werekept xed.

For the Colng-Colnp seam,torsions around C,-C5; and C5-Cg aswell asthe distance
C1-Cs werekept xed. For the Colng-Colng seam,the torsion around C,-C; and the
distanceC;-Cs werekept xed. The seamsare plotted in g. 2.14againstthe C;-Cq
coordinate, which all seamshave in common.

The ndings are summarizedin g. 2.15,wherethe spatial and energeticrelation
of the reactive Colns and the competing Coln seams(dashedlines) between the GS
and the ES is sketched. The reactive regionsare shavn in green,the competing loss
regionsare shavn in red, blue and magena, accordingto the color code usedin g.
2.14. The desiredphotoreaction connectsisomer C and cZc via Coln, and Colng.
The substituert e ects that allow for the fast dynamicsin these complex fulgides,
simultaneously reducethe selectivity of the reaction as can be seenfrom g. 2.15
Thus, alsothe competing channelsare easily acessiblefrom the FC regionsof both
isomers. They can either photostabilize the systemor lead to by-products.
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2.5. Summary and perspectives

Figure 2.16.: Adiabatic (solid lines) and diabatic (dashed)potertial energy curves
for the photodissaiation of a symmetric -bond (left) and for a hole transfer
process(right). Electronic con gurations are denoted. During photodissaia-
tion the resonane condition is ful lled alongthe bond-breakingcoordinate, the
hetelosymmetry condition along an asymmetric distortion. Latter can be intro-
ducedthrough a functionalization or a geometrical deformation. In hole transfer
processedoth active orbitals are decoupled thus, the resonane condition is ful-
lled already at the FC point. Functionalizations and gepmérical deformations
aim to stabilizethe n  -state and to destabilizethe n? -state.

2.5.1. Application to photodissociation and hole transfer
processes

Sofar the rules of thumb have beendiscussedn connectionwith photochemicaliso-
merization reactionsin conjugated polyenes,wherethe photoreactivity is determined
by the interaction of the two active electronsin the highest occupied and lowest
unoccupied orbitals (g. 1.3). Howeer, the rules have a much more generalscope
of application, e.g. for photodisscriation (g. 2.16, left) and for hole transfer pro-
cesseg g. 2.16,right).

To describe a photodissciation the active spacehasto be composedof the and
orbitals of the dissaiating bond. Starting from a symmetric -bond (the basic unit)
the resonane condition is ful lled along the bond-breaking coordinate (g. 2.16,
left). Along this coordinate the GS aquiresa covalent biradical character (A B ,
withzA and B localizedat either side of the bond), while the two ionic ES degenerate
(A2 B2 ). To satisfy the hetelosymmetry condition asymmetric substitutions or
geometricaldeformationscan be introduced.

Hole transfer processesire asseiated with an electrontransfer betweentwo spatially
separeatedMOs. An exampleshereofis the population of a dark n  state out of
a bright state (g. 2.16,right)[55]. Thereby, the n-orbital is certered at a het-
eroatomsomewheren the system. Colns betweenthe n  state and the closed-shell
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2. The extendedtwo-electon two-orbital theory

GS can be undestood in the scope of the extendedtwo-electon two-orbital theory
by spanningthe active spaceover the -orbital, the n-orbital and the electronlone
pair therein. Then, again, a two-electrontwo-orbital active spacecan be constructed.
Due to the spatial separation of the n- and -orbitals, the resonane condition is
ful lled already at the FC point. Then, in the spirit of the two-eled¢ron two-orbital
theory ghe n-orbital can be jabeledas A and the -orkital as B. The closedshell
GS n? isequivalert to A2 ,the n -stateto A B . Note, that in cortrast to
conjugatedpolyenesthe energeticorder of both con gurations is reversed. Geometri-
cal (pyramidalization, tilt) and substituert (mesomeric)e gets have to be applied to
stabilizethe n  -state and destabilizethe closed-shelln? -state in order to satisfy
the hetelosymmetry condition.

Through the appropriate choice of the active pair of orbitals, not necessarilybeing
the highestoccupiedand lowest virtual orbitals in the system,it becomegossibleto
understand and predict Colns for various types of photoreactions.

2.5.2. Pre-optimization of conical intersections at Hartree-Fock
level

The extendedtwo-electrontwo-orbital theory allowsto expresghe diabatic conditions
for Coln formation via adiabatic quartities, which can be obtained from quartum
chemical calculations. It is possibleto formulate a Coln optimization algorithm,
basedon the resonane and hetelosymmetry conditions (eqs. 2.13 and 2.14). Here
an algorithm for locating minimum energyColns similar to the projection method by
Bearpark and co-workers (sec. 1.2.3) is presetted. The generalgoal is to minimize
an e ectiv e gradiert composel of three terms

g=f1+ 1+ Pis(r rE1) (2.18)

The rst and the second terms are the scaledgradierts with respect to the nuclear
coordinates

fi= W ﬁ and 5= \, ﬂ (2.19)
r va Ir RVZJJ
of the diabatic quartities
x D E xD E

Vi = 2hpg + 4 Ai Bi 2 AB i
i i (2.20)

Vo=Jdaa Jag "Bt "a:

V; and V, are obtained from egs. 2.13 and 2.14. Multiplication with the absolute
valuesof V; and V, assuresthat the correspnding gradiert vanishesat the Coln.
The last term represems the projection of the GS energygradiert onto the orthogo-
nal complemen to the BS. This operator acts similarly to the operator usedin the
projection method (eq. 1.19) with the only di erence that the BS is de ned by the
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vectorsfi and 5 instead of X; and X».
The presened method locatesthe lowest point on the GS PES for which the reso-

nance and hetelosymmetry conditions are ful lled. There is no need of calculating
ES properties or non-adiabatic coupling vectors. In principle all quartities can be
collectedfrom a HF calculation by working in a localized basisfor the HOMO and
the LUMO. Of course,asthe electronic correlation is not properly descriked at HF
level the obtained geoméries can serne only as referencepoints for a preciseColn
optimization. Newertheless,this approad can be valuable for a fast pre-computing

of Colns in large molecular systems.
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3. Molecular switches

Molecular switches are moleculeswhich can be reversibly transformed betweentwo
or more stable forms[73]. Transformation may be induced by variation of tempera-
ture, of the pH level, by interaction with electric or magnetic eld. Moleculeswith
photochromic properties, i.e. which can switch between stable forms upon inter-
action with light, are promising candidates for technical applications as molecular
switches[158]. Applications in the leds of biology for studying ultrafast processes
in protein folding[4], of medicinefor targeted drug delivery[159]and for photoregula-
tion of enzymeactivity[160 163], of molecularelectronicsfor developingdata storage
devices[63158, 164,165],logic gates[166]and optomedanical devices[167168]were
proposed. For the practical use as photochromic switches moleculeshave to pos-
sessse\eral properties, e. g. designableabsorption spectra and solubility, very high
ernvironmental and photochemical fatigue resistance,high switching e ciency with
respect to the amourt of absorked light, thermal stability and low production costs.
A variety of molecularclasseswhich satisfy the above requiremens, azokenzenes[73],
diarylethenes[73],spyropyranes[73]to name a few, have beenbrough up for discus-
sion. In the courseof this work HTI, a chromophore designedby linking stilbene
and thioindigo, and tri uorometh yl-indolylfulgide, a represemative of the fulgide
family[73], were investigated. Switches basedon the HTI chromophore undergo a
cis-trans isomerization after irradiation with near-Ultraviolet (UV) light. They are
more suitable for in-vivo applications than azobenzeneswhich are currently in use
despite of their limited stability in cellular environments[169] and the needto use
UV radiation to excite their transitions. The decisive photochromic properties of
fulgidesswitchesrely onthe pericyclic ring-openingand ring-closurereaction basedon
the embeddal 1,3-CHD/cZc-hexatrienemotif. The closedform absorbsin the visible
spectral range and the open form shows absorption exclusiwely in the UV and blue.
Thus, the ring-opening and ring-closure reaction can be selectiwely initiated with
the appropriate wavelength. In a joint experimental-theoretical work the complex
photoisomerizationmedhanismsof both compoundswere elucidatedby time-resolhed
spectroscoly and state-of-the-art quartum chemical calculations. Time-resohed ab-
sorption spectroscoly was performed at HTI by T. Herzogand T. Cordes. Time-
resohed Infrared (IR)-spectroscoly was performed at tri uorometh yl-indolylfulgide
by F. O. Koller, W. J. Sdreier and |. Pugliesi. Parts of this chapter are publishedin
A. Nenov, T. Cordes, T. T. Herzog,W. Zinth and R. de Vivie-Riedle J. Phys. Chem.
A 2010, 114,p. 13016and A. Nenov, W. J. Sdreier, F. O. Koller, M. Braun, R. de
Vivie-Riedle, W. Zinth and I. Pugliesi, 2012, 116,p. 10518.
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3. Molecular switches

3.1. Photoisomerization of
hemithioindigo-hemistilb ene

The molecularsystemunder study, HTI, belongsto afairly newclassof photochromic
molecules[170 173].The molecular structure of HTI (g. 2.6) is based on two well-
known organic compounds, namely thioindigo and stilbene. HTI existsin two dif-
ferernt stereoisomerg g. 2.6, Z and E), which can be intercorverted by near-UV
and Visible (Vis) light (g. 3.1). HTI can be regardedas a minimal model for
isomerization comprising the following key features: (i) photochromism (seespectra
in g. 3.1); (ii) the possibility of studying the light-induced isomerizationwith high
time-resolution; (iii) composition from two di erent parert moleculeswith well-known
properties; (iv) the possibility to study the role of heteroatomsin the photoreaction;
(v) moderate size,which allows state-of-the-art quantum chemical calculations.
Recertly, di erent experimental studiesfor di erertly substituted HTI moleculesin

Figure 3.1.: UV/Vis spectra of HTI. The absorption of the Z-isomer (black solid
line) and the photostationary state PSg cortaining the isomerE at high (> 70%)
concettration PSe (blue dashedline) are shavn for the non-polar solvernt cyclo-
hexane. The arrows indicate the excitation wavelength . in the time resolhed
experimerts.

polar solverts have beenperformed and a qualitativ e picture of both photoreactions
Z! E and E! Z have beenpublished[1®, 151, 174,175]. HTI derivativeshave been
usedas ultrafast molecular switchesin biomolewlesto initiate structural changesat
reasonablyhigh quartum e ciencies[150,175,176]. Forward and backward processes
in HTI showed signi cant di erencesin the reaction dynamics, and there is a strong
and systematicdependenceon substitution[151, 174]. Recertly a theoretical study of
HTI was published[177]. Surprisingly, the authors reported uorescencedecg asthe
dominant pathway cortrary to the interpretation given in the cortext of the experi-
mertal investigations.

HTI is investigated as a complex prototype for Z/E isomerization providing se\eral
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3.1. Photoisomeization of hemithioindigo-hemistilbene

heteroatoms steering the electron ux by their withdrawing and donating charac-
ters. The complexity of experimernts and calculationsis reducedby focusing on the
photochemistry of the simplest possible HTI compounds without any substituerts
in a nonpolar ervironmert, i.e., in cyclohexane.Results are obtained from ultrafast
absorption spectroscolpy combined with state-of-the-art quantum chemical methods
(CASSCF/CASPT2 for unsohated molecules,for details on the quantum-chemical
methods seeAppendix I) to answer the following questions: (i) What are the reac-
tion coordinatesfor the isomerizationprocess?(ii) What is the exact geometricand
electronic structure of the intermediatesalong the reaction pathway? (ii) What are
the driving forcesfor isomerization? (iv) Do the heteroatomsin uence the choice
betweenthe polar and nonpolar reaction pathways? (v) Why do both isomers,Z and
E, shov sudh a di erent isomerizationspeed?

3.1.1. Experimental results: stationary and time-resolved
absarption spectroscopy

In order to allow ready comparisonwith the results from solvern-free theoretical
investigations, the experimerts were performedin the nonpolar solvernt cyclohexane.

Z! E photoreaction (400 nm excitation). Exciting the Z-isomer with near-
ultraviolet light at 400 nm immediately results in strong absorption changes. In
g. 3.2athe time dependene of the absorption changeis plotted as a function of
time delay betweenpump and probe pulsesfor ,, ) 437and 573nm. At time zero
there is a strong rise of the absorption at 573nm. A weak deca on the time scale
of 2 ps is followed by a strong decreasen absorption on the 10 ps time scale. At
437 nm a rise in absorption is found on the time scaleof 600 ps. At 573 nm a very
weak absorption decreasds found at late delay times. Absorption spectra taken at
di erent delay times are shavn in g. 3.2b. They are important for the molecular
interpretation of the obsened transierts. At early times, one obsenesthe formation
of a broad and structured absorption change throughout the investigated spectral
range (g. 3.2b, 0.2 ps). The absorbance changeis characterized by peaksat 450
and 550 nm, and a minimum at 425 nm. The absorption increasecan be assigned
to ES absomption, which is overlapped by negative signal cortributions arising from
GS bleading (centered at 425 nm) and stimulated emissioncertered at 490 nm.
The spedral positions, from both GS bleading and stimulated emission,are in goad
agreemeh with stationary spectra of HTI in the nonpolar solvent cyclohexane( g.
3.1landrefs. [171]and [173]). On the time scaleof a few picosecondsninor changesof
the peak positions and the oscillator strength of ES absorption/stimulated emission
can be obsened (g. 3.2b, 0.2 psvs 2.0 ps). The dominant deca of the induced
absorption signalis seenon the time scaleof 10 ps (g. 3.2b,2.0psvs 12 ps). After
this decay a broad absorption band with a slight maximum at 450nm and bleading
at 425nm canbe obsened (g. 3.2b,25ps). It is only after hundredsof picoseconds
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Figure 3.2.. Resultsfrom transient absorptionspectroscopy. (aandb) Z! E isome-
ization after 400nm excitation. (a) Time-dependert absorptionchangemeasured
asa function of delay time for probing at 437and 573nm. (b) Transiern spectra
at certain delay times between pump and probe pulse. (c and d) E! Z isomer-
ization after 485nm excitation. (c) Time-dependen absorption changerecorded
asa function of delay time for probing at 518and 568nm. (d) Transiernt spectra
at certain delay times between pump and probe pulse. In the range of prob-
ing wavelengthsmarked in blue the accuracyof the absorption measuremethis
reduceddue to stray light from the excitation pulse.

that most of the remaining inducedabsorption (>450 nm) decgs and revealsthe dif-

ferencespectrum expected from the formation of the E-isome. Global tting of the
data set by a multiexponertial model (using three time constarts together with an
o set) and the inspection of the transient spectra (see g. 3.2b) allow interpretation

of the data with the scope of recerily establishedreaction models[178]. There is a
rst kinetic componert ( o = 220 0:8 ps) connectedwith weak absorption changes.
The small changesin absorptionindicate that this kinetic componert may be caused
by reactionsin the excited electronic state. Interestingly, changes of the stimulated
emissionduring this rst reaction are much wealer than the ones obsersed recenly

for HTI in more polar solverts suc as dichloromethane[151]Jor methanol[150,176].
Subsequetty, one nds the secondkinetic componert (time constant of ; = 10 1
ps) with a much stronger absorption signal represeting the deca of the ES and the
transition into the GS (of the educt Z-HTI and the product E-HTI). This interpre-
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3.1. Photoisomeization of hemithioindigo-hemistilbene

tation is supported by the obsened decay of ES absorption and stimulated emission
and the appearanceof the absorption peak at 450 nm correspnding to the product
isomer. At late delay times a very slov componert , = 650 200psis found, which is
relatedto the deca of a broad absorptionband extending from 400to 600nm and the
superimposedrecovery of GSblead at 425nm. This transition is tentativ ely assigned
to the decg of a short-lived triplet state. The photochemical conversion e ciency

ez Of the ZI' E processwasmeasuredn stationary experimerts in the weakly polar
solert dichloromethaneand was found to be ,.z = 0:230 0:035 An alternative
assignmen of the 650 ps kinetic componernt to the decg of the excited electronic
singlet state can be ruled out by the following obsenations. One nds a very small
uorescencequartum yield of HTI in cyclohexaneof = 0:0003and a rather long
radiative lifetime of .4 = 15ns (obtained from the Strickler-Berg relation[179]). As
a consequencethe uorescing excited electronic state should have a livetime s; in
the rangeof s radPhi = 4:5 ps. This nding givesclear evidencethat the slow
kinetic componert , = 650 200 ps is not assaiated with a (uorescent) singlet
state populated for the major fraction of the molecules.

E! Z photoreaction. The transient absorption changesinduced by excitation at
480 nm of the E isomer are shovn in g. 3.2c,d. The time dependene& obsened
at two probing wavelengths (518 and 568 nm, g. 3.2c) reveals very fast reaction
dynamics. This increasedreaction speed is alsovisible in the transient spectra shovn
in g. 3.2d. Immediately after excitation there are features from ES absorption and
GS bleadiing (g. 3.2d). First absorption transients occur on the 100 fs time scale
(see g. 3.2c)and are followed by a 1 ps process. Subsequetty, a weak absorption
changeis visible on the 10 ps time scale. No indication for a transient in the 100
ps range have been found. A multiexponertial modeling of the transiens yields
time constanis of o = 260 80fs, ; = 1.2 04ps,and , = 13 6 ps. With

the molecular model proposed for other HTI molecules[178kthe 260 fs processis
assignedto the initial motion on the excited electronic potential surface,the 1.2 ps
transient to the transition from the ES to the GS of educt and product, and the
13 ps processto vibrational cooling of the reformed E isomer. The photochemical
yield for Z-product formation was detemmined in dichloromethaneto be only ,ce =

0:053 0:016 In the following sectionsthe combination of the experimental data
on the minimal molecular models HTI in an nonpolar solverts with state-of-the-
art quantum chemical calaulations allows a detailed insight into the pure molecular
driving forcesfor Z/E isomerization.

3.1.2. Theoretical results: reaction pathways in the excited state

Vertical excitation from the ground state isomers. The GS equilibrium struc-
tures of both isomerscharacterize the initial and the nal states of the photore-
action and were optimized using density functional theory with the B3LYP hybrid
functional[180 182], which has proved to be reliable for GS problems. Both isomers
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SS-GASSCR{14,13) SS{CASPT2(14,13) exp.

Esvse Sv So Es;iss, Sv So Es;so
(eV) (D) charader | (eV) (D) characte | (eV)
Z S| 375 0.00 n 3.48 2.75 2.92
S, | 4.67 2.39 3.72 0.00 n -
E S| 357 0.00 n 3.27 2.44 2.76
S 4.39 2.10 3.60 0.00 n -

Table 3.1.: Vertical excitation energy Es,s,, transition dipole momert and ES
electroniccharacterat the equilibrium geometriesof Z-HTI and E-HTI optimized
at B3LYP/6-31G* level. Fransitigh dipole momerts obtained from the oscillator
strength f, accordingto S; S = [3f=2 §A°072].

were found to be planar, i.e. of Cs-symmetry. At SS-CASSCF(14/13 level the low-
est excited electronic state correspndsto an ! excitation from the oxygenlone
pair into the aromatic system (tab. 3.1). In Cs-symmetry this state hasno oscilla-
tor strengh. Only by symmetry breaking motions someoscillator strength may be
borrowed. The seond ESisa ! transition with a transition dipole momen of
2.39 Debye for Z-HTI and of 2.10 Debye for E-HT1. The excitation energies for the
! transition of 4.67eV (Z-isomer) and 4.39¢eV (E-isomer) deviate signi cantly
from the experimental values (seeabsorption spedra in g. 3.1) with maxima at
2.92eV and 2.76 eV, respectively. Perturbative correction recovers most of the miss
ing dynamic electron correlation energy of the state, which becomesthe lowest
ES at SS-CASPT2level with excitation energiescorrectedto 3.48 &/ and 3.27 eV.
Comparable calculations at time-dependert density functional theory level con rm
this energetic order[177]. Howewer, the shortcomingsof time-dependent density func-
tional theory in describing double excitations, aswell asthe overestimation of charge
transfer states, which gain in importance away from the FC region, preverts from its
usefor the description of the complete ES reaction path. Basedon the state order
predicted by SSCASPT2 and on the magnitude of the transition moments the as-
sumtion is madethat upon laserirradiation the electronis excitedinto a S, state of
character. Furthermore, the andn statesare very closein the FC region
(energyseparation 0:3 &/) and one canspeculateon a partial excitation of the n
state by femtose®nd pulses opening reaction channels,which compete to the direct
S;-relaxation pathway. Experimertal indications are found in the long time constent
> = (650 200) ps, tentativ ely attributed to triplet cortributions. Preliminary cal-
culations support the existenceof a side channeltrapping the moleculein a dark n
regionon S; from whereit candeca via intersystemcrossing.

Conical intersection seam. The isomerization of HTI is a typical example of an
ultrafast photoreaction proceedingon a picosecondtime scale. Its ES deca cannot
be explainedby meansof the avoided crossingmodel applying Fermi's goldenrule[72].
Furthermore, a radiative decay can be excluded asa major deca/ path to the GS due
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to the low uorescencequartum yield = 0:0003 (sec.3.1.1). It is therefore obvi-
ousto assumea Coln gated decgy model that managesto explain both the ultrafast
time scaleand the suppresseduorescence
Using the rules of thumb for predicting and optimizing Colns presened in sec. 2.2
and 2.3 a number of low-lying minimum energy Colns could be obtained systemat-
ically (sec. 2.4.2). Moreover, seweral of them could be connectedvia a low energy
Coln seam(sec. 2.4.3). With the knowledgeabout the energeticposition of the FC
points the accessibiliyy of the individual Colns can now be discussedn more detail.
Colnyr, Colngt , Colng; and Colng; lie above the FC limit (tab. 3.2). The strong
deformationsneededto courteract the mesomerice ect of the carbonyl group render
them inaccessiblérom the FC region. Thesefour Coln are not further considered.
Colns, Colns , Colna. and Colncyp are energeticallyaccessble from the FC point.
Of all four, Colng is the energetically highest one due to the sterically unfavorable
alignmen of the hemistilbeneand the hemithioindigo moieties. Colns lies about 0.5
eV below Colns . Colncyp is the global minimum. The energdic position of Colnac
is very sensitive to dynamic correlation e ects dueto the notable n  cortribution to
the ES wavefunction[183]. While SA-CASSCF(10,9)predicts energyin the range of
Colncyp ,, at MS-SR-CASPT2(14,13)level Coln,. liesin the range of Colns. Hence,
insu cien t description of dynamic correlation e ects falsely overestimatesthe weigh
of Colnac (and, hence of the seamregion around Colnae, g. 2.8)in the deca pro-
cessto the GS.

Perturbative treatment was applied to ched the relative energiesalong the seam

Figure 3.3.: SA-CASSCF(10,9),SA-CASSCF(14/13)and MS-SR-CASPT2(14/13)
energies(averaging over two states) for seleted points along the Coln seam
betweenColna. and Colng, plotted againstthe normalizedlength of the seamin
the full Cartesianspace.The blue and the greendots follow the CASSCF seam,
the brown dots follow the CASPT2 corrected seam.

betweenColns and Colnac (g. 2.8). At MS-SR-CASPT2(14,13)evel with averaging
over the lowest two states the dynamic correlation lifts the degeneracyup to max-
imally 0.5eV. Howewer, a MS-SR-CASPT2(14,13)san in the pyramidalization/tilt
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plane couldreduce the energygap to lessthan 0.1 e/ con rming the existenceof a
low-lying Colng/Coln 5. seamalsoat CASPT2 level. In g. 3.3the energeticpro le
of the seamat di erent levelsof theory is plotted againstthe normalizedlength of the
intrinsic seamcoordinate. Latter wasobtained by adding up the absolutedistancesin
spacebetweensubsequet points on the seam. Thereby, the absolute distanceswere
rescaledwith respect to the normalized distance betweenColna. and the next point
on the seam. The blue and the greendots in g. 3.3 follow the seamoptimized at
SA-CASSCF(10,9)evel, the brown dots follow the MS-SR-CASPT2(14/13)carected
geometries.When perturbativ e correctionis applied the region of pure character
(around Colng) is stabilized signi cantly and the seam attens. Comparison of the
energiesof the FC points (tab. 3.2) with the CASPT2 correctedColn seamindicates
that it is energeticallyaccessibleduring the photoreaction.

Oncethe Coln seamis readed the deca to the GS becomegpossible. Information
about the GS products, accessibldrom the tip of the Coln, can be obtained from a
rst order Taylor expansionin the BS around a Coln (sec. 1.2.3). Therefore,a scan
was performed on a circular grid around ead of the minimum energy Colns Colns,
Colnac and Colncyp - The resulting topologiesare preserted in g. 3.4. Optimization
from variousinitial points onthe GS PES around Colng led exclusiwely to Z-HTI. No
gradiert towards E-HTI emergedirectly from the Coln tip. Both E-HTI and Z-HTI
can be formed with equal probability from Coln,.. Both gradierts remain indistin-
guishableas they are overlapped by a large gradiert in the direction of increasing
C-Sdistance. For this reasonno preferenial formation of either isomerout of Colna,
is expected. For the sake of completenessthe possibleformation of a metastable
byproduct, cortaining an oxetenering is noted. Howeer its formation is unlikely due
to the tilted form of Colna.. The GS PES around Colncyp exhibits a pronounced
gradiert towards E-HTI. The possibleformation of a closedring chromenederivative
introducesa sidereaction. The chromeneis metastableand relaxesrapidly to E-HTI.
No Z-HTI formation is possiblefrom Colncyp. An important conclusionfrom the
aforemenioned analysisis that for neither of the two reactarts an exclusive decgy
to the correspnding product can be obsened from the accessiblaegionsof the IS.
Colns and Colncpp photostabilize Z-HTI and E-HTI, respectively. Neither isomeris
preferenially formed out of Colnac, in agreemen with the measuredquartum vyields
of lessthan 50%.
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3.1. Photoisomeization of hemithioindigo-hemistilbene

Figure 3.5.: Reactive coordinates for the Z-HTI/E-HTI isomeization. (left) Out-
of-plane torsion in the range[0°:36C]; (middle) Pyramidalization (showvn for a
torsional angle of 90°) in the range[-90°:90°]; (right) Tilt (shown for a torsional
angle of 90°and pyramidalization of 60A°) in the range [-90°:90°].

Relaxed scan on the excited state potential energy surface. The reactive coordi-
nates, suited to descrike the relaxation from the FC point to the energeticallyread-
able degeneracyregion, are torsion, pyramidalization and tilt (g. 3.5). Naturally,
these coordinates fu Il the resonane (torsion) and hetelosymmetry (pyramidaliza-
tion, tilt) conditions for Coln formation derived in sec. 2.2,

The torsion constitutes the main reaction coordinate, facilitating the isomeriza-
tion. The pyramidalization and the tilt gain in signi cance asthe Coln seamis ap-
proadied. Due to the heteroatomsinvolved in the Colns along the seam(sec. 2.4.2)
the tilt deformation is lesspronounced(g. 2.8 and tab. 3.2). Therefore, torsion
and pyramidalization were chosenfor a relaxed scanto obtain preliminary informa-
tion about potertial relaxation channelsfrom the FC regionto the seam. The scan
was performed at SA-CASSCF(10,9)/6-3LG level. The obtained PES, shavn in g.
3.6, is solely of qualitativ e nature as the fairly small basisset 6-31G has been used
and dynamic correlation e ects werenot considered.Another issuewasthe construc-
tion of the active space. CASSCF favors the n  state comparedto the state,
which leadsto an inverted energeticorder in the FC-region (tab. 3.2) and prevens
a balanceddescription at CASSCF level. Howewer, non-negligiblecortributions from
the n -con guration are responsiblefor the stabilization of Colna.. They make the
inclusion of the oxygen lone pair in the active spacenecessaryin the vicinity of the
seam. In principle the unbalanceddesciption of the electron correlation could be
remediedby CASPT2. Howeer, this is not a ordable for a two-dimensionalscan.
A consistert picture of the PES can be obtained on CASSCF level by excluding
the oxygen lone pair from the active spaceand afterwards rescalingthe energy of
the regionaround Colna to re ect the energeticposition obtained at CASPT2 level
(tab. 3.2). Selectedgeometrieson the two-dimensional PES were re-optimized at
SS-CASSCF(10,9)/6-31G*evel to assesshe quality of the scan.

Z! E potential enegy surfae. Optimization on the state inducesbond length

1For details on their congruction in HTI seeAppendix G
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Figure 3.6.: ESPESforthe Z$ E reactionobtained from a two-dimensionalrelaxed
scanin the region0°and 18C torsion and between 30°and 60°pyramidalization.
Two surfacesariseon the E-HTI sidebetween11(® and 170 torsion for di ere nt
residual deformations. The upper surfaceis optimized starting at the FC point,
the lower surfacestarting at Colncyp. Approximate ES reaction pathways are
derived from the topograpty of the PES (dashedwhite lines).

rearrangemets which drive the systemout of the FC region (FC, , 0° torsion, 0°
pyramidalization). Thereby, the certral C-C double bond is elongatedin response
to the partial promotion of electron density into the -orbital. The relaxed scan
suggeststhe existenceof a local minimum in the region around 20° torsion and 20°
pyramidalization. Unconstrainedoptimization yieldsalocal minimum at 29.4° torsion
and 13.1° pyramidalization (Min s;z, seetab. 3.2). It turns out, that pyramidalization
is initiated immediately after the FC point is left. Next, a transition state seard was
carried out in the regionaround 40° torsion and 20° pyramidalization. The transition
state (TSs;7) is shifted with respect to Mins;z to larger torsion (43.0°) and pyrami-
dalization angles(21.3). TSs;7 is characterizedby an imaginary frequencyof -43.73
cm 1, whoseeigervector activatesthe tilt and drivesthe systemtowards Colns. The
barrier height is calculatedto be lessthan 1.0 kJ/mol at CASSCF level and about
1.5kJ/mol at CASPT2 level. The two-dimensionalscanrevealsa secondpossibility
to read the seamin the surrounding of Colna. by badkward pyramidalization after
TSs17 is passed.Hence,two main relaxation pathways towards the seamare postu-
lated (denoted by white arrow in g. 3.6).

E! Z potential enegy surface. Optimization on the state inducesbond length
rearrangemets which drive the systemout of the FC region. The 180 torsion/0°
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3.1. Photoisomeization of hemithioindigo-hemistilbene

pyramidalization point coincideswith a local minimum on the E-HTI side (Min szg).

The relaxed scan suggestsa preferable initial pyramidalization of opposite sign as
comparedto the Z! E isomerizatian. Correspondingly, this deformation is expeded
to lead towards Colns , while Colns is inaccessiblefrom the E-HTI side. However,
dueto the unfavorable alignmert of the hemithioindigo and hemistilbenemoietiesat
Colng this Coln is destabilized notably (tab. 3.2). Its formation is possible, but
seemshighly unlikely. Hence,the relaxation channel through Colns was discarted
and the two-dimensionalscanwas restricted to the interval between-30° 30° pyra-
midalization, revealing a relaxation pathway towards Colna. (upper white arrow in
g. 3.6).

In sec.2.2it wasdiscussedhat E-HTI cortains a cyclizable CsO moiety which can
undergoan electrocyclic ring-closure. If Colncyp, the Coln assaiated with the cy-
clization, is taken as starting point for performing a relaxed two-dimenisonalscan
in the torsion/pyramidalization plane a broad energetically low lying valley (lower
surfacein g. 3.6) is found to characteize the S; PES. The existenceof multiple

solutions to the constrained optimization problem implies that further coordinates
(here an electrocyclic ring-closurecoordinate) are necessaryfor the unique construc-
tion of the E! Z surface. Newertheless,even in the reducedcoordinate spae of g.

3.6t is obvious that already at 10° torsion a rapid relaxation to the region around
Colncyp is feasible. This channelis assaiated with a low ES barrier, which renders
it easily accessibldrom the FC point (lower white arrow in g. 3.6).

3.1.3. Connecting theory and experiment

The results provided from experiment and theory demonstrate that the cis-trans iso-
merization of HTI concealsa complex reaction medanism, o ering se\eral deca
channelsthrough an extended,low lying, accessibleColn seam. As a schematic rep-
resenation g. 3.7 shows the energeticpro le of the ES reaction pathways. The
out-of-plane torsion as the main reaction coordinate is displayed in the transparert

plane connectingZ and E. The most left and right segmets of that plane visualize
the e ect of bond length rearrangemen in the planar structures. The elongation of
the central carbon-carbon bond was found to give the major initial energeticstabi-
lization. The diagonallight-gray plane, crossingthe torsional plane at 90°, conmbines
pyramidalization and tilt for a constan torsional angle of 90° 2 and cortains a pro-
jection of the Coln seamconnectingColns and Colns via Coln,. (red dashedline).

Basedon the argumerts derived for the optimized seamsegmen Colns/Coln 5. (pos-
itiv e pyramidalization, g. 2.8), the seamcan be readily extrapolated to the region
of Colng (negative pyramidalization). This extensionis expectedto lie energetically
high due to the unfavorable orientation of the fragmerts. In support of this spec-
ulation an intermediate geometry on the seamColng =»., Which is the analogueto

Colng-ac, Wasoptimized. It wasfoundto lie energetically above the E-HTI FC point.

2The tilt/p yramidalization plane lies orthogonal to the torsional plane. For a comprehasible
visualization, both planeswere drawn at an angle of 45A°.
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3. Molecular switches

Figure 3.7.. Sdematic represemation of the reaction pathways on the ES PES.
The out-of-planetorsionis symbolized by a transparen plane connectingZ and
E. The shadedplanessketch the e ect of bond length rearrangemen within the
planar geometries.The diagonallight-gray plane combinespyramidalization and
tilt for a constart torsional angle of 90° and cortains a projection of the Coln
seamconnecting Colns and Colng via Colna. (red dashedline). Both dark-
gray surfacesconnectingthe torsional plane and the Colns/Coln s seamplane
symbolize modesof cortrariwise pyramidalization and torsion.

Evolution from the FC regionsof Z-HTI and E-HTI is driven by pyramidalization
and torsion of opposite sign (see g. 3.6). This is indicated by the two dark-gray
surfacesconnectingthe torsional plane to the seamplane.

The Z! E reaction . After excitation of the Z-isomer the initial S;-relaxation
is dominated by rapid bond length rearrangemehy mainly of the central C-C double
bond, accompaniedy solvernt adjustment to the altered electran density distribution.
Both processe<ortribute to the experimertal signal. The reaction then proceels in
a at region of the ES where gradual redistribution of the energyinto torsion and
pyramidalization drivesthe moleculeinto the local minimum Mins;z. Evidence for
the existenceof sud a local minimum is provided by the detectedweak uorescence.
As the andthe dark n  states(tab. 3.1)in the FC region arenearly of the same
energy an additional relaxation pathway via a singlet (n )-triplet (  )-singlet ( ?)
cascadeis assumed. Both pathways cortribute to the reaction rate ko = 1= o with
o = (2.0 0:8) ps, obsened experimertally. From the absorption changesin the
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3.1. Photoisomeization of hemithioindigo-hemistilbene

Figure 3.8.: Rate model illustrating the photochemical behavior of HTI, basedon
the experimertal data (time constants, rates) and quarntum-chemically extracted
deca pathways, including the non-reactive and the possibletriplet channels.
The color code distinguishesbetweenprocessesssaiated with the di erent rate
constarts: processescortributing to the rate constart kg = 1= are marked
in red (Z! E) and yellow (E! Z), processesortributing to the rate constart
k, = 1=, are marked in blue (Z! E) and green (E! Z). The triplet-singlet-
triplet cascaderesponsible for the long time constart , = (650 250) ps on
the Z-HTI sideis coloredin cyan. The distribution in the individual channels
is estimated from the quartum yields .z and isc.. The rate constart ki of
the decgy towards the reactive Coln,. is assignedto the e ectiv e reaction rate
constarts for the Z! E (ke .e; z) and E! Z (Ke .z1 g) isomerization. The rate
constart k$HP of the deca towards Colngyp is assignedo the non-reactive rate
constarnt kyg.

rangeof the GS band at 425nm the yield s Of triplet formation is estimatedin the
order of the isomerizationyield .z, i.e. isc 23% This valueis deducedfrom the
obsenation that the amplitude of the blead recovery and the nal o set spectrum at
435nm (represeiing the photochemicalcorversionZ to E) aresimilar. Consequetly,
appraximately 77% of the moleculesproceedalong the singlet pathway.

The secondtime constart ; =(10 1) psis attributed to the overcoming of the
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shallov ES barrier and relaxing towards the seam. Two main relaxation channels
cortributing to the overall rate k; = 1=; were identi ed, a reactive dhannel medi-
ated by Colna. and a photostabilizing channel via Colns. Dynamic simulations are
indispensablefor recovering the population of the individual channels. Without this
information the experimental quartum yields are usedto estimate the distribution

and reconstiuct the time constarts of the individual relaxation processeg g. 3.8).
Thereby, following assumptionsare made: a) deactivation pathways through the re-
gionsaroundthe reactive Coln,. and the photostabilizing Colng are eat describ ed by
onee ectivetime constart giving the collective deca in this region;b) a 1:1 bifurca-
tion in the GSis assumedor the reactive seam segmert around Colnac, i.e. the exact
topology of the seamand e ects comingfrom momertum consenation are neglected,;
c) the regionin the vicinity of Colns is completely non-reactiwe, i.e. an insurmourt-

able GS barrier towards E-HTI is assumed;d) deactivation through uorescenceis
neglected.With the estimatedpopulation of the siglet state of 77%and the quantum

yield for the Z! E isomerization .z  23% the population distribution into the
reactive and non-reactive channelis estimated to be 46%(reactie):31%(nonreactie).
Basedon theseconsiderationsthe e ectiv e reaction rate Ke .z1 ¢ from Ming;z to the
E-isomercan be estimatedto beke .2y £ = 1=(16:8 1:6) ps ' (g. 3.8).

The E! Z reaction . The initial relaxation processfrom the FC point of E-HTI is
comparableto the oneon the Z-sideand leadsto the planar minimum Mins:e. There
are no experimertal indications of possibletriplet cortributions, i.e. 100% of the
moleculesproceedvia the singletrelaxation pathway. During the rst seweral hundred
femtoseconds( o = (260 80) ps) only bond relaxation takes place. Two pathways
emergefrom Ming;e. One proceedsprimarily along the torsion coordinate towards
Colnac. A seond one, involving the electrocyclic ring-closure of the CsO fragmert,
opensthe valley to Colncyp. The rst pathway is the photoreactive pathway and is
medanistically comparableto the onediscussedor the Z! E isomerization. Applying
the assumptionsoutlined above and consideringthat no Z-HTI can be formed after
relaxation through Colncyp the time constarts of the individual relaxation processes
are reconstructed(g. 3.8). Taking again the low quartum vyield of e  5:3%
as a basisonly 10:6% of all moleculesfollow this path. The remaining 8%:4% ewlve
along the secondpathway, the rapid non-reactive deactivation via Colncyp. With
the speci ¢ valuesfor ; the e ectivereactionrate ke .g; z for Z-HTI formation from
Mins;e can be determinedke g z = 1=5(113 3:7) ps ! (g. 3.8). This value which
is closeto the oneobtained for the reactive segmen of the Z!' E reactionand is much
slower than the direct non-reactive decy rate kyg ~ 1=5(1:3  0:4) ps ! via Colnchp
(g. 3.8). The obsened high rate of the non-reactive decyg is explained well by the
calculations. The two-dimensionalscan scarrevealsthat E-HTI can relax into the
Colncyp valley already at 10° torsion. The substartial di erences obsened for the
Z! EandE! Z reactionsfor time constarts and quartum yields can be explainedby
the existenceof an e cien t photostabilizing channd accessibleonly from E-HTI and
not to di erences in the isomeriation medanismitself.
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3.1. Photoisomeization of hemithioindigo-hemistilbene

3.1.4. Summary: charge transfer formation and charge balance
recovery mediated by heteroatoms drive the isomerization

Figure 3.9.. IdealizedESPESsegmehfrom FC; to the Coln seamwith eledrostatic
potertials for selectedpoints. The electrostatic potentials were projected on the
0.01electron bohr 2 isodensity surface. Regionswith high proton a nit y show
in red, regionswith low proton a nit y shaw in blue. For optimal cortrast ratio
a minimum value of 0:05 a.u. and a maximum value of 0:15 a.u. were used.
The chargetransfer state formed with increasingtorsion cannot be stabilized in
the gas-phaseand becomesa transition state on the ES.

The driving forcefor the isomerizationis the ux of electron density in the -system
of HTI. Upon excitation density is transfered from the lone pair of the sulfur into
the -systemof hemistilbene(g. 3.9, FC). This processweakensthe certal double
bond and activates torsion. The isomerizationis initiated. With ongoingtorsion a
continous decouplingof both sub-units is obsened until the delocalization of the -
orbitals breaksdown (g. 3.9,transition state). At the twisted geometrythe carbonyl
group causesthe stabilization of a charge transfer state with the frontier electrons
localized at the hemithioindigo. Yet, in gas-phaseand unpolar solverts the charge
transfer geometryis unstable and is not formed. Additional deformations,which lead
to the Coln seam(g. 3.9, Coln), restore charge balance. The Colns transfer badk
electrondensity to the hemistilbenevia the lone pairs of the heteroatoms. Therefore,
in gas-phaseand in unpolar solveris Colns and Colna. coincide with local minima
on the ES, i.e. the Coln seamcrosseshe ES MEP and allows for a fast relaxation to
the GS. The picture is expectedto changewhen polar solverts comeinto play.

In summary, the electrondensity ux is governed by the heteroatoms. They initiate
chargetransfer at the FC, thereby facilitating the isomerization, and restore charge
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neutrality at the seam. Their presenceopensnew possibilitiesto stabilize the reaction
pathway by adjustmert of the electrostatic interactions. On one hand, this new
diversity comesat the expenseof additional losschannels. In the preserned model
sudh a losschannel openson the sideof E-HTI and actsasa very e ¢ ient trap. On
the other hand, the new diversity allows for fast photochemical switching, even in
bulky systemssud asHTI. Slow skeletal deformations are replacedby fast charge
redistributions using substituert e ects in heterocycles.

3.2. Photoisomeriaztion of
tri uo romethyl-indolylfulgide

Figure 3.10.: Isomersof the tri uorometh yl-indolylfulgide. Notation refers to the
con guration of the 1,3-CHD/HT certral unit, C denotesclosed-,Z open-ring
con guration. In the open-ring structures ¢ = cis and t = trans descrike the
orientation of the functional groupswith respectto the singlebondsC,-C; in the
hexatrieneunit. Coordinatesrelevant for the subsequendiscussionare denoted:
the C;-Cg distance and the torsion anglesaround the C,-C; and around the
Cs-Cg bond.

The molecular system under study, tri uorometh yl-indolylfulgide, belongsto the
classof fulgides[73]. It existsin one closed-ringform denotedas C-form in g. 3.10
and several open-ring forms. Figure 3.10 shavs the Z-form (with respect to the ori-
enation of the functional groupsto double bond C3-C4), which existsin two stable
conformers,denotedas cZc- and tZc-form, indicating the di erent orientation of the
functional groups with respect to the single bond C,-C3 in the hexatriene subunit
(c = cis, t = trans). lllumination with visible light (g. 3.11)inducesthe electro-
cyclic ring-opening of the C-form. Only the cZc-form s cyclizable, the electrocyclic
ring-closureis initiated by UV light (g. 3.11). Further non-cyclizableopen-ring con-
formers(e.g. cEc, tEc, not shonn) are accessibldrom the Z-form. The isomerization
from and into the E-form is not addressedhe presen study asthe Z/E ratio in every
photostationary state was found to be lessthan 2%[184].

The ultrafast kinetics of ring-opening and closure have been investigated with
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Figure 3.11.. UV/Vis spectra of tri uorometh yl-indolylfulgide. The absorption of
the C-isomer (blue, dashed)and the photostationary state PS; (black, solid)
cortaining a mixture of the cZc- and tZc-isomers)are shovn for the non-polar
solert 1,4-dixane. The arrowsindicate the excitation wavelength ¢ in the time
resohed experimerts.

UV/Vis transiert absorption experimerts and time-resohed uorescencestudies[152,
153,185 200]. In the indolylfulgides and related indolylfulgimides the ring-opening
occurs with a reaction time in the range between2 and 20 ps and a quantum e -
ciency between0.1% and 50% depending on sampletemperature[152,196 198, 200].
The ring-closure proceedson a sub-picosecondime scale (0.2-0.5 ps) with quan-
tum yields between10% and 17% and is not in uenced by thermal or optical excess
energy[153,199]. These experimerts performed in the UV/Vis range have given
important information. Howewer, questionson the detailed molecularreaction med-
anism could not be answered. Time-resohed spectroscopy in the mid-IR ascomple-
mertary probe for structural and vibrational dynamicscan Il this gap. First time
resohed IR-probe experimerts on indolylfulgimides in the groundstateshave been
carried out by Braun and co-workers[63,201, 202].

In this work the dynamics of both the ring-opening and the ring-closure reaction
of tri uorome thyl-substituted indolylfulgide, dissolhed in tetradloroethylene, is ex-
plored by meansof time resolhed UV/Vis-pump IR-probe spectroscopy, characterizing
the reaction in the excited and in the ground state. The sensitivity of this spectro-
scopictechnique towards structural and vibrational dynamicswill allow to investigate
the interactions of the functional groupswith the photochromic core. A compaiison to
the previously studied indolylfulgimides will aid the designof photochromic switches
with tailored properties like high quantum yields[125,126, 193]. State-of-the-art ab
inito quantum chemical calculations (for details on the quantum-chemical methods
see Appendix J) resole the missing structural resolution at the atomic level and
permit the interpretation of the obsened time constarts in terms of electronic and
structural changes.
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stretch blead signalsand indicate that the photoinducedreadion is assaiated with
a substartial changein bond character of the CO groups on the malec anhydride.
Although a complex temporal ewlution of the transiernt signalsis obsened, relevant
time-scalesof the C! Z and Z! C readions can be identied. For both, the ring-
opening and the ring-closurereaction, transiert spectra recordedat a delay time of
50 ps agreewell with the scaled steady-state di ere nce spectra of the isomerically
pure C and Z isomers(g. 3.12a,d)For delay times larger than 50 ps the signals
remain constart (data not showvn). Thus, both the C! Z ring openingand the Z! C
ring-closurereactions are completed within 50 ps. At early delay times, beforeand
around time-zeroup to  0:4 ps, the dominart signal cortributions are due to per-
turb ed free induction deca and cross-phasenodulation[203, 204]. Furthermore, the
solert tetrachloroethylene shows signal cortributions up to 0.4 ps. Thus, the time
range cortaining information exclusively on the dynamics of the ring-opening and
ring-closure reaction lies between 0.4 and 50 ps. The obsewed absorption changes
can be classi ed into three groupsaccordingto their spectral signature: (i) recovery
and cooling of reactart GS (blue dashedlinesin g. 3.12b,e),(ii) deca of singletES
(red dashedlinesin g. 3.12b,e) (iii) formation and cooling of product states (black
dashedlinesin g. 3.12b,e).

(i) In the transient data one nds instantaneousbleading that recoverson a time
scaleof 20 ps. Bands of this category can be found at 1768cm ! and 1851
cm 1 for the ring-opening and at 1829cm ? for the ring-closurereaction. The
expected bleading signal around 1781cm ! for the ring-closure reaction could
not be recordeddue to technical reasons. All bands correspnd to the GS
absorption of the carbony! stretching vibrations. The blead recovery is accom-
panied by an induced absorption on the lower frequency side, which undergoes
a blue-shift of seweral waverumbers. This signature includesES relaxation and
hot GS formation[205, 206].

(i) Positive, instantaneousabsorption changesdecay predominartly on the 0.5 to
10 ps time scale. Bands of this category can be found around 1708cm * and
1785cm * for the ring-opening reaction and at 1723cm * and 1800cm ! for
the ring-closure reaction. These bands are assigneal to the asymmetric and
symmetric carbonyl vibrations of the electronically ES.

(i) The characteristic changesfor product formation following the deca/ of the ES
absorption bands (i) can be clearly obsened at 1785cm ! and 1831cm ? for
ring-opening and at 1764cm * and 1850cm ? for the ring opening reaction.
They shav a delayed rise conbined with a decay on the 10to 20 pstime scale
to match the o set value found in the steady state di erence spectra (solid line
in g. 3.12a,d).

A global analysisof the transient data using exponertial functions shaws that both
the ring-opening and the ring-closurereactionsproceedwith a complextemporal evo-
lution in the psrangewith deviationsfrom simple exponertial behavior. It hasto be
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1 2 3
(cm 1) (ps) (ps) (ps)
1851 (i) 2.9 17 1
1785(jii) 2.6 1
1708(ii) 2.9 1

Table 3.3.: Time constarts and amplitudes of the ring-openingreaction. Data have
beenanalysedby a sum of exponertial functions convoluted with the instrumen-
tal responsefunction. The Roman numbers in brackets refer to the category
assignmen described in the text

1 2 3 4

(cm b (ps) (ps) (ps) (ps)
1850 (iii) 0.7 11 1
1829(i) 0.5 24 1
1764 (iii) 0.5 3.9 24 1
1723(ii) 0.8 7.8 1
1555 0.5 23 1

Table 3.4.: Time constarts and amplitudes of the ring-closurereaction. Data have
beenanalysedby a sum of exponertial functions convoluted with the instrumen-
tal responsefunction. The Roman numbers in bradkets refer to the category
assignmen described in the text

notedthat the decg assaiated di erence spectraderivedfrom aglobal t usingasum
of exponertial functions partly compensateead other to mimic band shifts and thus
have to be interpreted with care. Thesedeviationsare due to cooling of vibrationally
hot moleailes[205].The transiert t racesof di ere nt spectral positions represemativ e
for GSrecovery, ES decg and product formation are depictedin gs. 3.13and 3.14.
Fits on the data at single selectedprobing wavelength using a sum of exponertials
are given as solid black lines. The resulting time constarts are summarizedin tabs.
3.3and 3.4.

Ring-opening (C! Z) kinetics Time transierts are givenin g. 3.13. At the posi-
tion of the GS absorptionat 1851cm ! instantaneousbleading is obsened (i). The
recovery of the blead signalscan be described by two time constarts of 2.9psand 17
ps (blue). At 1708cm ! the deca of the ES can be followed (ii). The deca can be
descriked by a singletime constart of 2.9 ps (red). Product formation is obsened at
1785cm ! together with the deca of the ES absorption (ii). The kinetics are well
reproducedby onetime constarts of 2.6 ps (black).

From the experimental data the following picture for the ring-opening reaction is ob-
tained. The initially ES deays with about 3 ps. With this time constart recovery
of the reactart GS via internal corversionand product formation is obsened. Cool-
ing of the hot reactant moleculesto the solvert surrounding occurswithin 10-20ps.
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Figure 3.13.: Transient data for the C! Z reaction at the indicated frequencies.
Fits on the data are given as solid lines with the color matching the respective
category of the underlying molecular process. The resulting time constarts are
summarizedin table 3.3.

These ndings are in line with recert UV/Vis transient absorption experimerts in
cyclohexane,where a time constart of 2.2 ps was found for the ES decgy and the
cooling was assoiated with a 7 ps time constart[196].

Ring-closure (Z! C) kinetics Time tracesare shovn in g. 3.14. The GS bleath
recovery at 1829cm ! (i) can be descriked by a fast 0.5 ps and a slower 24 ps time
constart (blue). At around1723cm ! one nds a spectrally broadinducedabsorption
that can be assigneal to the singlet ES (ii). In cortrast to the ring-opening reaction
the kinetics of the ES decay cannot be described mono-exmpnertially. A goad rep-
resenation of the decay can be obtained by using two time constarts of about 1 ps
and 8 ps (red). Similar time constarts are obsened for the time trace at 1850cm *
which represeis product formation together with GS recovery of the reactart (iii).

The product band at 1764cm * (iii) canbe modeded usingthree time constarts of 0.5
ps, 4 ps and 24 ps (black). Here the transient behavior is partly overlaid by signals
due to cooling of neighboring GS absorption bands.

The data can be interpreted with the following reaction scheme. After photoexcita-
tion a deca of the ES on a sub-picosecondand on a 10 ps time scaleis obsened.
Additionally, vibrational cooling of hot reactart GS moleculesoccaurs within 30 ps.
These ndings are comparableto the ring-closuredynamicsobsened in the UV/Vis

transiernt absoption experimerts of ref. [199]. The appearanceof the product state,
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Figure 3.14.: Transient data for the the Z! C reactionat the indicated frequencies.
Fits on the data are given as solid lines with the color matching the respective
category of the underlying molecular process. The resulting time constaris are
summarizedin Table 3.4.

obsenable at 1764cm ! and 1850cm !, cannot be clearly assignedto either the 0.5
or 10 ps time constart if only these bands are taken into account. To resole this
ambiguity the product band at 1555cm ! (outside the spectral rangeof g. 3.12e)
can be used. T his band doesnot overlap with the spectral signatures of the reactart

and can be describked by a fast 0.5 ps and a slower 24 ps time constart, con rming

product formation with the 0.5 ps time constart and subsequet cooling of the hot
product within 24 ps. The 10 ps time constart observed at other frequenciescannot
be clearly assignedto either of these processes.It will be discussedbelow in sec.
3.2.3.

88



3.2. Photoisomeiaztion of tri uorometh yl-indolylfulgide

Quantum vyields The quantum yield of the photo-reaction was determined by
comparingthe maximum bleadh amplitudes with the remaining absorption lossesat
delay times later than 50 ps. For the C! Z ring opening reaction it is estimated to

= 10%, while for the Z! C ring closurereaction = 20%,in goad agreemeh with
steady state measuremets in the visible spectral range[152,199].

3.2.2. Structural, electronic and vibrational analysis from
ab-initio calculations and vibrational spectra

The complextemporal ewlution of the transient spectral signaturesof the two C! Z
and Z! C together with the moderate quartum yields are a strong indication that
after excitation the fulgide ewlvesalonga complex ES PES with di erent competing
pathways. To obtain a medanistic insight into the nature of the ES and the struc-
tural deformationsinvolved in the ultrafast dynamics, ab initio quartum chemical
calculationshave beencarried out together with a vibrational analysisof the GS and
rst singlet ES.

Ground state geometries Three stable GS isomersare relevant for the subsequen
discussionof the ES dynamics, the closed-ringC-form and two open-ring forms tZc
andcZc(see g. 3.10). The C-formis planar, with a completelydelocalized -system.
The open-ring isomersare nearly isoenergeticand lie 0.26eV higher than the C-form.
Torsionaroundthe C2-C3singlebond (63.5° and 120.5 for cZcand tZc, respectively,
table 3.5) weakensthe conjugation in the I-system. As a consequenc¢he -orbitals
localize either at the indole or at the anhydride. Only the cZc-form is photochemi-
cally cyclizable.

Due to the sterical interactions of the methyl groupsat C; and Cg the C$ cZc elec-
trocyclic reaction proceedsin the GS via a conrotatory motion, cortrary to the WH
rules[95,96]. The resulting high activation barrier (C$ cZc: 1.95¢V, cZc$ C: 1.86
eV) makesthermal isomerizationpractically impossibleat room temperature. As the
cZc$ tZc isomerization proceedesalong a single bond torsion (g. 3.10) the barrier
assaiated therewith is only 0.33€V. Using the Eyring formula

k= KeTe o2, (3.1)

h
with kg, h and R the Boltzmann, Planck and ideal gasconstarisand G the Gibbs
free activation energyan isomerizationrate constart k = 107s ! is estimated, corre-
sponding to an isomerizationtime of seweral tens of ns. Thus, at room temperature
both open-ring forms exist in a thermal equilibrium. Their ratio is estimated using

Boltzmann distribution P
= g T (3.2)
Pizc

to 60%(cZc):40%(tZc). When the pump pulseis applied to a thermal equilibrium of
a cZc/tZc mixture only 60% of all open-ring fulgidesare in a cyclizable form.
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Excited state geometries The lowest excited electronicsinglet statesof C, cZcand
tZc are of -character. The transition is spectroscopicallyallowed, with an osdl-
lator strength of approximately 0.10. The theoreticdly predicted excitation energies
( Eg,s, in tab. 3.5) arein a fair agreemen with the experimentally determinedab-
sorption maxima of 2.20eV (C-form) and 2.98eV (Z-form)[199]. The overestimation
of the blue shift by approximately 0.65eV is attributed to the limited basissetand
the omissionof solvent e ects in the gas-phasealculations. The ES permanen dipole
momerts are larger by a factor of 2 comparedto the GS dipole momerts. The solvert
tetrachloroethylene is expected to lower the excitation energy The bathochromic
shift of the closed-ringisomerabsorption is attributed to the intact -system. Both
open-ring isomersabsorb at the samewavelength, which rendersthem spectroscopi-
cally indistinguishable.

Optimization on the spectroscopicallyaccessiblerst ES from the C-form corverges
to a local minimum (Min¢) lying approx. 0.5eV belown the FC point (  Eg, in tab.
3.5). It isreadablesolelyby bond length rearrangemets (partial doublebond/single
bond inversion) in the aromatic sysem. Noticeableis the asymmetric changeof the
C4=5-C= 0y bond lengthsin the anhydride, as well as the re-hybridization of the ni-
trogen from sp® to sp? (tab. 3.5).

Optimization on the spectroscopicallyaccessiblerst ES from the open-ring cZc-and
tZc-forms yields local minima (Min .z and Min.) with more pronouncedstructural
changesand a stabilization of 0.5-0.6eV with respect to the asswiated FC points
( Es, intab. 3.5. Bond rearrangemets in the -systemare now accompaniedby
torsion around the C,-C3 bond (g. 3.10). For cZc the torsional angle increasesby
approx 10° to 74°, while for tZc it decreasedy approx. 15° to 106°. The vertical
energygapsat Mingz. and Ming. ( Esg,s, in tab. 3.5) indicate that the uorescence
bandsoverlap.

Remarkably, the ES gradient accelerateghe cyclizable cZc-fom towards increasing
torsion around the C,-C3 bond, and, thus, towards further ring-opening, rather than
alongthe ring closurecoordinate. However, this gradiert is very sensitive to the an-
gle betweenthe indole and the anhydride. Starting from a slightly lesstwisted initial
geometrya barrierlesspathway alongthe ring-closurecoordinate towards a low-lying
Coln Colnc=cz is encourtered, which facilitates fast radiationlessdecg to the GS.
Its geometryis shovn in g. 3.17,top.
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3.2. Photoisomeiaztion of tri uorometh yl-indolylfulgide

comparisonof the electrastatic potentials of the GS equilibrium geometriesto the po-
tentials of the ESintermediates(g. 3.15)demonstratesthis chargetransfer from the
indole to the anhydride. Remakably, the asymmetric shortening of the C4-5-C(- o)
and N-C bonds (table 3.5), identied asan essetial prerequisitefor Coln formation
(sec.2.4.4),isinitiated simultaneously Thus,the systemfeelsan ES gradiert towards
the Colnsalreadyin the FC-region. The calculatedelectrostatic potentials (g. 3.15)
indicate that the carbonyl groups are suitable markers to track charge uctuation,
as the IR-bands assaiated with CO stretching vibrations are well separatedfrom
the remaining signal. The increaseof the chargedensity in the carbonyl bondsupon
excitation will induce a bathochromic shift in the IR-signal of the ES intermediates,
an indicator for the chargetransfer formation. To verify the chargetransfer character
in the FC-region of the closed-ringand open-ring isomes, ES vibrational spectra,
extracted from the transient data and calculated with quantum chemical methods,
were comparedagainst ead other and to the steady-statespectra of the GS.

The extraction of ES vibrational spectra from the transiert absorption data follows
a procedure similar to that described in ref. [207]. The analysis of the temporal
ewlution of the absorption changes(sec. 3.2.1) shaws that the transient signal at
early delay times (about 0.5 ps) consigs predominartly of the negative GS bleach
and the induced ES absorption of the reactart. Signalcortributions from (hot) prod-
uct moleculescan be neglected. The sum of the transient absorption spectrum at 0.5
ps and the scaledsteady-stateGS absorption spectrum was calculatedto remove the
cortributions from the GS bleat and to reconstructthe IR-spectrum. Furthermore,
it was veri ed that the obtained absorption bands shav a transiert decay behavior
with time constarts of the ES lifetimes (group (ii) signals,sec.3.2.1). Sewen absorp-
tion bandscaould be iderti ed for the excited C-form (1785,1708, 1440, 1390, 1340,
1265,1195cm 1) and the cZc/t Zc-mixture (1800, 1723, 1515, 1470, 1385, 124K195
cm 1), respectively. The spectral positions and intensities were determined by a t
to a sum of Lorentzians with a width of 5 cm . The results are shavn in g. 3.16¢
and d asblack traces.

CASSCF normal mode analysis were carried out for the GS and ES minima of C,
cZc and tZc isomersand the calculated intensitieswere corvoluted with Lorentzians
with againa width of 5 cm . The spectra are shavn in g. 3.16as coloredtraces.

Normal modesin the region from 1150cm ! to 1950cm ! are provided in the sup-
plemenary information. The peaksat 1708cm 1, 1785cm 1, 1723cm ! and 1800
cm ! canbe con dently assignedo the symmetric and antisymmetric CO stretching
modes of the closed-and open-ring forms in the ES, respectively. Both the scaled
calculatedspectra and the experimental data shav the bathochromic shift of the CO
bandscausedby the chargetransfer. The shift is indicated by the coloredareasin g.
3.16. An unambiguousassignmen of the remaining peaksis not possibledue to the
high density of modesin the spectral regionbetween1200cm ! and 1400cm *, how-
ewver, somegeneralfeaturescan be iderti ed. Stretching vibrations of bonds, having
a double bond characterin the GS are red-shifted from 1450-550cm ! to 1250-1450
cm ! due to double bond / single bond rearrangemen (bathochromic shift in tab.
3.6). Stretching vibrations of bondsthat have acquiredpartial double bond character
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3. Molecular switches

Figure 3.16.: Comparisonbetweenexperimertally obtained and calculated GS and
ES vibrational spectra for the C-form (a,c) and the cZc/tZc-forms (b,d). Exper-
imental ES spectra (c,d) are extracted from the transient absomption data at 0.5
ps delay time accordingto a proceduresimilar to that described in [207] (black
traces). Theoretical spectra are obtained from a frequencyanalysisat the local
minima in the ES Minc, Minz. and Miny (color traces). Calculations were
performedat SS-CASSCF(14/13)level with a scalingfactor of 0.86.

exhibit a blue shift (hypsachromic shift in tab. 3.6). The red and blue shifts are again
a consequencef the charge transfer. Similar vibrational bands are obsened in the
measuredES vibrational spectra.

Conical intersections To obtain rst information about potertially accessiblgrod-
ucts from the Coln, a two dimensionalscanaround Colnc=z. in the branching plane
was performed (g. 3.17)[208,209]. Following the gradiert in the GS revealed
that Colnc=.z. facilitates the electrocyclic isomerizationin both directions. In fact
Colnc=cz is a point on an extended low-energy ES/GS degeneracyregion, known as
Coln seam. The location and analysisof this seamis of vital importance for decipher-
ing the ultrafast dynamicsof fulgides. In sec.2.4.4a low-lying Coln seam,spreading
from the closed-ringto the open-ring side, was reported for the related compound
tri uorometh yl-pyrrolylfulgide. Although the indole was replacedby a pyrrole, this
substitution doesnot in uence the topograpty of the seam,asit is determined by the
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spectral C-form
shift S bond S bond
1840 CO(s) 1785 CO(s)
1773 CO(a) 1713 CO(a)
bathochromic | 1530 C,-C3,C4-Cs (s) 1448 C4-Cs
1497 C,-C3,C4-Cs (a) 1266 C,-Cs3
1488 indole 1355 indole
hypsochromic | 1308 C;-Cy 1329 C;3-C4
spectral cZc-form
shift S bond S bond
1832 CO(s) 1790 CO(s)
1770 CO(a) 1731 CO(a)
bathochromic 1544 Cs-Cq 1330 Cs-Cq
1516 Cs-Cy 1426 Cs-Cy
1495/1469 indole,C-C, 1321 C:-C,
hypSOChromiC 1208 C4-Cs5,C5-C-o 1232 C4-C5,C5-C-9o
spectral tZc-form
shift S bond S bond
1831 CO(s) 1787 CO(s)
1770 CO(a) 1730 CO(a)
bathochromic 1546 Cs5-Cg 1344 Cs5-Cg
1517 C3-C4 1428 Cs-C,
1486/1465 indole,C,-C, 1330 C:-C,
hypsochromic 1207 C4-C5,C5-Coo 1227 C4-Cs5,C5-C-o

Table 3.6.: Assignmen of bandsin the calculated ES IR-spectra to bands of the
GS IR-spectra for C-, cZc- and tZc-fulgide. Bonds from the aromatic system
with signi cant cortributions to the normal mode assaiated with ead band are
listed. Bands are sorted accordingto their spectral shift.

interactions of the 1,3-CHD/cZc-HT corewith the anhydride group and the nitrogen
lone pair (seesec. 2.3). Correspndingly, the results from the pyrrolylfulgide seam
canbe usedto locate critical geometies for the indolylfulgide. Colnc=.z. is the coun-
terpart of Colng in the indolylfulgide system(tab. 2.4). Next, the role of the seamis
elucidated by focusing on the energeticand structural characteristics of two further
Colns from the indolylfulgide seam,onein the closed-ringregion (the courterpart to
Colng in the pyrrolylfulgide system,tab. 2.4) and onein the open-ring region (the
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courterpart to Colnp in the pyrrolylfulgide system,tab. 2.4).

Colnc (g. 3.17,middle) is characterizedby a pronouncedtwist of the C,-C3; bond

and an initiated cleavageof the C;-C¢ -bond (1.79 A, tab. 3.5). Its geoméry can
be rationalized with the rules of thumb derived in sec 2.2. It is an example of a
strongly polar ethylene derivative[61] (C,-C3 fragmert) functionalized with an elec-
tron withdrawing (anhydride) and an electron donating (nitrogen lone pair) group.
As for other strongly polar ethylene derivatives degeneracywith the GS is readed
only for a signi cantly large torsional angle. The structure and gradierts indicate
that Colnc doesnot mediate the electrocyclic reaction betweenthe C- and the cZc-
form. Indeed, even though the C;-C¢ -bond is elongatedby 0.16 Acomparedto the
GS closed-ringgeometry a scanin the branching plane revealsthat Colnc permits a
barrierlessrelaxation only to the C-form (g. 3.17,middle).
A similar constellation is found at the open-ring side, where Coln.z.z. could be lo-
cated (gig. 3.17, bottom). It also exhibits a pronouncedtwist of the C,-C; bond,
this time accompaniedby a complete cleavage of the C,;-Cs -bond (3.01 A, tab.
3.5). Another structural feature of Colngz.=z¢ is the large twist of the Cs-Cg bond.
This structure can be rationalized as a weakly polar ethylene derivative (Cs-Cg frag-
mert) with an electronwithdrawing carbonyl group conjugatedto Cs. The nitrogen
lone pair is structurally decoupledand not conjugated to the ethylene fragmert.
The insu cien t ES stabilization via functionalization requiresadditional geometrical
deformationsto read a Coln lie the shortening of the C,-Cg distance. The geomet-
rical deformations shift Colngz.=zc energetically above Colnc=.zc and Colnc. The
topographic analysis(g. 3.17, bottom) revealsthat Colng=. facilitates a radia-
tionlesscZd$ tZc isomerizationvia a conbined motion of torsion around the C,-Cs
and the Cs5-C¢ bonds and shortening of the C,-Cq distance, accompaniedby bond
rearrangemets in the -system. Ring-closurecannot be initiated from this Coln.
For comparisonthe thermal cZc$ tZc isomerizationis carried out solely by torsion
around the C,-C3 bond. As a consequencéhe thermal and photochemicalisomeriza-
tion (via TScze=tzc and Colngze=zc, g. 3.18)result in di erent conformersin the GS
with respect to the substituerts at Cs. Thus, labeling one of the methyl groupscan
be utilized to con rm the passagehrough Coln.z.-z. UpoOn photoexcitation.

3.2.3. Reaction mechanism

Basedon the spectroscopicaland theoretical ndings a detailed medanism for the
ring-opening and closuredynamicsis proposed,which explain the obsened quantum
yields and helpsto assignthe extracted time constarts (g. 3.18).

Ring-opening (C! Z) Excitation at 560 nm populatesthe bright rst ES. In-
stantaneousrelaxation from the FC-region, dominated by bond rearrangemets in
the -system,occurswithin the rst 100fs and drivesthe systeminto a local min-
imum Minc with an intact C;-Cs -bond. This fast initial processis below the
time resolution of the experiment. Howewer, evidencefor the population of an in-
termediate in the ES on a sub-picosecondcaleis provided by time-resoled UV/ Vis
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Figure 3.17.. Coln topologiesof Colnc=cz, Colnc, Colncz=z. With assaiated GS
products.
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is assumedfor the reactive seamsegmen around Colnc=cz, i.€. the exact topology
of the seamand e ects coming from momertum consenation are neglected;c) the
regionin the vicinity of Colnc is completely nonreactive, i.e. an insurmourtable GS
barrier towards cZc is assumed;d) deactivation through uo rescences neglected.
Using the quantum vyield for the ring-opening = 10% a population distribution of
20%:80%into the reactive and nonreactive diannelsis estimated. Consequetly, a
ratio betweenthe time constarts ¢, ¢z for the reactive and 4eact for the stabilizing
photoprocesse®f 4:1 is obtained. Using this relation and an e ectiv e time constart
, of about 3.0 psin the rate equation

R (3.3)

1 i

wherethe sumruns over the individual processesthe time constans ¢ ¢zc and geact
are calculatedto be 15.0ps and 3.8 ps, respectively.

The presenceof an intermediate MinC preverts the C-form from immediately read-
ing Colnc=z. and providesthe necessarjtime window for energyredistribution into
modes, which drive the systemtowards the nonreactive region on the seam. Analysis
of experimental data from the temperature dependenceof the ring-opening reaction
point in the samedirection[197,198].

Ring-closure (Z! C) At room temperature about 60% of the open-ring molecules
existin the cyclizablecZc-form,while 40%arein the tZc-form. The mixture is excited
at 420nm to the rst bright ESof  -character. Two competing processe®ccur in

the FC-regionof the cZc-isomer.A barrierlessrelaxation towards Colnc=¢z. facilitates

the ring-closure,the main readion path, with a time constart .z c. The recorded
short time constart ; = 0.5-0.8psis assighedo .za c.

Concurrert torsional motion around the C,-C3 bond drivesthe systemto the local

minimum Min¢z.. From the non-cyclizabletZc-isomera correspndinglocal minimum

Ming. can be readhed. The longertime constart , = 3.9-11.0ps is attributed to

the passagdrom the intermediate minima Minz. and Min to the GS of both open
forms passingthrough Coln..«z. and the closedby sean segmeh connecing to

Colnc=cz. (g. 3.19). Photoisomerization betweenthe cZc- and the tZc-forms occurs
exclusiwely by this process.

In summary, the ring-closureof the cZc-formproceedson a sub-picosecondime scale,
therehy being an order of magnitude faster than the ring-opening. The ring-closure
is very e cien t asthe systemhasno time to redistribute the energyand follows the

gradient on the excited surfacein a ballistic fashion towards Colnc=.z.. From the

ring-closurequatum yield of 20%and the 1:1 product distribution out of Colng=z it

follows that two of ewvery three moleculesin the cyclizable cZc-form follow the ring-

closurecoordinate. The moderate quantum yield is attributed to the high percenage
of non-cyclizabletZc moleculesin the initial equilibrium mixture.
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Figure 3.19.. Ground state product accessibiliy from the Coln seam,plotted in
the coordinate spaceof the C;-Cgs bond and the torsional anglesaround the
C,-C; and the Cs5-Cq bonds. The region around Colnc facilitates a relaxation
solelyto the C-form (red dashedlines). The regionaround Coln.z.z. facilitates
a relaxation solely to the cZc-form (blue dashedlines). In the region around
Colnc=z. (greensolid line) both channelscan be accessed.

3.2.4. Summary: ultrafast photoreactivity at the expense of
selectivity

From ajoint experimertal-theoretical study important information is obtained on the
photoinduced ring-opening/closure of tri uorometh yl-indolylfulgide. Time resohed
IR measuremets provide mode-sgeci ¢ dynamics on the few picosecondtime scale
which can be related to ES and GS processesQuantum chemical calaulations reveal
a complex potential energylandscape in the excited electronic state with pathways
for ring-opening and closurereactionsas well asfor competing side-reactionssud as
internal conversionto local minimia and the GS.

The existenceand the spectral signaturesof an additional time constart found dur-
ing the ring-closure reaction and the molecular modeling cornvincingly shows that
the ensemble of open-ring fulgides cortains conformers(tZc) which cannot undergo
cyclization and react via internal corversion badk to the GS within about 10 ps.
The cyclizable cZc conformes react much faster on the 500 fs time scalevia the
Colnc=czc. The existenceof two conformersalso answersthe long standing question,
whether ring-opening and ring-closureoccur via a commoncColn. It hasbeenargued
that both reactions proceedvia di erent Colns asthe quantum yields do not sumup
to 100%[199.210]. The presen study indicatesthat both the ring-closureof the cy-
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clizable conformerand the ring-opening proceedin the vicinity of the Colng=cz. with
high yield. The lossin reaction yield is due to the bifurcation at Colnc during ring-
opening and to the presence of the non-reactive conformerstZc upon ring-closure.
Furthermore, this study shedslight on the eectronic nature of the ultrafast photore-
activity of fulgides. Upon photoexcitation a charge transfer from the indole to the
anhydride is initiated alreadyin the FC region. This facilitates bond rearrangemets
and drivesthe systemtowards reactive and non-reactive regionson the energetically
low-lying Coln sean. Since the functionalization pattern of the fulgide may stabilize
the charge transfer state in certain geometricalarrangemens, substitution may be
usedto tune and optimize the photochemical properties. With the acquired knowl-
edgeit should becomepossibleto dewelop strategiesfor the selectiwe stabilization of
regionson the Coln seamand for the suppressionof undesiredside-reactons. This
can be done by introducing sterical constraints to prevent torsion about the C,-C;
bond, but alsoby newfunctionalization patterns, which aim at stabilizing Colnc=cz.
Then, selectivity can be signi cantly enhancedwithout sacrifying speed. The rules
derived in secs. 2.2 and 2.3 provide a systematicway to pursuethis ultimate goal.
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4. Mixed guantum-classical dynamics

The previouschaptersprovided a deepinsight into the quantum chemicaltreatment of
photoreactive molecularsystems.Usingthe information provided by stationary quan-
tum chemical calculations (i.e. electronic structure and geometries,MEPs, analysis
of their curvature) reaction medanismswere formulated and experimertal ndings
could be rationalized. Howeer, these reaction medanismsapply only to slow re-
actions, where the system can dissipate the excessenergyto the ervironment and
follows closelythe MEP. At room temperature or when a high amourt of energyis
pumped into the systemby an intenseultrashort laser pulsethe systan may deviate
strongly from the stationary path and a dynamical treatment is indispensable. Dy-
namical simulations consder momertum consenation in active modes which drive
the systemtowards non-stationary regionson the PES. This chapter setsthe focus
on the dynamicsat the Coln seam,i.e. the region on the PES, which mediatesthe
ultrafast relaxation to a lower state. As the seamdoes not constitute a stationary
point on the PES its accessibiliy is a question, which can be addressedonly by dy-
namical calculations.

The fundamertal formula of quartum dynamicsis the time dependen Scrédinger

equation:
@ R _
@

A wavefunction ansatz for solving eq. 4.1 performs an expansionof the total wave-
function in the completebasisof electronic states:

B ( r;R;1): (4.1)

X
(KR = (Rit) &(r;R); (4.2)
i
with ; the time-dependert nuclear wavefunctions. Inserting eq. 4.2 into eq. 4.1,
multiplying with ; and integrating over the electonic coordinates gives:
!
@ X D E X 1D E
|6: | e s+ v + je' frue el . je'r el p ii (4.3)
|
So far no appraximation has beenintroduced. Quartum dynamical treatmert is
the only rigorous approad for solving the equation. It accours for all quantum
medanical phenomenawithout performing any approximations. Solution requires
the precomputation of certain quartities like multidimensional potentials for all states
of interest and nonadiabatic couplingsbetweenthem. The e ort salesexponertially
with the size of the system, which makes quantum dynamics very demanding[211].
Di erent appraximation schemeshave beenproposedto deal with the complexity of
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eg. 4.3. Mixed quarntum-classicaldynamics enbrace a classicallimit for the nuclear
degreesof freedom while treating the electronc degreesof freedomon a quantum
medanical level along the classicalpath of the nuclei.

4.1. Mixed quantum-classical dynamics

Depending on the choice of formulation of the quantum dynamical problem and the
way the classicallimit is readied one di erentiates betweenEhrenfest[2L2, 213] and
surfacehopping[66, 214, 215](both arising from a wavefunction formulation to eq.
4.3), quantum-classical Liouville[216] (arising at the classicallimit of the Liouville
equation), Pediukas'[217](path-integral formulation), Bohmian[218,219] (hydrody-
namical formulation) dynamics, etc. In this sectionthe Ehrenfestand surfacehopping
approadesare preserted. The disaussion follows the derivation outlined in ref. [65].
Basedon eq. 4.3 the necessaryapproximations are introducedand their signi cance
is discussed.

1. Neglect of the secondderivative of the nuclearwavefunctionsT . j with resped
to the nuclearcoordinates. This term is responsiblefor the spatial correlation of
a wavepadet at a certain time. Neglectingthis correlation allows for treating
the dynamics of a wavepadket by a swarm of independen trajactories. This
appoximation localizesthe wavepadet ertirely at a classicaltrajectory path R:

i=a®;(R R (4.4)

where (R R)!is a pealed function certered at ead trajectory coordinate
R.

2. Neglect of the secondderivagi(v%of the electlléonicwavefunctions je' with respect
to the nuclear coordinates J-e' Thve ie' . This term a ects the transition

probability between states iI and j. Normally, it is small and its neglectis
justi ed.

Thus, neglectingthe rst and third term on the RHS of eq. 4.3, inserting the
expression4.4, multiplying from left with . and integrating over the nuclear
coordinatesleadsto

i

@) _x D E D :
|@]@g) - pVig oo b Ry e a(t); (4.5)
wherethe short-hand notations
X D E Xor
F‘ij = jel r iel and ¢ = | mi (46)

were introduced.

'From here on the dependencyof ; on the nuclear coordinatesis not denoted explicitly .
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4.1. Mixed quantum-classicaldynamics

3. Classcal limit for the momertum operator. The non-local quarntum medanical
velocity operator is substitued by a classicalvelocity function

¢ ¥ (R); 4.7)
which introducesa small error to the transition probability.

4. Saddle-point approximation[220]. The local nature of the classical nuclear
wavepadket (eq. 4.4) allowsto appraximate the integralsin eq. 4.5 by applying
rst-order saddlepoint appraximation

D E D - o - o fO((ﬁ) ! E
TR = 0 TR+R RIR+R R+
D E

i j F(R);

(4.8)

thereby requiring the knowledgeof f (R) only at the maximum of the product
of both peaked functions ; and ; ewlving on di erent PES, i.e. at the certer
of the trajectory coordinate R.

5. A unity overlap of the nuclear wavefunctions. The assumptionthat the overlap
betweenclassicalnuclear wavepadets ewlving on di erent PES is unit

D E
i =1 (49)

implies that they are always correlated and no quantum decoherencecan
occur[221,222].

Applying the above approximations to eq. 4.5 givesthe nal expressionfor the

ewlution of the expansioncoe cien ts ¢ (t)

GO vy iR ve): (4.10)
@ |
4.1.1. Mean eld approach
Using the Ehrenfesttheorem[223]

— = [GH] + = ; (4.11)

which establishesthe correspndencebetween quantum and classicaldynamics one
can obtain the Newton's equation of motion for the certer of the wavepadet

D E

2 d D E
ddi = dpt = r He  =F: (4.12)
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4. Mixed quartum-classicaldynamics

Using the expansions4.2 and 4.4 the force acting on the nuclei canbe expresseds
X X
F = G Vi+ ac (Vi V)Fy, : (4.13)
J [
Eg. 4.10and 4.13de ne the Ehrenfestor mean- eld method[213]. Herethe ewlution
of the classicalwavepadet occurson anaveragePES. The unity overlap assumption
does not allow wavepadkets ewlving on dier ent PES to decohereeven in regions
wherethe non-adiabatic coupling is small and the quantum wavepadets would travel
independerily on ead surface. Thus, the mean- eld approch performsgoad only in
regionsof large coupling.

4.1.2. Surface hopping approach

Surfacehopping is a related method which aims at recovering the decoherenceHere
a trajectory ewlves at ead instancein time on a single adiabatic PES, although,
accordingto eq. 4.10there is non-zeropopulation in eat state. The force is then
given by the gradiert of a single surface

F=r V: (4.14)

To accoun for the non-adiabaticity the classicalwavepadet is allowed to instantly
changethe surfaceit is ewlving on, an ewernt called a surfacehop. The decision
whether a hop will occur or not is taken stochastically after calculating the popu-
lation on ead state a; = ¢ ¢ accordingto eq. 4.10. There are multiple ways to
determine whether a hop should occur. The most simple approad forcesa hop as
soon asthe population of a certain state exceedsa prede ned threshold[44]. Another
approad relieson the evaluation of Landau-Zener transition probabilities[224,225].
The probably most popular formulation is the "fewestswitches"approad by Tully[66].
During a time step the changeof population of a particular state j is expresseds
X X
& = Pt P (4.15)
1 I

with p;, i the transition probability from state j to statei. Accordingto eq. 4.15 at
ewvery time step there is non-zeo probability for population transfer from j to i and
badkwards. Tully's ansatzlooks for the fewest number of switchesto set up the nal
population in all statesat the end of the time step. Naturally, this can be acieved
if population transfer is allowed in only one direction. This assumptionimplies that
either oneof the sumson the right hand sideof eq. 4.15is kept, dependingon whether
the population in state j increasesor decreasesFor a two-state casethe transition
probability is given by the expression

Gi= 4.16
B 3 (4.16)
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4.1. Mixed quantum-classicaldynamics

By introducingasu cien tly shorttime step t for which the changeof the population
a; canbe approximated via a rst order Taylor expansion

a; = % t (4.17)
and usingeq. 4.10the nal expressionfor the "fewest switches"transition probability
is obtained as
2< (all )F}j ¥

aj t

The preserted approad can be extendedto more than two electronic states.
A hop canoccur at any instancein time if two conditionsareful lled. The transition
probability to a certain state must be higher in magnitude than a randomly chosen
number in the [0,1] interval and the total energy of the system must be consened.
To achieve energy consenation the velocity of the system needsto be readjusted
to compensatethe instant changein the potertial energy Usually, the adjustmert
is performed along the non-adiabatic vector Fj [226], however adjustmert along the
energydi erence gradiert or alongthe velocity vector itself can be applied. A hop to
a higher PESis rejeded if the velocity reduction is higher than the componert of the
velocity in direction of Fj [227], although eq. 4.10 suggestsan electronic transition.
Theseclassicallyforbidden electronictransitions are the result of the de ciency of the
classicaldescription of a quantum medanical property asthe non-adiabaticity.

The quality of the surfacehopping approad is re ected in its ability to reproduce
the averagedoccupation g (t) of state j at time t (quantum medanical quartit y)

(4.18)

Pivi=

P
G ?
g ()= ——— 50 (4.19)
Ntot
by the fraction of trajectories N; (t) ewlving on state j (classicalquartit y)
fi(t) = N‘—(t) (4.20)
Ntot

With increasingnumber of classicallyforbidden transitions the quality deteriorates.
In mixed quantum-classicaldynamicsthereis no rigorousway to surpasshis problem.
The simplestsolution is to just ignore forbidden hops, although other suggestiondike
reversingthe velocity component in the direction of the non-adiabatic coupling have
beenproposed.

4.1.3. Integration the Newton's equation

The integration of the Newton's equation of motion 4.12is performedwith the Ve-
locity Verlet algorithm[228]. This is a modi ed versionof the Verlet algorithm which
allowsto calculateboth position and velocity in ead time step of a classicaldynamics
simulation. As elucidatedin the previoussectionthe velocity is required for calculat-
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4. Mixed quartum-classicaldynamics

ing the transition probability p;, i (eq. 4.18) and for monitoring the conseration of
total energyduring surfaceswitching. The Velocity Verlet algorithm hasan accuracy
of the order of t2 for positions and velocities. The position R(t + t) and velocity
¥(t+ t) are expandedin Taylor series,truncated to secondorder

R(t+ t)=R(t)+w(t) t+ ;a(t) t2+ O( t3) (4.219

Wt+ 1) = W)+ alt) t+ ;]'“(t) 24 0( t9): (4.21b)

with velocity ¥(t), accelerationa(t) and jerk J(t) the rst, secondand third derivative
with respect to the nuclear position at time t, respectively. Next, the jerk at time t
is expressendn a forward di erence approximation via the accelerationsat times t
andt+ t

T(t) = lt at+ t) alt)+ O( t?) : (4.22)
Inserting eq. 4.22into eq. 4.21bgives

alt+ t)+at)
2

Eq. 4.21aand 4.23are the working equationsin the Velocity Verlet algorithm. Start-
ing at position R at time t rst the new position R(t + t) is obtained using eq.
4.21a.At R(t+ t) the newaccelerationis calculatedusing eq. 4.14. It is then used
to calculatethe velocity at R(t + t) via eq. 4.23.

w(t+ t) = w(t)+ t+ O( t3): (4.23)

4.1.4. Sampling of initial conditions

An important factor in the quasiclassicalynamicsis the de nition of the initial con-
ditions for the swarm of trajectories. One neadsto correctly accourt for the distribu-
tion of the GSwavepadet in phasespace.Wigner's quasi-probability distribution[229]
providesthe probability distribution for a quantum medanical wavefunctionin phase
spaceand encales all expectation values. Phasespacedistribution is given by the
Wigner distribution function

z .
PuGP) = @ ) 1 (a+3) (@ )exp(Zsp)ds: (4.24)

It canbe shawn that this represemation givesa correct expressiorfor the probability

of a quarntum medanical wavefunction in phasespace.

Asumming a quadratic appraximation for the GS potertial the GS wavefunction ()

can be spannedin the basisof eigenfunctions (g) of the 3N 6 one-dimensional
harmonic oscillatorsalong the normal modesq, ::: gy 6 With reducedmasses ; and
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4.1. Mixed quantum-classicaldynamics

harmonic frequencied ;

1

2 i , i . il
()= — exp( g°+ —pig + — ) with = o : (4.25)

Inserting the expression4.25in the Wigner distribution 4.24 and evaluating the in-

tegral gives |
i

g% exp( — ) (4.26)

Pu(ep) = ( ~) “exp(

Eq. 4.26 givesthe distribution of a quartum medanical wavepadet in phasespace.
It canbe utilized to samplethe phasespaceand to reproducethe quantum dynamical
distribution for quasiclassicatrajectory runs.
An independert distribution samplingin coordinate spaceis performedfor ead mode.
As GS vibrational wavefunctionsare used,the maximal imposeddisplacemat along
anormal mode correspndsto a corversionof the zero-point energyE#V?P = 1! into
potertial energy Subsequetly, the conjugatedmomertum is evaluated for ead dis-
placemen and a stochastic alogrithm decideson the signof the momertum. Thereby,
it is assuredthat ead trajectory hasa total energyof
1X
Ezre = 5 i (4.27)
i
corresondingto the zero-point energy of the system. This procedure assures that
the distribution of the quantum medanical wavefunction is reproduced, asumminga
su cien t number of initial conditions are generated.

4.1.5. On-the-y dynamics

As already outlined in the previous sectionsthe mixed quantum-classical dynamics
assumethat a quarntum wavepadet can be approximated by a swarm of classical(i.e.
localized) uncorrelated trajectories (the swarm). A large number of trajectories is
neededto obtain meaningful results. On the one hand a large set of initial condi-
tions is required to reproduce the quantum medanical distribution in the GS. On
the other hand the stochastic nature of the surfacehopping routine makes a single
trajectory physically meaninglessand only a statistical averageover all trajectories
can be interpreted.

The local nature of ead classicalwavefurtion makes the precomputation of PES
unnecessanasthe gradiert obtained at eat time step su ces to determinethe sub-
sequen position and velocity of the system. The feature of supplying almostno initial

information in advance (all necessaryguartities are calculated "on-the- y") and the
possibility for a full dimensionaltreatment are responsible for the attention mixed
guartum-classicalapproadesreceived in the past years(Selectedreviews and appli-
cations can be found in refs. [43, 65, 148, 219,230 237)). Sincethe gradiert cortains
only local information about the PES short time stepsare required. As a rule of
thumb one takesonetenth of the oscillation period of the highest frequency modes
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4. Mixed quartum-classicaldynamics

(normally hydrogen stretching vibrations at 3000cm 1) for the time step. A standard
value is 0.5 fs. This limitation, together with the necessiy of running a relatively
big number of trajectories restricts the application of surface hopping dynamics to
moleculeswith a limited number of non-hydrogenatoms and time windows of seeral
hundred femtosecondsf highly correlated ab-initio quantum chemicalapproadesare
used.

The possibility to solve the electronic problem and perform the nuclear dynamics
separately allows to interlace the surface hopping code practically with any quan-
tum chemical software and to prot from the variety of software padkagesavailable.
Newton-X[67], a padkage for Newtonian dynamics, freely distributed by Mario Bar-
batti and colleaguesp ers a e xible framework allowing to write interfacesto quan-
tum chemical software. Part of the presen work was conneded to the dewelopmen
of an interface for Newton-X to the software padage Molpro[71] with focus on the
implementation of non-adiabatic couplingsat MS-MR-CASPT2 level.

4.1.6. MS-MR-CASPT2 on-the-y mixed quantum-classical
dynamics

A fast and acaurate calculation of gradierts and non-adiabatic couplingsis a key as-
pect in performing non-adiabatic dynamics. While analytic gradierts are nowadays
implemerted for a variety of methods, analytic non-adiabaticcouplingsareresenedto
multicon gurational methods like CASSCF[65,104] (sec. 1.4.2) and MRCI[65, 104].
Due to its de cient description of dynamic correlation[110]the CASSCF method can
sene merelyfor qualitativ e predictionsregading barrier heights and relative stabilites
of intermediatesand products. MRCI is very costly and is currently applicable to
moleculeswith a few non-hydrogenatoms. Another approad with a comparmble ac-
curacy asMRCI but considerablycheaperis CASPT2[68 70] (sec. 1.4.3). Nowadays,
this has becomethe method of choicefor systemswith tens of non-hydrogenatoms.
In the last yearsCASPT2 energycalculationshasbeeninterlacedwith quasi-classical
dynamicscodesto correct energiesand gradierts obtained at CASSCFlevel[43]. The
aim of this work is to dewelop surfacehopping dynamics ertir ely at CASPT2 level.
This objective becamefeasiblewith the recert implemertation of analytic MS-MR-
CASPT2 gradierts[233] in the quartum chemistry padkage Molpro. A drawbad,
though, is the lack of analytical non-adiabatic couplings. Fortunatelly, as seenfrom
eq. 4.10only the projection of the non-adiabatic coupling on the velocity Fj; ¥ is
neededfor the surfacehopping dynamics. This observation simpi es the numerical
calculation of the coupling term signi cantly asit allowsto obtain the desiredquan-
tit y at the price of oneadditional energycalculationin direction of the velocity vector.
This idea was originally exploited by Martinez and colleaguego interlace their mul-
tiple spavning dynamics code with MS-MR-CASPT2[234,235]. The dot product of
the non-adiabatic coupling and the velocity can be reformulated as

D E
Fi v= YSR)ry VSR) ; (4.28)

110
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wherethe superscript M S denotesthat MS-MR-CASPT2 wavefundions are used. In
a forward di erence approximation the derivative can be written as

D s Mmoo 1P
iRy 7P(R) =5

E D E
SR 'SR+ MS(R) "SR +O(("v)?):
(4.29)
Due to the orthogonality of the MS-MR-CASPT2 eigenstatesthe overlap between
the j-th and i-th statesat R vanishes,simplifying the expressionfor the projection
Fi ¥ EQ. 4.29can be evaluated, provided the MS-MR-CASPT2 wavefunctions at
two di erent geometies can be stored. For technical reasonsthis simple solution is
yet not practicable with Molpro and a detour is needed. Therefore, two alternative
approadesfor evaluating eq. 4.28 with quartities obtainable from Molpro are dis-
cussed.
One can expresseah MS-MR-CASPT2 wavefunction in the basisof the SS-CASPT2
wavefunctions SS. Then, eq. 4.29 becomes

D s MS(m T 1X D ss ss e
(R Ty P(R) =5 GniGy m (R) T(R+MY) (4.30)

m;n

or in a matrix notation providing all coupling terms at one glance

0 1
0 Fl;Z ¥ Fl;n N
Fio v 0 Fon ¥ 1
% 1;2 : . Zn E F V:ﬁCRSRjR+"VC-I£+"V; (4.31)

whereC is the matrix of the expansioncoe cien ts and Sgjr+ v the overlap matrix of
the SS-CASPT2wavefunctionsat R and R + "v. The subscript denoteswhether the
guartities are obtainedat R or at R + "v.

As the overlap between CASPT2 wavefunctionsat di erent positionsis not directly
availablein Molpro the wavefunctionsat R+ " is expressedhrough the wavefunctions
at R by the following unitary transformation

SS(R+ "v) = X Ui 1o (R): (4.32)
k

The transformation matrix U with elemerts uy; is obtained by maximizing the overlap
betweenthe statesat both geanetries. U is then usedto rewrite eq. 4.31as

1
F v = 7CrSrjrUC gy (4.33)

All quartities in eq. 4.33areavailablein Molpro usingthe RS2[236fnd the DDR[237]

routines.
An alternative expressionfor the couplingsis obtained by recalling that accordingto
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eg. 1.11the nonadiabatic coupling can be written as

D MS |q MSE
LTI CaN AN (4.34)
I A4 ] \/J \/|

Expressingthe MS-MR-CASPT2 wavefunctionsin the basisof the SS-CASPT2wave-
functions SS and resorting to forward di erence appraximation eq. 4.34becomes

P D SS " SS E
i A "(\/j \/|)

Applying the unitary transformation of eq. 4.32allows to write

X D E
Uil o(R+"¥) A(R+"v) SS(R+"v)

k;l

D E
SRYAR+ ") SS(R)

= UTHR+"VU;
(4.36)
giving the nal expressionfor the couplings
TH o T
F y= CRY HreUCk, (4.37)

"M M)

Eq. 4.37 has beenchosenfor the implemertation of the MS-MR-CASPT2 surface
hopping dynamicsasit correctly reproducesthe anti-symmetry of the non-adiabatic
coupling matrix F.

In the next sectionthe implemertation is usedto study the photodynamics of the
ring-opening of 1,3-cyclohexadiene.

4.2. Application: dynamics of cyclohexadiene

The photoinducedisomerizationof 1,3-CHD to cZc-HT is a text book examplefor a
WH allowed electrocyclic reaction[72]. The desireto follow the ultrafast isomerization
dynamicsin real time and decipherall electronicand structural changesinvolved ini-
tiated the developmernt of novel experimental setupsproviding sub-picosecondempo-
ral resolution[2®] and theoretical conceptslike the radiationlessrelaxation via Coln
seams[240].

In the original treatment of photochemical reactions obeying the WH rules[95, 96],
as devisedby van der Lugt and Oosterho [241, 242],it was assumedthat both the
GS and ES reactions ewlve along a common symmetry conservingreaction coordi-
nate. In the CHD$ HT isomeization this is a C,-symmetry conservingconrotatory
torsion (g. 4.1, left). Non-adiabaticity was explained by introducing the concept
of the avoided crossingcoinciding with the pericyclic minimum on the ES[242]. It
arisesfrom the correlation of the potertials of the reactart GS and the product ES
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Figure 4.1.. Modelsfor the 1,3-CHD/cZc-HT conrotatory photoisomeization with
assignmen of state symmetry. (left) The C,-symmetry preservingisomerization
accordingto van der Lugt and Oosterho leads to an avoided crossingwhere
the wavepadet stays before decging non-adiabatically to the GS. (right) In the
asymmetric model a low-energyColn (lying out of the drawing plane) is reached
by symmetry-breaking deformations. The system accurnulates momertum in
symmetry-breakingmodesalready at the 1B,/2A ;-crossing. Experimertal time
constarts taken from ref. [238]are denoted.

along the commoncoordinate (g. 4.1, left, seealso g. 1.3). Accordingto Fermi's
goldenrule[72] the non-adiabdic coupling of the vibronical levels of the electroni-
cally ES with a cortinuum of vibronical levelsin the GSin the vicinity of an avoided
crossingallows for a nonradiative decag. This treatment applies only to "slonv" pho-
tochemical processes.For the CHD/HT system, the energy gap betweenboth cor-
related statesremainsso large along the symmetry-conservingpath that an e ective
and fast non-adiabatic transition is impossible,in cortradiction to what is obsened
experimertally[16 20, 238,243]. In this case,the role of realcrossingdisplacedfrom
the symmetry-conservimg path is indispensableand the avoided crossingof the van
der Lugt/Oosterho picture becomesa real crossing(i.e. Coln) away from the mini-
mum energyreaction path (g. 4.1, right).

Robb et al. rst reported on the existenceof a low-lying asymmetric Colnp, [47]in
the CHD/HT systemin the vicinity of the pericyclic minimum. Basedon this nd-
ing Fusset al. proposeda symmetry breaking ballistic model[240]of the wavepadket
motion towards the Coln and assignedtime constarts to the underlying processes
(9. 4.1,right). Quantum dynamical simulations con rmed that the sub-picosecond
dynamics can be simulated only when a Coln is explicitly considered[244245]. A
study by Garavelli and co-workers documerted an energeticallylow-lying Coln seam
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connecting Colngin to a C,-symmetric open-ring Colng,[240]. Quantum dynamical
simulations by Hofmann et al. suggestedthat Colnc, is the dominart relaxation
pathway during ring-opening77]. A thorough seart in the IS, inspired by this nd-

ing, extendedthe Coln seamto the closed-ringregion[74],providing an outlet towards
the GS from large part of the conrotatory ES MEP.

Unlike other prototypical ultrafast reactionssud asthe cis-trans photoisomerization
of retinal[45, 46] where the ES relaxation is strongly directed toward the minimum
on the crossingseam ("sand-in-the-funnel” picture), previous studies demonstrated
that in the CHD/HT systemthe ES MEP and the accessibleColn seamdo not
intersect[74]. Rather, they are quasi-parallelin the 3N 6 coordinate space,i.e.
ewlve along similar geanetrical deformations.

In this sectionthe question, which regionsof the extendedlow-lying Coln seamare
accessedluring the ring-opening, is addressedoy meansof mixed quartum-classical
non-adiabatic dynamicsat MS-MR-CASPT2(2,2)/6-31+G* level and averagingover
the lowest three statesof the system. Before presening the results of the simulations
the extended Coln seamis characterized and compared (energetically and geomet-
rically) to the MEP in the ES. The MEP was optimized at the sametheoretical
level usedin the dynamical simulations. As currertly a Coln seamoptimization at
MS-MR-CASPT2 level is not feasiblethe Coln seambetweenthe GSandthe rst ES
was optimized at CASSCF(6,6)/6-31G* level.
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4.2.1. Statical view: Conical intersection seam and excited state
minimum energy path

The rst ESof CHD hasa  -con guration (B,-symmetry) and is spedroscopically
accessibldtab. 4.1). The secondeESis a doubly exciteddark state with A;-symmetry.
It is a well-known fact that CASSCF(6,6)including the -orbitals in the active space
underestimatesthe stabilization of the 1B,-state and predicts a false state order in
the FC-region(Table 4.1)[244]. CASPT2(6,6) correctsthe behavior and improvesthe
excitation energyto match the experimertal value of 4.96eV (Table4.1). A trimmed-
down CASPT2(2,2) calculation including only two electronsand two orbitals in the
active spaceof the underlying CASSCFcalculation givesan excitation enegy into the
1B,-state of 5.23éV, not too far from the value obtained with the larger active space.
The seond ES of A;-symmetry is underestimatedby over 0.6 e/ (Table 4.1) because
HOMO-1! LUMO and HOMO! LUMO+1 excitations have signi cant contribution
to its wavefunction in the FC-region. Their contributions cannot be fully recovered
by perturbational treatment. Possibleconsequencefor the quasi-classicablynamics
are discussedn the next section.

CASSCF(2,2) CASPT2(2,2) CASSCF(6,6) CASPT2(6,6) | exp.
E EScong. E E EScong. E
1B, | 592 3 4 (1.00) 5.23 7.15 3 4 (1.00) 5.04 4.96
2(0.38)
2A; | 9.97 2(1.00) 6.86 6.54 2 4(0.25) 6.25 -
s 5 (0.15)

Table 4.1.: Vertical excitation energiesto 1B, and 2A; statesfrom the GS equilib-
rium of CHD. The 6-31+G* basisset was usedthroughout. The major con g-
urations, contributing to the ES wavefunctions, are dended. The experimertal
value correspnds to the maximum of the longest wavelength band from the
gas-phasdJV spectrum in ref. [238].

The ESMEP? connectingthe FC points of CHD and HT is shavnin g. 4.2(green
line). To chek the quality of the MEP a comparisonof sdected geometriesalongthe
MEP to geometriesoptimized at MS-MR-CASPT2(6,6)/6-31G* level is made. Latter
are taken from ref. [246]

Starting from the closed-ringside (C,-Cg distance of 1.56 A) the FC point 1 of
the 1B, state is left by double-bond/single-bond rearrangmert in the 4 butadiene
moiety, ass@iated with a strong decreaseof energy(segmem 1-2). The weakening
of the double bondsfacilitates wagging deformationsof the hydrogensattachedto C,

2The MEP wasapproximated in a seriesof geometry optimizations with a maximal step sizeof 0.015
Bohr. The segmems 1-3 and 7-5 were obtained through optimizations from the assciated
FC points 1 and 7. The transition statesin the segmets 3-4 and 5-4 were estimated by
linear interpolation. Backward and forward optimization from the energetically highest point
along the interpolated line completed the MEP.
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CASPT2(2,2) CASPT2(6,6)
Eses: Es, Ci-Cs Cy-Cg Eses: Es, Ci-Cs Cy-Cg
2.86 -097 1.754 2.535 3.02 -0.87 1.727 -
0.09 -1.49 2.092 2.375 0.0¢ -1.63 2.137 2.394

Min 1B,
Min 2A

! Global minimum coincides with the minimum energy Coln.

Table 4.2.: Structural and enegetic comparisonbetween stationary points along
the MEP obtainedat MS-MR-CASPT2(2,2)/6-31+G* level and geometriesfrom
ref. [246] optimized at MS-MR-CASPT2(6,6)/6-31G* level.

and Cs. Thesedeformationsgradually induce interactions betweenthe -electronsof
the butadienemoiety and the electronpair in the C;-Cs -bond and start the electro-
cyclic ring-opening (segmen 2-3). The -bond elongateuntil a shallov minimum
3 onthe rst ESPESwith C,-symmetryis readedat approx. 1.75A. Optimization
at MS-MR-CASPT2(6,6) level nds an intermediate with a very similar structure
(table 4.2). Further elongation of the -bond combined with an asymmetric distor-
tion, a shorteningof the Cg-C, distance,stabilizesthe 2A; state below the 1B, state.
The asymmetric deformation allows the moleculeto circumvent the apex of the Coln
betweenthe 2A;- and 1B,-states. It proceedson the lower PES towards the global
minimum of the rst ES 42 and towards the Coln seam. The existence of an in-
termediate minimum 3 is discussedcortroversially in literature and dependson the
guartum chemicalmethod usedto obtain the MEP[244]. In any case,dueto the large
potertial energydecreaserom the FC point of nearly 0.95eV the barrier height of
solely0.05€V is not expectedto impact the dynamics.

Starting at the FC point 7 on the open-ring side (C;-C¢ distanceof 3.47 A) double-
bond/single-bond rearrangmen in the 6 hexatriene triggers immediately the ring-
closure. No asymmetric deformation is induced on crossng through the 1B,/2A ,
Coln 6 at 2.73A. Further relaxation on the 2A;-state leadsto a shallov minimum
5 at 2.21A. An asymmetric deformation, shortening of the C,-Cg-distance, drives
the systemtowards the global minimum 4 and towards the Coln seam. The cal-
culated barrier of 0.02 e/ can be neglecteddue to the preceedingdecreaseof the
potential energyof nearly 2.10¢V.

The C,-symmetry is presened on the major part of the ES MEP in the segmets
1-3 and 7-5. Only in the region around the global minimum 4 asymmetric dis-
tortion is obsened. Howeer, exactly this asymmetric deformaion drivesthe system
towards the seamand acceleratesthe isomerization dynamics by seeral orders of
magnitude.

Calculations at CASSCF(6,6) level predict energy gaps at the global minimum
of nearly 1.0 &/, demanding strong geametrical deformations to reac the Coln
seam[47240]. On MS-MR-CASPT2(2,2) the global minimum exhibits a much smaller
energygap of solely 0.09¢eV. Accordingly, only minimal deformationsare required to

3There exist two equivalent mirror-symmetric minima in whosevicinity the C,-symmetric region
becomesa potential ridge[47, 240].
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4. Mixed quartum-classicaldynamics

Figure 4.3.: Colns, predicted with the rules of thumb given in sec. 2.2 and opti-
mizedat CASSCF(6,6)/6-31G* level. Redarrows denotethe WH-coordinate (see
sec. 2.2). Motion along this coordinate ful lls the resonane condition eq. 2.13
leadingto the homosymmetricbiradicals (middle column). Blue arrows indicate
the subsequendeformations(pyramidalization, tilt), which ful [l the hetelosym-
metry condition (eq. 2.14) and lead to the individual Colns (right column). For
ead Coln, dashedblue lines denotethe characteristic 1,3/1,5-kinks, blue arrows
denotethe certer of pyramidalization.

accessthe Coln seam. This is con rmed by comparing the structure of the global
minimum 4 to the Colny,, optimized on MS-MR-CASPT2(6,6) level (tab. 4.2).
The distance betweenthe MEP and the Coln seamis very sensitive to the dynamic
correlation. At CASSCF level they are further apart than at CASPT2 level.

Next, the Coln seam,is characterized. It was optimized in a colaboration with the
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Figure 4.4.: Normal modesto the imaginary frequences for the transition state
geometriesalong the Coln seam.

group of Michael A. Robb using their algorithm implemerted in a dewelopmern ver-
sion of Gaussian[93Jand described in ref. [92].

In the scope of the extendedtwo-electrontwo-orbital model (sec. 2.1.1) the lowest
point on the seamColnp, can be rationalized (seesec. 2.4.1) by realizing that it
is connectedto the C,-symmetry conservingconrotatory rotation. Along this WH-
coordinate (sec. 2.2) the frontier orbitals degenerate(at the pericydic minimum),
thus ful lling the resonane condition (eq. 2.13), and localize at C;, C3, Cs and at
C,, C4, and Cg, respectively (g. 4.3,top). Theseorbitals are labeledA;.3.5 and B,.4.6.
Subsequetly, a tilt of Cs towards C, leadsto an arrangemen whigh enhancesthe
electronicrepulsionin orbitaEI B.,.4.6. Thereby the biradical GS A B is destabilized

toward a Coln with the A2 ES(g. 4.3,top).

Starting from Colnn,, seamextensionsin ring-closing and ring-opening directions
were optimized (red curvein g. 4.2). In ring-closingdirection the formation of the
C:-Cs -bond is accompaniedby a twist around the C,-C3 bond (g. 4.2) and a
local minimum in the IS Coln,, emerges.lIts structure can be also elucidated with
the rules of thumb givenin sec. 2.2 (seesec. 2.4.1). Coln,, formation is assaiated
with a torsion around the C,-C3 double bond of the ethylene sub-unit of CHD (WH-
coordinate) leadingto a homosymmetricbiradical with localizedorbitals Az.s and B,
(9. 4.3). Pyramidalization at C3 (denotedby a blue arrow in g. 4.3)and tilt of C,
towards C,4 forms a triangular arrangemen betweenthe adjacer certers C,, Cs, and
C4. The pyramidalization lowers the energy of orbtial As.s while the tilt raisesthe
energyof orbital B,. In the following, this arrangemat is referredto asa 1,3-kink
(marked by a dashedblue line in g. 4.3).

A transition state on the Coln seamColnts; connectingColny,, to Colny,, was lo-
cated. Its stationary nature was veri ed by a frequencyanalysisin the IS[59, 60],
revealing one imaginary mode (g. 4.4). Colnts; has an interesting chemical rele-
vancesinceit resenblesa bond-breaking/making transition state alongthe seam.In
the region between Colny,, and Colnys; only relaxation towards CHD is possible,at
Colnrs; a concurring channeltowards HT opens. In the closed-ringregion the seam
was further extendedto a C,-symmetric Colnrs, (g. 4.2). Frequencyanalysis( g.

4.4) revealedthat Coln+s; is a transition state in the IS comecting two equivalent
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asymmetric minima Colny,.

In ring-opening direction the Coln sean extendsto a C,-symmetric Colnc, (g. 4.2)
which is also a transition state in the IS (g. 4.4), connectingtwo equivalert asym-
metric minima Colny,,. In fact, the optimized Coln seamconstitutes a closedloop
in the IS:

: 1 :-Colnyg,-Colnrsz-Colng,-Colnrs: -Colnmip -Colng,-Coln,,, -Colngg; -Colng -1 1

wherethe * denotesmirror-symmetry.

Symmetric Colns (e.g. Colnys, and Colng,) cannot be explainedwith the extended
two-dectron two-orbital theory (sec. 2.1.1) becausethey presene the degeeracy of
the two localized active orbitals A and B, while ful llmen t of the heteosymmetry
condition eq. 2.14 requires asymmetric deformationswhich lift the degeneracy In

fact, formation of symmetric Colns can be attributed to the interactions of A and
B with energetically higher lying virtual orbitals. Theseinteractions are missingin

the extended two-electron two-orbital theory. Newertheless,due to the additional

requiremert of symmetry conseration symmetric Colns lie typically energetically
higher than asymmetric Colns (e.g. Colnpi, and Colny,).

Next, the geometri@al relation betweenthe MEP and the Coln seamis addressed.
Fig. 4.2 visualizesthe absolute distance (y-axis) in space. Each point on the Coln

seamis only related to its nearestpoint on the MEP. The result demonstratesthat

the MEP and the Coln seamare not parallel in space.Rather, they are curved with

respect to ead other. Partially di ering motions can occur along both paths which

a ect their absolutedistanceand di er from regionto region. The MEP and the Coln

seamapproad ead other in the vicinity of the global minimum where also Colnpi,

is found. In the region betweenColn,,, and Colnrs; MEP and seam are dominated
by similar deformations, the shortening/elongation of the C;-C¢ and C,-Cg-distances.
In the closed-ringand open-ring regons the MEP and the seamdewelopdi er ent de-
formations. Strong torsionsin the 4 moiety alongthe Colnys;-Coln,,-segmeh and

shortening of the C;-Cs-distance along the Colny,,-Colnc,-segmen are obsened,
which are essetially dierent from the motions along the MEP. Correspondingly,

the distance betweenthe MEP and the Coln seamis large in the FC-regions. This

complexrelationship is subsumedin the expressionquasi-parallel.

A consequencef the quasi-parallelismis that there is no unique seamasscciated with

the MEP. Rather, multiple Coln seamsegmeis canarisein the 3N 8 dimensional
IS. This ideainitiated the seard for further Colns using the predictive power of the

rules of thumb, formulated in sec. 2.2[125]. SelectedColns are preserned with their

localized orbitals in g. 4.3. All Colns have been obtained by starting either from

the closed-or the open-ring isomer, selecting 2 - or 4 -subunits and then following

the asseiated WH-coordinate (e.g. double bond torsions for 2 -subunits). By this

operation homosymmetricbiradical geometrieswere readed where both frontier or-

bitals becomedegenerate(g. 4.3, middle column). Subsequet pyramidalization

and tilt at selectedcerters led to di erent geometricalarrangemeits, which sened
as starting geometriesfor the actual quantum chemical optimization. Statical calcu-
lations render all located Colns accessiblefrom the FC point. Howeer, they have
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a di erent geometricaland energeticrelation to the MEP. It is therefore an open
guestionwhich Colns actually play role in the photoisomerization. This questionis
addressedoy mixed quantum-classical CASPT2 dynamics.

4.2.2. Absorption spectra

The MS-MR-CASPT2(2,2) calculations limits the description to the energetically
lowest two states with Aj;-symmetry and one state with B,-symmetry. While the
energeticpro le of the 1B, is correctly reproduced along the MEP, the energy of
the 2A; state is underestimatedin the FC-region (tab. 4.1). Therefore, one con-
cernis whether this inconsistencycould a e ct the simulations. It needsveri cations,
whether low-frequency asymmetric vibrational modes induce oscillator strength in
the excitation to the 2A;-state, which is dark at the C,-symmetric GS equilibrium
geometryand whethe this excitation is correctly described at CASPT2(2,2) level.
For this purposethe absorptionspectrum of CHD wascalculatedstarting from Wigner
distribution around the equilibrium geometry of the GS. A set of 1000sampleswas
usedand the calculated signalswere corvoluted with Gaussiansof a Full Width at
Half Maximum (FWHM) of 2.5 nm. Figure 4.5ashows a referenceabsorption spec-
trum at MS-SR-CASPT26,6)/cc-pVDZ level averagingover the GS and lowest three
ES (1B,, 2A; and 3A;), gure 4.5b shaws the spectrum at MS-SR-CASPT2(2,2)/6-
31+G* level (usedfor the subsquert dynamics simulations) averagingover the GS
and the lowest two ES (1B, and 2A;). Vertical exdtation energiesfrom the equlib-
rium geometry is denoted with bars whose (normed) height is proportional to the
oscillator strength of the transition. Contributions to the absorption signal coming
from excitation to the 1B,-, 2A;- and 3A;-states are coded in red, blue and green,
respectively.

The referenceabsorption spectrum consistsof a low-energyband (290-210nm) from
the excitation to the 1B, state, a high-energyband (180-130nm) from excitation
to the 3A; state and a weak band from excitation to the 2A; state (220-160nm).
The spectrum reproduceswell the steady state absorption spectra published in the
literature[238, 240, 247]. Apparertly, the 1B, transition dominatesthe low-energy
window. The absorption spectrum obtained with the smaller active spacereproduces
well the low-energy absorption region. For comparison,the spectrum resulting by
omitting the perturbative orrection (i.e. at CASSCF(2,2)/6-31+G* level, g. 4.5,
bottom) exhibits a strong hypsochromic shift. Naturally, the intensive absorption
band in the high-enegryregion is missing. The cortribution of the excitation to the
2A,-state is underestimatedin the spectrum.

In summary, the experimertal setup of Fusset. al which use pulsesaround 270
nm[238]is best suited for comparisonwith the preserned simulations. The incom-
plete description of the 2A; state in the FC-regionwill not interfere with the initial
dynamics.

121






4.2. Application: dynamicsof cyclohexadiene

Figure 4.6.: Time evolution of the averagepopulation in the electronic statesin-
cludedin the dynamic simulation performedat MS-MR-CASPT2(2,2)/6-31+G*
(top) and CASSCF(2,2)/6-31+G* (bottom).

4.2.3. Dynamical view: The accessibiity of the conical
intersection seam

A setof 50trajectorieswasrun with the modi ed versionof Newton-X for 200fswith a
time stepof 0.5fs starting in the rst ESwith 1B,-symmetry. The quartum chemical
calculations were performed at MS-SR-CASPT2(2,2)/6-3%G * level averaging over
three states. Hopping probabilities were obtained in ead step by calculating the
projection of the non-adiabatic couplings onto the velocity vector (sec. 4.1.6). After
a successfuhopping evert the velocity was adjusted along the gradiert di erence
vector. A comparative simulation over 50 trajactories was run at CASSCF(2,2)/6-
31+G* level with analytical non-adiabatic couplings.

Figure 4.6, top givesthe averageoccupation g; (t) (eq. 4.19) of the individual
statesduring the CASPT2 simulation. In the beginningonly the rst ESis occupied
(greenline). Initial deca at approx. 5 fs is accompaniedby population increasein
the secondES which lastsuntil 35-40fs. Thereafter a slow decreasef the population
of the secondES within 100fs occurs. A rapid population of the GS beginsonly after
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25 fs. Within 50 fs half of the population is transferred to the GS, after 150-200fs
the transfer is almost quartitativ e.

Relying on the MEP (g. 4.2) the following medanism for the depopulation of
the ES is derived. After excitation to the bright 1B,-state initial relaxation occurs
within 5-6 fs ( ;) and drivesthe systemtowards the 1B,/2 A,-crossingregion. The
occupationincreasein the secondES manifests the approching of the 1B,/2 A; Coln.
Approximately two-thirds of the moleculescircumvent the Coln apex and ewlve fur-
ther onthe rst ES, which hasnow adopteda 2A; character. To obtain information
about the kinetics of this processthe ewlution of the averagetransition dipole mo-
ment ;o betweenthe GS and the rst ES was tracked with time (g. 4.7, middle).
Thereby the fact was utilized that the dipole momen ;o decreasegapidly with
enhancing2A, character (g. 4.7, top, approx. 2.5 units). Hence,it constitutes a
suitable obsenable to determine an approximate time constart for the ES character
change. By amonoexponertial t of the averagedipole momert deca/ atime constart

» = 175 0:3 fs was obtained. The moleculesthat go around the 1B,/2A; Coln
quickly apporad the GS/ES Coln seamand give rise to the initial rapid occupation
increaseof the GS within the rst 50 fs. One-third of the moleculesswitch into the
secondES by conservingmomerium along the C,-symmetric coordinate, i.e. going
through the 1B,/2 A; Coln. Their return to the rst ES within the next 100fs is re-
sponsiblefor the slower occupationincreaseat later times. An e ectiv etime constart

3= 455 0:9 fs was obtained for the overall processby tting the total occupation
decay of both ES a;; + a,. In the end, the overall time neededto return to the GS
is obtained asthe sum of the three time constarts asapprox. 55+ 17.5+ 45= 68fs.
The propposedmedanism agreeswith experimertal ndings. It conrms the bal-
listic model proposedby Fusset al.[240] as two-thirds of all moleculesare found to
circumvent the 1B,/2 A; Coln and reac the GS/ES seaminstantaneuosly The time
constarns, assaiated with the individual processs, are, though, shorterthan the con-
stants recordedexperimertally ( ; = 21fs, , = 35fs, 3 = 80fs)[238]. To analyze
this discrepancya closerlook at the hopping events betweenthe GS and ES during
the CASPT2 simulations ( g. 4.8 greenbars) is required. While the majority of hops
occur for gaps between 0.1 and 0.5 e/ energy gap one out of four hops occurs at
an energygap larger than 1.0 eV, i.e. in regionswith small non-adiabatic couplings.
The comparative CASSCF(2,2) simulations undergo hopsin a more limited energy
window (g. 4.8red bars) and, consequetly, shav a considerablyslover dynamics
(g. 4.6, bottom). Thereby, the return to the GS takesapproximately twice aslong
(125fs) as obtained from the CASPT2 dynamics.

Next, the relaxation to the GS via the GS/ES Coln seamis analyzedin detail.
A spatial correlation betweenhopping geometriesand the Coln seamis established
and dynamically accessibleregionson the seamare extracted. Hopping everts at
large energy gaps occur away from the Coln seamand are not consideredin the
ewvaluation. They have no physical meaningand arise due to the stochastical nature
of the dynamics. For a total of 41 hopping geoméries the spatial overlap with sta-
tionary Colns from the seam(g. 4.2) and the Colns obtained with the extended
two-detron two-orbital theory (g. 4.3) was calculated. As all Colns are available
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Figure 4.7.: (top) Evolution of the transition dipole momens 1o (GS! rst ES)
and 5 (GS! secondES) alongthe MEP; (middle, bottom) Time ewlution of
the transition dipole momern o, (red line) and of the averagetotal population
in the rst and secondelectronic ES (blue line) from MS-MR-CASPT2(2,2)/6-
31+G* (middle) and CASSCF(22)/6-31+G* (bottom) simulations. Monoexpo-
nertial ts are alsoshown.
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Figure 4.8.: Hopping occurancesagainstthe energy gap betweenthe GS (Sy) and
the rst ES (S;) during the MS-MR-CASPT2(2,2)/6-31+G* (green bars) and
the CASSCF(2,2)/6-31+G* (red bars) simulations.

only at CASS((6,6)/6-31G* level it was approximated that the basic geometrical
features, characterizing ead Coln (1,3-, 1,5-kink, etc.) are independen of the dy-
namic correlation. It turns out that the hopping geometriesexhibit large resenblance
to either Colny,, or Colnrs; and two-thirds of the hopping everts occur in the spatial
proximity of Colny,;,. Among the 41 samplesthere were no geometriescloseto any
of the stationary Colns givenin g. 4.3. In g. 4.9 the correlation between hops,
MEP and Coln seamis visualizedin the reducedspaceof three reactive coordinates,
suitable for descriminating the deformations alongthe MEP and the seam. The C;-
C4-C3-Cs dihedral angle descrikesthe symmetry conserving ring-opening and, thus,
the major part of the MEP, exceptfor the region around the perycydic minimum,
where asymmetric deformations towards the seamare initiated (g. 4.2). These
asymmetric deformationsare described by the C,-Cs coordinate. In addition a third

coordinate, the dihedral anglebetweenthe normalsthrough C, and Cs, perpendicular
to the rst substituents of C, and Cgs, respedively, descrikesthe wagging deforma-
tions of the hydrogen atoms along MEP and seam. They are essetial for both the
coupling of the -systemto the -bond andfor the formation of the 1,3-kink around
Colny, (g. 4.2).

In the reducedcoordinate spacethe MEP (greenlinein g. 4.9)and Coln seam(red
linein g. 4.9)exhibit regionswhich are spatially closeand othersthat arefar apart,
in agreemen with the represemation in g. 4.2. Hoppings (blue and magena dots)
are con ned to the regionbetweenthe MEP and the Coln seam. Now, further details
canbe addedto the isomerizationmedanism. The FC (CHD in g. 4.9) point is left
by waggng deformationsin the butadiene moiety, leadingto an increaseof the Nc,-
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Figure 4.10.: Hopping occuranceswith time during the CASPT2(2,2)/6-31+G*
simulations. Hopping geometiescloserto Colnys, aredenotedin green,hopping
geometriescloserto Colnp,, aredenotedin red. Formation of CHD after hopping
is encaled with darker colors,formation of HT with lighter color.

ducesa bifurcation in the GS, which results in an isomerizdion quartum yield of
55%. This value, howewer, overratesthe experimentally measuredyield of 40%.

As already mertioned earlier, Colnc, and Colnts, are not properly descriked at
CASPT2(2,2) level due to the limited size of the active space. Thus, relaxation
through these channels, as obsened in the quantum dynamical simulations on
CASSCEF(6,6) level, could have been underestimatedin the quasi-classicalsimula-
tions in their current form. Simulations with larger active spacesare required to
addressthis question.

4.2.4. Summary and perspectives

Mixed quarntum-classical dynamics simulations at MS-MR-CASPT2 level, using
Tully's surface hopping routine, were performed to study the ultrafast photoreac-
tivit y of CHD in gas-phase. An interface of the padage for Newtonian dynamics
Newton-X to the quantum chemistry padage Molpro was designedand a numerical
rountine for the e cient calculation of non-adiabatic couplingsat MS-MR-CASPT2
level was implemerted.

The resultscon rm the ballistic model, proposedby Fussand co-workers[240].About
two-thirds of all excited moleculesare found to circumvent the 1B,/2A; Coln and
reat an extendedregion of the GS/ES seaminstantaneuosly Consequetly, the iso-
merization proceedson a fentosecondtimescale. It was demonstratedthat not the
ertire low-energy seamis equiprobably reachable, rather, the accessibiliy depends
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on the energeticand spatial relation betweenMEP and Coln seam,aswell ason the
momertum which is accunulated during relaxation on the ES PES. The possibility
to readh both isomes from ead point on the accessibleColn seamis responsiblefor
the high quantum yield of  50%.

Although the present study shedslight into the isomerization medanism, a quan-
titativ e agreemen with the experimertal obsenations is still out of reach. An im-
provemert is expected by increasingthe number of trajectories and the size of the
active space.Including further -orbitals in the active spacewill allow for a realistic
description of the 2A;-state in the FC-region and for an accurate description of the
relaxation through the symmetric Colns Colnts, and Colng,. This work is currently
in progress.

Seweral questions, which were not addressedin this work, but are subject to fu-
ture researt, are: i) What is the role of the Rydberg states in the isomerization
dynamics[240,248]?ii) Can higher lying regionsof the seambe readed by exciting
CHD to higher vibrational levels of the ES? iii) It has beenshown that complex
laserpulsesare required to cortrol the isomerizationalprocess[154249 253]. It is in-
triguing whether this complexity can be reducedby combining coheraat cortrol with
chemical modeling of the Coln seam.
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5. Conclusion

The presened work exploredwith the help of state-of-the-art quartum chemical cal-

culations and quasi-classicablynamics simulations how the chemical composition in-

uencesthe photoreactivity of molecules.A relation betweenthe molecularstructure

and the topography of the intersection space,the 3N-8 dimensionalspacewherethe

degeneracybetweenthe ground state and the excited state is presened, was found.

By exploiting this relation a systematic analysis of the intersection spacebecomes
available. Bene ts with regad to the optimization of conicalintersections,molecular
modeling and deciphering complex excited state dynamics were discussed. In this

cortext quasi-classicaldynamics simulations were usedto explore the accessibiliy

of the encourtered energeticallylow lying regionsof the intersection space,thereby

providing detailed information about the spatial and temporal ewolution of the pho-

toreactions.

In the rst part of this thesisthe two-electrontwo-orbital theoryintroducedby Michl

and Bonafi¢-Koutedy to rationalize the structure of conicalintersectionsin charged
polyenesystemswas extendedby including the interactions of the active pair of elec-
trons with the remainingclosed-shelklectronsthat are preset in any realistic system.
A setof conditions, the resonane and the hetelosymmetry conditions, for the forma-

tion of conical intersectionsin multielectronic systemswere derived. The extended
two-electron two-orbital model directly translates into a SA-3-CASSCF(2,2)set up

with two active electronsin two localized active molecular orbitals. The molecu-
lar systemis separatedinto basic units and units re ecting the actual substitution

pattern. Calculations on this theoretical level were performed for the basic units
ethylene, cis-butadiene and 1,3-cyclohexadienat various geometriesand functional-

izational patterns. The quartitativ e results demonstratedthat geomérical deforma-
tions and substituert e ects constitute di erert medanismsfor achieving the same
goal, namely, the formation of conical intersections. Basedon this nding rules of

thumb for their quadlitativ e prediction in arbitrary polyeneswerederived. Essetially,

no other information besideshe chemical composition of the systemis necessaryAn

extension of the rules of thumb to conical intersection seamswas also formulated.

The geneanl ideais to divide the intersection spaceinto subspacesccordingto the

following criteria:

(i) assaiation with di erent Woodward-Ho mann coordinates: for eat basicunit
iderti ed in the system(e.g. dierent double bonds, cis-butadiene sub-units,
etc.) a plane, orthogonal to the corresppnding Woodward-Ho mann motion,
exists, which cortains a fraction of the intersection space;
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(i) eectronic structure of the excited state: the hetelosymmetry condition forbids
the changeof the electronic con guration alongthe seam;

(iii) geometrical deformationsand substituert e ects which satisfy the heteosymme-
try condition: when both are possible,geometricaldeformationsare discarded
for energeticalreasons;

(iv) conrection to the reaction of interest: only subspacesare consideredwhich
cortain conical intersectionsassaiated with the Woodward-Ho mann motion
of interest.

The dimensionality of the individual subspacess reducedto a few degreesof free-
dom, which allows for the location of supporting points in each subspace.Individual

subspacesare then comected by a linear interpolation scheme, which provides the
initial guessfor the conical intersectionseam. This guessis then fed into a quantum

chemistry padkageto nalize the conicalintersection optimization.

The strategy was demonstratedfor three polyene systems: CHD/cZc-HT as a rep-
resenativ e of non-polar unfunctionalized polyenes,where Colns are formed through
geometrical deformations, HTI as a representativ e of weakly polar polyenes,where
low-energyColns are formed by conmbining geometricaldeformationsand substituert

e ects and tri uorometh yl-pyrrolylfulgide as a represemativ e of multi-functionalized

strongly polar polyenes,where the functional groups alone determine the structure
of the Colns. The rules for optimizing single conical intersectionswere utilized to

systematically scanthe intersection spacefor minimum energy conical intersections
and di erentiate between high- and low-energy ones. Further, a seamconnecting
conical intersectionsassaiated with the cis-trans isomerization (i.e. the Woodward-
Ho mann motion) in hemithioindigo-hemistilbene was optimized. It was demon-
strated by comparisonwith the basic unit ethylene that a similar seamexists in

every compound capableof performing a cis-trans isomerization. The energeticsand
topograply of the seamdependon the speci ¢ functionalization pattern. For pyrrolyl-

fulgide, parts of the seamthat either photostabilizethe systemor leadto by-prodcuts
were found to compete with the reactive parts of the seam.

Understanding the medanismsand requiremeris for formation of conical intersec-
tions provides the foundation neededto derive cortrol schemesfor quantum yield

enhancemet basedon a combination of chemical syrthesisand light cortrol as pro-
posedin ref. [254]. T he performanceof molecularswitchesand photostabilizerscould
be improved by opening or closing channelsselectiwely by suitable chemical substi-
tutions. The introducedrules of thumb provide already two strategies how this can

be achieved: by either hindering the motions neededfor the resonane condition or
by weakening the mesomerice ects responsible for the formation of a distinct coni-
cal intersection. An intriguing perspectiveslie in the utilization of polar solverts to

tune the accessibiliy of conical intersections[255]and in the coheren laser cortrol

schemes[256ihat addressspeci ¢ electronice ects by vibrational mode coupling and
induce directed ultrafast deay through selectedregionsof the designedintersection
space.
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In the secondpart of this thesisthe theoretical studieson hemithioindigo-hemistilbene
and tri uorometh yl-indolylfulgide were deepenedo obtain a detailed static picture
of the isomerizationalmedanisms. Experimertally determinedrate constants could
be assignedand processeswhich cannot be distinguished spectroscopicallywere re-
vealed. The proposedreaction medanismsexplain the obsened di erences in the
dynamicsof the forward and the badkward reactionsand are in goad agreemen with
the measuredquantum yields. Both the cis-trans isomerization in hemithioindigo-
hemistilbeneand the electrocyclic ring closure/openingin indolylfulgide are charac-
terized by the formation of a chargetransfer in the excited state. The ability of eah
systemto stabilize this charge transfer is essetial for the returning to the ground
state. In the indolylfulgide the functional groups stabilze the charge transfer to a
conical intersection with the ground state along the main reaction coordinate. The
presenceof functional groups opens a range of possibilities to stabilize the darge
transfer by adjustment of the electrostatic interactions, rather then by geometrical
deformations. Consequetly, broad degeneracyregionsbetweenthe ground and the
excited state emerge,which allow for a fast return to the ground state. Howeer,
alsolosschannelsbecomeeasily accessibleand the selectivity of the isomerizationis
lost. In hemithioindigo-hemistilbenepyramidalization and tilt orient the moleale in
an appropriate way for a chargebalancerecovery to take placevia interactions of the
-systemwith the lone pairs of the heteroatoms.

In the last part of this thesismixed quarntum-classicaldynamicssimulations at multi-
state multi-re ferencecomplete active spaceperturbation theory level, using Tully's
fewest switchessurfacehopping approad, wereperformedto study the ultrafast pho-
toreactivity of 1,3-cyclohe&adienein the gas-phase.The results con rm the ballistic
model, proposedby Fussand co-workers, asthe major part of the excited molecules
are found to circumvert the 1B,=2A; conicalintersectionand read the conicalinter-
section seambetweenthe excited state and the ground state instantaneuosly Time
constarts for the ewlution of the wavepadet on the bright 1B,-state, the relaxation
into the 2A;-state and the return to the ground state could be extracted, resulting
in an overall reactiontime of 70fs. It wasdemonstratedthat, e ectively, only the
part of the intersection space facilitating relaxation to both the closedand the open
ring structures, is usedfor the return to the ground state. The accessibiliy depends
on the energeticand spatial relation between minimum energy path and accessible
conicalintersection seam,as well as on the momertum which is accunulated during
relaxation on the excited state potertial energysurface.

The incorporation of multi-con gurational perturbation theory into the mixed
guartum-classicaldynamics allows for a nearly quartitativ e description of the elec-
tronic correlation. Consequetly, time-resohed spectroscopicdata can be reproduced
with high accuracyfrom rst principles. Recertly, promissingresults have beenpub-
lished for ethylene[257]. With the approad outlined in this thesis prototypical and
biologically relevant moleculeslike 1,3-cyclohexadieneand the DNA basesthymine
and cytosine are now within read. Furthermore, by incorporating ervironmental
e ects into the mixed quantum-classicaldynamics scheme[258}his technique can be
usedas a powerful tool to test the applicability of the rules of thumb for molecular
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5. Condusion

modeling by samplingthe accessibiliyy of the designedconicalintersectionseamunder
realistic conditions. Finally, by comparingthe results of the mixed quantum-classical
dynamicsto multi-dimensional quarntum dynamicssimulations (available for example
within the multi-con gurational time-dependert Hartee formalism[259])the challeng-
ing question about the role of pure quantum e ects in the molecular dynamics can
be addres=d[260].
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A. Properties of the derivative
couplings

To derive the left expressionin eq. 1.11 we make use of the orthogonality of eigen-
functions of a hermitian operator

| I — N
e e = (A1)

As the overlap A.1 remainszerofor all valuesof the derivative with resped to the
nuclear coordinatesis also zero

D E D E D E
roo ¢ = s r M=o (A.2)

From the above relation it immediately follows that the derivative coupling matrix is
antihermitian, whosediagonal ertries are zero

D E D E D E

oroo§ o= or % and oro o= (A.3)
The right expressionin eq. 1.11 is obtained by dierentiating the electronic
Sdirddinger equation 1.4 with respect to ead nuclearcoordinate  and subsequetly
multiplying from left with je' and integrating over the electronic coordinates.

SCENOEN I\ R
(r A% feAYr A= W) eV B ]
D E D E D E
el r ﬁel el + el ﬁel r el — V| el r el
D' 'E D E D ' E

J-EII’ ﬁel ;3I :Vi Jelr ;3I er ieI jel:

(A.4)

In the last line the hermiticity of the electronic hamiltonian was used. The above
equation statesthat the derivative coupling betweenthe statesi and | is reciprocally
proportional to their energygap

D I | |E D | | |E

e e e e e e
D el r _eIE - i r F‘ i ° § : = = ) ' |q i (A5)
J [ V| VJ [ J VJ
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B. Relation between the adiabatic
vectors and the diabatic vectors

By using the two-state adiabatic to diabatic transformation (eq. 1.12) the gradiert
di erence vector X; (eq. 1.18) can be expressedas

D E D E
X1 - rMi Vo) =rR( PR s )E:
rw( osin() §+cos() gH® sin() §+cos() 9
cos( ) $+sin() §Hcos( ) §+sin() §)= (B.1)
r r(sin?( )H11  2sin( )cos( )Hi,+ cog( )Hx
cog( )Hy 2sin( )cos( )Hi, sin?( )Hy) =
cos(2 )r r(H22 Hi1) 2sin(2 )r rRHiz = cos(2 )g 2sin(2 )f;

hence,X; can be represeted asa linear conbination of the g and i vectors1.17.
The scaledderivative coupling vector X, (eqg. 1.18) can be expresseds

D | |E D d | dE
§z:(V1 Vo) frr g= PrgR® g0 = -
sin( ) 9+ cos( ) 9rgH®cos( ) Y+sin() ¢ =

r r( sin( )cos( )Hi; sin®( )Hyp+ cog( YHio+ sin( )cos( )Ha) = (B.2)

;sin(z )r r(Hs Hyp) + cos(2 )r gRHi = ;sin(z )g+ cos(2 )n:

In the above derivation eq. A.5 wasused. Further, asdiabatic funcgpns changeslgaly
witrll3 the nucle%rcoordinatestheir derivativeswere neglected,ie. 9r g d

J
re SR O
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C. Number of linearly independent
paramenters in an orthogonal
matrix

An orthogonal matrix is a squarematrix with real entries whosecolumnsand rows
are orthonormal. Thus, if we have an nxn matrix, the rst column (or row) would
have n 1 independert parameters,as the only condition it needsto satisfy is to
be normalized. The secondcolumn would have n 2 independent parameners, as
it must be orthogonalto the rst column and normalizedaswell. The third column
would have n 3 independert paramerters, the fourth n 4 and soon. The last
column would have no independent parameters,i.e. will be prede ned by the entries
in the previousn 1 columns. Therefore the number of independen coe cien ts

equals:

X 1 1+1 1
# of parameters = = nT (n 1)= n(nz); (C.1)
1

wherethe fact wasusedthat the sum of n consequtive numbersstarting at 1 is given
by the mean value (n + 1)=2 multiplied by the number of elelmers (i.e. n).
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D. Rotational matrix as a
one-electron operator in second
guantization

By applying U on a trial wavefunction ™ transforms a spin-orbital accordingto

X X
p=  Ugp 8: (€ )ap 8; (D.1)
q q

whereeq. 1.43was used. In secondquartization this transformation correspndsto
the action of a creation operator & of the form

X X
&=  Ugpa)= G )ap@ (D.2)
q q

E
onthe vacuumstate . Therehy, & is the creation operator which createsan electron

in the g-th orbital of the trial wavefunction. The new wavefunction is obtained by
applying a completeset of creation operators on the vacuun state
E X E
&, & i = Ugop, Ugup, &g @, 100 (D.3)
[Sipe i

Essetially, the above equation generatesthe new ocaupation number vector in the
basisof trial occupation number vectors(sec. 1.4.1).
Using eqg. 1.43 eq. D.1 can be rewritten as

&

X K y — X 1 2 y
(¢ )qpaq— (1+K+§K +...)qpaq
A a LX (D.4)
apt  (K)gpay+ 2 (K?)ap2y;
q q
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wherekg, are the coe cien ts of the rotational matrix K. It can be shown that the
above equationis equivalent to

X X
a%: a%+ q(K)qpaé+; q(KZ)qpaé
(D.5)

1
©

[l K1+ Sy RIK]+ oo

where the Baker-Canbell-Hausdor formula was used (see Appendix E). K is the
operator of eq. 1.45. Inserting the nal expressionof eq. D.5 into eq. D.3 givesthe
nal expressionfor the new occupation number vectors
E E
e Kal efe ay e iiie Ray & =efayal :iia) & =k (D.6)

In the last expressiorthe fagt that matrix exponertial is unitary wasused. The action
of & on the vacuum state gives

¢ E 1 E E
e :(1+I@+EI€2+:::) = (D.7)

as the operator K rst annihilates an electron from the occupation number vector.
Eq. D.6 statesthat all MO coe cie nts can be rotated/t ransformed simultaneously

by applying the exponertial operator e K
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E. Baker-Campbell-Hausdor
expansion of the MCSCF matrix
element

The Baker-Camplell-Hausdor expansionreads:

1 1
fHe K =(1+K + éK2+ MW@ K+ éKZ:::)=

R+ KH I4K+;K2I4 KI4K+;I4K2+ = (E.1)
B+ KA+ ;[K;[K;ﬁ]]+ i
wherethe Taylor expansionl.43for the matrix exponertial € wasused. The above

expressions correct up to secondorder. It canbe usedto rewrite the operator in the
expectation value eq. 1.47

effHe ke P = A + [K;H]+ ;[K;[K;IQ]]+ :)e P =
(E.2)
A+ AT+ IGIKG AT+ PR+ PIK AT+ [P PiAT+

Again, this expressions correctup to secondorder. It givesa perscript for calculating
the energygradients with respect to the rotation coecien ts K and p.
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F. Diastereomeric pairs of Colns in
HTI

4 3 4 .3
7 O 7 O
Coln ¢ Coln g«

3
4 a3
O s O,
Coln Coln g«

53 4

o $q
Coln ¢ Coln
Figure F.1. Diastereomeric pairs of Colns: top) Colns/Colng: middle)

Colng/Coln g ; bottom) Colnyr/Colnyr . The atoms essetial for the forma-
tion of a particular Coln are coloredin red. The certer of pyramidalization is

denotedby a blue circle.
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G. Denition of the reactive
coordinates torsion,
pyramidalization and tilt in HTI

A setof reactive coordinates, well suited to descrike the relaxation from the FC point
to the energeticallyreadable degeneracyregion, consistsof torsion, pyramidalization
and tilt. Naturally, thesecoordinatesful ll the resonane (torsion) and hetelosym-
metry (pyramidalization, tilt) conditions for Coln formation derivedin sec.2.2. The
torsion of the hemistilbenewith respect to the hemithioindigo (g. G.1, left) is the
main readion coordinate (WH-coordinate). For the quartitativ e evaluation the GS
equilibrium structure of the Z-HTI isomer was chosenas referen@ geometry with
a torsional angle of 0°. With this de nition the Z! E isomerizaion runs clockwise
(0°1 180), the E! Z isomerizationcourterclockwise (180°! 0°). The pyramidaliza-
tion is de ned asthe out-of-plane bending of the hemistilbene. In g. G.1, middle,
the pyramidalization is visualizedfor a torsional angleof 90°. At 0° pyramidalization
the bridging carbon atom lies in the plane of the hemithioindigo. The third coordi-
nate is the tilt of the hemistilbeneeither toward the carbonyl group (negative tilt) or
toward the sulfur (positive tilt). Exemplarily, in g. G.1, right, the tilt is visualized
for a geomety with a torsional angle of 90° and pyramidalization of 60°. The purely
pyramidalized Colns-a. (g. 2.8)is usedasa (° referenceto determinethe tilt.

Figure G.1.: Reactive coordinates for the Z/E isomerization. (left) Out-of-plane
torsion with Z-HTI as a zero-mint referencein the range [0°:36C]; (middle)
Pyramidalization (showvn for a torsional angle of 90°) in the range [-90°:907;
(right) Tilt (shown for a torsional angle of 90°and pyramidalization of 60A°) in
the range[-90°:90°].
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Accordingto this denition pyramidalization and tilt canbe evaluated asshown in
the sketch G.2 for an arbitrary pyramidalizedandtilted geometry(givenin black). To
simplify the visualization HTI wastruncated to the certral doublebond (1-2) and
its rst substituents. As both coordinates are not directly obtainable from a regular
Z-matrix two dummy atomswereintroduced(blue dots), sothat the planede ned by
1, X, and X; (red-rimmed plane) dividesthe angle 3- 1-4 in half. With the help of
the dummy atomsthe angle betweenthe green-rimmedplane (de ned via 2-1-X;)
and the red plane is adjusted to 90°. When this is achieved, the pyramidalization
can be calculated by substracting the angle X;- 1-X, from 90°. The tilt is given
through the angle 2-1-X,, i.e. X, is the projection of 2 in the red-rimmed plane.
Furthermore, it is assumed,that the torsional angle at every Coln is 90°. In the
sketch G.2 this assumptionimpliesthat certers 5 and 6 adjustin orderto presene
orthogonality betweenthe two part of the -system.

Figure G.2.: Sketch of the construction utilized to read-o pyramidalization and tilt
from an arbitrary geometry(givenin bladck). For this purposetwo dummy atoms
are introduced (blue dots). The pyramidalization is calculated by substracting
the angle X;- 1-X, from 90° and the tilt is given via the angle 2-1-X,. The
certer of pyramidalization is denotedby an blue circle.
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H.

Localized molecular orbitals and
e ects of the functional groups
for scenaio 1. and 2. in

tri uo romethyl -pyrrolylfulgide

Figure H.1.: Localized molecular orbitals at the [2/2] and [1/1] homosymmetric

144

biradicals in scenariol (top) and scenario2 (bottom) (g. 2.11sec. 2.4.4).
Dashedred lines indicate the spatial separationof the -systeminto subunits.
Red crossesmark atomic certers which do not contribute to the nal molecular
orbitals.



Figure H.2.: Conjugation of the functional groups-NHR (+M e ect) and-CHO (-M
e ect) to the -systemof the basicunit for the [2/2] homosymmetricbiradical in
scenariol (top) andfor the [1/1] homosymmetricbiradical in scenario2 (bottom)

(g. 2.11in sec. 2.4.4). The alignmert of the orbitals re ects their energeic
order.
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|. Quantum chemical methods
utilized in the study of HTI

The quantum chemicalstudieswereperformedwith the software padkagesMolpro[71],
Molcas[261]and Gaussian[93]. Excited state structural optimizations were done on
the CASSCFlevel including up to 10 electronsand nine orbitals in the active space.
For points of interest CASPT2 wascarried out, utilizing 14 electronsand 13orbitals in
the active space.Transition dipole momerts were obtained with the CASSCF State-
Interaction mathod (RASSI) method[262] as implemerted in Molcas. Electrostatic
potertials[263] were usal to visualizethe chargedistribution alongthe reaction path
in the ES. For the ES calculationsthe nomenclature SA-n and MS-n for averaging
over n statesin CASSCFand in CASPT2, respectively.

The size of HTI does not allow the inclusion of all -orbitals in the active space.
All rst neighbors to the certral double bond and one set of bonding and antib ond-
ing orbitals per benzenering were considered(g. 1.1). Ciritical is the role of the
oxygen lone pair, which can interact with the -systemdependingon the structural
arrangemem and in principle must be consideredn the active space.Howe\er, the si-
multaneousdescriptionofn  and statesleadsto problemsdueto the unbalanced
description of the electron correlation for both statesat CASSCF level (seedicussion
in sec. 3.1.2). Therefore, the lone pair of the oxygenewas included in the active
spaceonly in the singlepoint calculationsat the FC point and in the optimization of
Colnac, wWhich is very sensitive to dynamic correlation e ects due to the notable n
cortribution to the ES wavefunction[183](seediscussionin sec. 3.1.2). As the char-
acter of the electronic statesand thereby the amourt of electranic correlation change
along the MEP CASSCF can often only provide a qualitativ e description of the ES
topograply. Therefore, comparative single point CASPT2(14,13) calculations with
Molcas, using an ionization potential-electron a nit y (IPEA) modi ed zero order
Hamiltonian[264]with an IPEA shift parameterof 0.25a.u. and a real denominator
shift of 0.30a.u.[120,121]were performed at all optimized stationary structures to
incorporate the missing electron correlation. The active spacewas extendedby an
additional set of bonding and antib onding orbitals per benzenering.

The stationary structures (minima, transition states, Colns) were optimized on the
CASSCEF level with the standard Pople basisset 6-31G*[265, 266] and their charac-
ters were veri ed by frequencyanalysis. A relaxed state-averaged scanat CASSCF
level along two reactive coordinates was performed for the construction of the two-
dimensionalES PES, using the smaller basisset 6-31G[265].Minimum energyColns
wereoptimized with the projection method asimplemerted in Molpro (seesec.1.2.3).
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Figure I.1.: (10 electrons/9 orbitals) active spaceof HTI plus the oxygenlone pair.
Exemplarily, the active orbitals of the Z-HTI are presened.
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J. Quantum chemical methods
utilized in the study of
triuo romethyl-indolylfulgide

The compound with a de-mettylated nitrogen was usedin the quartum chemical
calculations. Geometry optimizations were performed with the software padkages
Molpro[71] and Gaussian[93]. CASSCF and the time-dependert density functional
theory[267,268] with the CAM-B3LYP functional[269] were utilized. The complete

-spacef the indole and cyclohexadiene/hexatrienesubunits wereincluded in a (14
electrons/13 orbitals) large active space(g. J.1). Averaging over the three low-
est states for the chosenactive spacewas applied (i.e. SA-3-CASSCF). At eadh
stationary point the missingdynamic correlation was recovered using multistate MS-
SR-CASPT2, correlating the three CASSCF states (denoted as MS-3-CASPT2) as
implemerted in Molcas[261].T herely, a default ionization potential-electronic a nit y
(IPEA) shift of 0.25a.u.[264],aswell asa real shift of 0.1a.u.[120,121]were usedfor
the energycalculations. Transition dipole momerts were obtained with the CASSCF
State-Interaction (RASSI) method[262] as implemerted in Molcas. Frequency cal-
culations at SS-CASSCFHevel were performed for ground state equilibrium geome-
tries, as well asfor the excited state local minima in the vicinity of the FC-regions.
Normal modes, frequenciesand IR-intensities were calculated from analytical rst
derivativesand dipole momerts obtained via a parallelized numerical procedure. To
verify the CASSCFresults, IR-spectrawerealsocalculatedat time-dependert density
functional theory level. For comparisonwith experimenal spectra the SS-CASSCF
frequencieswere scaledby a factor of 0.86,the CAM-B3LYP frequenciesby a factor
of 0.94. The standard Pople 6-31G*[265,266] basis set was usedfor the atoms in-
cludedin the -system,whereasthe 6-31G[265pasissetwasusedfor the methyl- and
tri uorometh yl-groups. Ground state and excited state topologiesaround Colns have
beenobtained by performing an unrelaxedscanin the two-dimensionalplane de ned
by the gradient di erence and derivative coupling vectors. They lift the degeneracy
betweenelectronic states and de ne the branching spacein a rst order appraxima-
tion (seesec. 1.2). The scanwas performed at equidistart displacemets (scaling
factors: 0.05, 0.10,0.15) from the Coln alongthe orthonormalizedgradiert di erence
and derivative coupling vectors. Electrostatic potentials at selectedgeometrieswere
generatedand visualized with Molden[270].
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Figure J.1.: (14 electrons/13orbitals) active spaceof tri uorometh yl-indolylfulgide.
Exemplarily, the active orbitals of the C-form are presened.
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List Of Abbreviations

BO Born-Oppenheimer

BS  Branching Space

CASPT2 Complete Active Space Perturbation Theory
CASSCF Complete Active SpaceSCF

CHD Cyclohexadiene

Cl Con guration-Interaction

CIS CI with Singles

CISD CI with Singlesand Doubles

Coln Conical Intersection

CPMCSCF Coupled Perturbed MCSCF

CSF Con guration State F unction

GS Ground State

ES  Excited State

FC  Franck-Condon

FWHM Full Width at Half Maximum

HF  Hartree Fock

HOMO Highest OccupiedMolecular Orbital

HT  Hexatriene

HTI  Hemithioindigo-Hemistilbene

IR Infrared

IS Intersedion Space

LUMO Lowest UnoccupiedMolecular Orbital

MCSCF Multi Con guration SCF

MEP Minimum Energy P ath

MO  Molecular Orbitals

MP2 Mgller Plesset

MRCI Multi Reference CI

MS-MR-CASPT2 Multi-Stat e Multi-Reference CASPT2
MS-SR-CASPT2 Multi-St ate Single-Referenc€€ ASPT2
PES Potential Energy Surface

RASSCF Restricted A ctive Space Self Consistert Field
RHS Right Hand Side

SA-CASSCF State-AverageCASSCF

SCF Self Consistert Field

SS-CASPT2 Single-StateCASPT2
SS-CASSCEFSingle-StateCASSCF

UV  Ultraviolet

Vis  Visible

WH  Woodward-Ho mann
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