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Abstract

Photoinduced ultrafast isomerizationsare fundamental reactions in photochemistry
and photobiology. This thesisaims for an understandingof the genericforcesdriving
thesereactionsand a theoretical approach is set up, able to handle realistic systems,
whosefast relaxation is mediated by conical intersections. The main focus is on the
development of strategiesfor the prediction and acceleratedoptimization of conical
intersectionsand their application to arti�cial compounds with promising physico-
chemical properties for technical applications as molecularswitches. All calculations
are basedon advancedquantum chemical methods and mixed quantum-classicaldy-
namics.
In the �rst part of this thesis the two-electron two-orbital theory by Michl and
Bona£i¢-Koutecký usedin its original formulation to rationalize the structure of con-
ical intersections in charged polyene systems is extended by including the interac-
tions of the active pair of electronswith the remaining closed-shellelectronsthat are
present in any realistic system. A set of conditions, called resonance and heterosym-
metry conditions, for the formation of conical intersectionsin multielectronic systems
are derived and veri�ed by calculations on the basic units ethylene, cis-butadiene
and 1,3-cyclohexadieneat various geometries and functionalizational patterns. The
quantitativ e resultshelp to understandthe role of geometricaldeformationsand sub-
stituent e�ects for the formation of conical intersectionsand to derive rules of thumb
for their qualitativ e prediction in arbitrary polyenes. An extension of the rules of
thumb to conical intersectionseamsis formulated. The strategy pursued is to divide
the molecular systeminto basic units and into functional groups. Each unit and its
intersection spaceare treated independently, thereby reducing the dimensionality of
the search spacecompared to the complete molecule. Subsequently, the intercon-
nectivity of the intersectionspacesof the di�eren t units is determinedand an initial
guessfor the completeseamis constructed. This guessis then fed into a quantum
chemistry package to �nalize the optimization. The strategy is demonstrated for
two multi-functionalized systems,hemithioindigo-hemistilbene and tri�uorometh yl-
pyrrolylfulgide.
In the second part of this thesis state-of-the-art quantum chemical calculations
and time-resolved transient and infrared spectroscopy are used to reconstruct the
complexmulti-channel isomerizationmechanismsof hemithioindigo-hemistilbeneand
tri�uorometh yl-indolylfulgide. Both the cis-trans isomerization in hemithioindigo-
hemistilbeneand the electrocyclic ring closure/opening in indolylfulgide are charac-
terizedby a chargetransfer in the excited state. The abilit y of each systemto stabilize
this chargetransfer is essential 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, usingTully's fewestswitches
surfacehoppingapproach, areperformedto study the ultrafast photoreactivity of 1,3-
cyclohexadienein the gas-phase.For this purposea numerical routine for the e�cien t
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calculation of non-adiabatic couplingsat MS-CASPT2 level is presented. The major
part of the excited moleculesare found to circumvent the 1B2/2 A1 conical inter-
section and reach the conical intersection seambetween the excited state and the
ground state instantaneuosly. Time constants for the evolution of the wavepacket on
the bright 1B2-state, the relaxation into the 2A1-state and the return to the ground
state are extracted. It is demonstrated that the accessibility of the conical intersec-
tion seam dependson its energetic and spatial relation to the minimum energy path,
as well as on the momentum which is accumulated during relaxation on the excited
state potential energy 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 evolution of a systemis the matter of
dynamics. As the length scaleof molecular bonds is 10� 10 m (= 1 Ångstrom) and
the nuclear speed is in the order of 103 m/s a femtosecond temporal resolution is
required to achieve a sub-Ångstrom spatial resolution, i.e. to freezethe motion at
atomic level. Ultrashort pulsesprovide a tool to monitor high-speedmotion and open
the door to femtodynamics. In their pioneeringwork Zewail and co-workers devel-
oped the pump-probe technique[1�3], allowing to take snapshotsof the motion of the
wavepacket on the excitedstate potential energysurfaceby applying a probe pulseat
di�eren t delay times after triggering an event with a pump pulse. The pump-probe
time-resolved spectroscopy allows to addressfundamental questions reagarding the
time order and time scaleof photochemicaland photobiologicalprocesses.This tech-
nique also proves valuable for studying processesin the ground state, e.g. protein
folding initiated by an ultrafast moleculardeformation inducedby the pump pulse[4],
thereby establishinga precisezero time referencefor determining the time scalesof
folding. Nowadays, the development of the time-resolved techniques has extended
the probing window from the ultraviolet to the near-infrared[5�13], thus permitting
to follow the dynamicsover extendedregionsof the excitedstate surface.A variety of
experimental setupslike time-resolved transient absorption, �uorescence,photoelec-
tron and infrared spectroscopy havebeendesigned that allow to observe the dynamics
from di�eren t angles.
The introduction of the pump-probe technique launched a wave of experimental
research on a variety of chemical and biological systems. It soon becameevident
that a number of processesoccur 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 betweenstatescould be explainedonly when real potential energy
surfacecrossingsbetweendi�eren t electronicstates, i.e. conical intersections[24�26],
were considered. The development of novel theoretical approaches[27�35] special-
ized at the optimization of low-energy conical intersectionscatalyzed the research
of photoreactions. Thesepeculiar points on the potential energysurface(called by
someauthors diabolic points[36]) were quickly recognizedas the key factor for the
stabilit y of DNA bases[37�42], the initial event in the processof vision[43�46], elec-
trocyclic photoreactions[47�50],photodissociations[51�53], energyand charge trans-
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Introduction

fer processes[54,55], etc.. As the passagethrough a conical intersection occurs very
rapidly and can not be detected spectroscopicallyit hasbecomea task for the quan-
tum chemists to shedlight on their structure, accessibility and reactivity. In recent
years,as new �eld of research the optimization and characterization of energetically
low-lying conical intersection seams,hyperlines of conical intersectionsallowing for
a versatile and e�ectiv e decay to ground state from extended regionsof the excited
state potential energy surface,moved into the focusof interest[36,56�60].
The present work providesan ab-initio treatment of ultraf ast photoreactionsmediated
by conical intersectionby meansof quantum chemistry and mixed quantum-classical
dynamics. In the �rst section the basic theoretical conceptsare outlined. In the
secondsectiona theory is presented which allows to derive rules of thumb to predict
the structure of singleconicalintersectionsand conicalintersection seamsin arbitrary
multifunctionalized polyenes.The method is basedon anextensionof the two-electron
two-orbital model introducedby Michl and Bona£i¢-Koutecký[61]. It is ableto predict
structure, topologyand energydependenceon the substituent pattern and accelerates
the search of conical intersections and conical intersection seam. In three examples
this generaltechniqueis appliedto the photochromic systems1,3-cyclohexadiene/cZc-
hexatriene,hemithioindigo-hemistilbeneand tri�uorometh yl-indolylfulgide, the latter
two being candidatesfor application as molecular photoswitches in protein folding
studies[62]and molecular electronics[63]. Conical intersection seamsfound in both
systems,together with data from time-resolved transient and infrared spectroscopy,
are usedin the third sectionto reconstruct the complexmulti-channel isomerization
mechanism 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 quantum yield of isomerization.
Quantum chemistry givesvaluableinsights into possibleintermediates,barrier heights
and ground state products by meansof minimum energypaths. However, momen-
tum conservation in vibrational modesdrives the systemsaway from the minimum
energypath and can alter the outcome of the reaction. Dynamical simulations are
indispensablefor answering the following questions: (i) What time constants char-
acterize the individual stepsof a reaction? (ii) What is the population distribution
in di�eren t reaction channels? (iii) Which regions of the conical intersection seam
are reached preferentially? (iv) What is the product distribution out of the conical
intersection seam? Dynamical simulations on polyatomic systemsare very tedious
and exact quantum dynamics in full coordinate spaceis currently out of reach for
photoreactions. Quantum dynamicscalculations in a reducedcoordinate spaceis an
alternative, but the coordinates have to be selected with great care to be physically
meaningful. Semi-classicaldynamics[64,65] provide a workaround by focusing on
a subset of the system, which is treated quantum mechanically (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 evolution of
a quantum dynamical wavepacket by a swarm of classcialtra jectories driven by the
quantum mechanical electronic potential. In this work the Tully's fewest switches
surface hopping approach[66] implemented in the software package for Newtonian
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dynamicsNewton-X[67] is interlaced with the multi-state completeactive spaceper-
turbation method[68�70] available in Molpro[71] to simulate non-adiabaticdynamics
through conical intersections. In the fourth sectionof this work the implementation
of non-adiabatic couplingsat multi-state complete active spaceperturbation theory
level, as well as preliminary results on the dynamics of 1,3-cyclohexadieneare pre-
sented. Cyclohexadieneis a prototype for a molecular photoswitch[72] and is the
building block of the family of fulgide switches[73].It is expected that the disclosure
of its dynamicswill provide valuableinformation about the accessibility and reactivity
of the conical intersectionseam[74]beyond the static description.
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1. Theoretical background

The present work investigates light-induced ultrafast chemical reactions proceeding
on a femtosecondto picosecondtime scaleby meansof ab initio quantum chemical
methods. The time-independent Schrödinger equation

Ĥ 	( r; R) = E(r; R)	( r; R) (1.1)

provides the foundation of quantum chemistry. The molecular wavefunction 	( r; R)
contains the whole information about the nuclear and electronic degreesof freedom
of the systemand Ĥ is the Hamiltonian operator

Ĥ = �
X

�

1
2m�

r 2
�

| {z }
T̂ nuc

�
X

i

1
2

r 2
i �

X

�;i

Z �

R�;i
+

X

i;j

1
Rij

+
X

�;�

Z � Z �

R��
| {z }

Ĥ el

: (1.2)

The �rst two terms in eq. 1.2 give the kinetic energyof the nuclei (i.e. T̂nuc ) and
of the electrons. The third term gives the electron-nuclei attractio n 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 Oppenheimer, which allows to treat electronicand nucleardegreesof freedom
separately[75,76]. Its physical just i�cation is provided by the high ratio of the masses
of nuclei and electrons,allowing the electrons to quasi-instantaneouslyadapt to a new
nuclear arrangement. Therefore, the electronic motions dependonly parametrically
on the positionsof the nuclei. This dependenceallows us to write the total wavefunc-
tion 	( r; R) in a product form

	 B O(r; R) = � (R)	 el(r ; R); (1.3)

where � (R) dependsonly on the nuclear coordinates and 	 el(r ; R) dependsexplic-
itly on the electronic and parametrically on the nuclear coordinates. 	 el(r ; R) is an
eigenfunctionof the electronicSchrödinger operator Ĥ el

Ĥ el	 el(r ; R) = V(r ; R)	 el(r ; R); (1.4)

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 quantum chemistry. The electronic
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1. Theoretical background

Schrödinger 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-independent Schrödinger
equation as a potential in which the nuclear wavefunction evolves

�
T̂nuc + V(R)

�
� (R) = E(R)� (R): (1.5)

The BO approximation is well suited for many purposes. However, there are cases
whereit fails and an explicit treatment of the correlation betweenmolecularand elec-
tronic degreesof freedomis indispensable.In sec.1.1 the circumstancesunder which
the BO approximation breaksdown are elaborated and the most prominent 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 photochemicalprocesses,occuring via conical intersections,
is elucidatedwith the help of molecular symmetry. Finally, in sec. 1.4 several quan-
tun chemicalmethods for treating multi-con�gurational problemsare presented. The
following notation is used throughout: vectors are denoted by an arrow (e.g. ~X ),
matrices are given in bold (e.g. H ).

1.1. Beyond the Born-Oppenheimer approximat ion

Going beyond the BO approximation the molecularwavefunction 	( r; R) is no longer
represented as the simple product from eq. 1.3. A formally exact ansatz is given by
expandingthe molecularwavefunction in the complete basisof eigenfunctions	 el

i of
the electronicSchrödinger equation 1.4 at a �xed nuclear geometryR as

	( r; R) =
X

i

� i (R)	 el
i (r ; R): (1.6)

Inserting expansion1.6 into eq. 1.1, multiplying from left with 	 el
j

1 and integrating
over the electroniccoordinates gives

X

i

D
	 el

j

�
�
�T̂nuc

�
�
�� i 	 el

i

E
+

X

i

D
	 el

j

�
�
�Ĥ el

�
�
�� i 	 el

i

E
= E

X

i

D
	 el

j

�
�
�� i 	 el

i

E
: (1.7)

Using eq. 1.4 and the chain rule for the secondderivativesT̂nuc the �nal form of the
time-independent Schrödinger equation for the nuclei is obtained

X

i

 

T̂nuc� ij + Vi � ij +
D
	 el

j

�
�
�T̂nuc	 el

i

E
� 2

X

�

1
2m�

D
	 el

j

�
�
�r � 	 el

i

E
r �

!

� i = E
X

i

� i � ij

(1.8)

1From hereon dependencieson nuclear and electronic degreesof freedomare not denotedexplicitly .
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1.1. Beyond the Born-Oppenheimerapproximation

or in a matrix notation
�
T̂nuc1 + ~V T 1 + K

�
~� = ~E T 1~�: (1.9)

K is the non-adiabatic coupling matrix wit h elements

K ij = �
X

�

1
2m�

(
D
	 el

i

�
�
�r 2

� 	 el
j

E

| {z }
scalar coupl:

+2 �
D
	 el

i

�
�
�r � 	 el

j

E

| {z }
derivativ e coupl:

�r � ): (1.10)

It describesthe changeof the electronic wavefunction with the nucleardisplacement,
i.e. correlatesnuclear and electronic motions. To that point no approximation has
been introduced 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 arrangement. Then, the coupling terms are neg-
ligible and the BO approximation is justi�ed. However, there are also caseswhere
the electronicstructure changesabruptly over a small geometricaldeformation. The
electronscan no longer follow the nuclei instantaneuoslyand the BO approximation
breaks down, giving rise to large couplings K ij . It is therefore a matter of general
concernto clarify when the BO approximation is impractical.
The scalar couplingsare signi�cantly smaller in magnitude than the dervative cou-
plings. However, they cannot be completely neglected,as the Hamiltonian operator
Ĥ would becomeNon-Hermitian. The hermeticity can be recovered by considering
the non-Hermitian part of the scalar couplings,which can be expressedthrough the
derivative couplings as

P
� r � �

D
	 el

i

�
�
�r � 	 el

j

E
[77]. Thus, the non-adiabatic coupling

K ij is determinedby the properties of the derivative couplings
D
	 el

i

�
�
�r � 	 el

j

E
2

D
	 el

i

�
�
�r � 	 el

j

E
= �

D
	 el

j

�
�
�r � 	 el

i

E
and

D
	 el

i

�
�
�r � 	 el

j

E
=

D
	 el

i

�
�
�r � Ĥ

�
�
�	 el

j

E

Vj � Vi
: (1.11)

The expressionon the left states that the derivative coupling couplesonly vibronic
statesbelongingto di�eren t electronicstates(for i = j the coupling element is zero).
The expressionon the right shows that, in general,the derivative coupling between
two statesincreases in magnitudewhen their Potential�Ener gy�Surface (PES)s come
closer.
Largecouplingsinducean e�cien t and rapid changebetweenelectronic surfaces.This
phenomenonlies beneaththe experimental observation that ultrafast photochemical
reactionscan take lessthan a few hundred femtosecondsfrom the moment of excita-
tion of the reactant 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
mechanismsit is crucial to locate energetically accessibleregionswherePESsdegen-
erate. Thesespecial points, known as Conical Intersection (CoIn), are characterized
in the next section.

2For derivation seeAppendix A
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1. Theoretical background

1.2. Conical intersections

Although the conditions for potential energycurve crossinghad beenanalyzedmath-
ematically already in the thirt iesby von Neumannand Wigner[78]another �ft y years
had to go by before chemists took the concept of CoIns to heart. While CoIns be-
tween excited stateswererecognizedasan e�ectiv e relaxation mechanismfrom higher
ES to the �rst ES (Kasha's rule[79] is a direct consequencefrom the instantaneuos
relaxation to �rst ES), radiationlessdeactivation from the �rst ES was explainedby
vibronical couplingof the ES wavefunction to the GSusingFermi's goldenrule[72]. It
wasbelieved that in moleculesthe realization of the concept of CoIn betweenthe GS
and the �rst ES demandsformidable structural deformations. Hence,CoIns would
occur only in high energyregionson the PES and would be irrelevant for the photo-
chemistry. The lifetimes predictedby the Fermi's goldenrule reach from nanoseconds
down to several hundred picoseconds. Due to the lack of techniquesallowing for sub-
nanosecondtime resolution the validit y of applying the Fermi's goldenrule could not
be experimentally veri�ed up to the late '80s. Zewail's pioneer works[1, 3] on fem-
tosecondpump-probegas-phasespectroscopy demonstratedthat somephotoreactions
proceedmuch faster than anticipated. In the following years the pump-probe tech-
nique wassuccessfullytransferedto the condensedphaseand the ultrafast photoreac-
tivit y wascon�rmed in numerousstudies. With the advanceof computer technology
and the development of a�ordable methods for treatment of ES the observedultrafast
photoreactivity could be attr ibuted to the presenceof low-energyCoIns betweenthe
GS and �rst ES[47,80�87]. In the next subsectionssomecharacteristic properties of
CoIns, as well as methods for their localization and characterization are presented.

1.2.1. Adiabatic versus diabatic representation

In sec. 1.1 it was stated that the rapid change of the character of the electronic
wavefuncton in the vicinit y of a CoIn is responsible for the large non-adiabatic cou-
plings K ij . The calculation of coupling elements is a rather tedious task. Further-
more, their local nature requires to sample the PES around a CoIn in small in-
tervals to recover their correct shape. A possibleworkaround is to usethe diabatic
representation[88, 89]. Diabatic wavefunctionsaremathematicalconstructsthat diag-
onalizethe coupling matrix K . From a chemicalpoint of view diabatic wavefunctions
can be understood asdistinct electronic con�gurations (e.g. covalent or ionic), which
behave smoothly, even in the vicinit y of a CoIn. However diabatic wavefunctions
are not eigenfunctionsof the electronic Hamiltonian H el and the coupling between
statesoccursvia the o�-diagonal elements in the Hamiltonian matrix. The adiabatic
wavefunctions,which are eigenfunctionsof the electronicHamitonian, are allowed to
changetheir character. This happensinstantaneouslywhen passingthrough a CoIn
and leadsto largenon-adiabaticcouplings. Then, the leadingelectronic con�guration
does not manageto stick with the adiabatic state and follows the diabatic surface,
i.e. changesto a di�eren t adiabatic surface.
Transformationbetweena pair of diabatic and adiabatic statesis unitary and is given
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1.2. Conical intersections

by the following formula3

 
	 d

1
	 d

2

!

=

 
cos(� ) � sin(� )
sin(� ) cos(� )

!  
	 ad

1
	 ad

2

!

; (1.12)

with � the rotational or mixing angle[89]for which the coupling K ij vanishes. The
diabatic representation is chemically more intuitiv e becauseit follows the energyof
a particular electronic con�guration along the reaction coordinate and allows for a
smooth change of PESs. Therefore, it is used to derive the conditions for CoIn
formation.

1.2.2. Conditions for the existence of conical intersections

The adiabatic wavefunction is expandedin the vicinit y of a CoIn in the basisof two
orthonormalizeddiabatic states 	 d

1 and 	 d
2[90]

	 ad = c1	 d
1 + c2	 d

2: (1.13)

The eigenstatesand energies"1 and "2 in this basisareobtainedby solvingthe secular
problem  

H11 � " H12

H12 H22 � "

!  
c1

c2

!

= 0; (1.14)

with matrix elements H ij of the form
D
	 d

i

�
�
�Ĥ

�
�
�	 d

j

E
. Diagonalizingeq. 1.14gives

"1=2 =
H11 + H22 �

q
(H11 � H22)2 + 4H 2

12

2
: (1.15)

At a CoIn the two states are isoenergetic,i.e. "1 = "2. This requirement provides a
set of two independent conditions for the degeneracy

H11 � H22 = 0 and H12 = 0: (1.16)

Eqs. 1.16 implicate that two independently variable nuclear coordinates are needed
to reach a point of degeneracy. This conclusionis the basisfor the non-crossingrule
which statesthat in diatomicsreal crossingscanoccur only betweenstatesof di�eren t
(spatial or spin) symmetry, as the coupling term H12 is zero. In this special casethe
condition H11 � H22 = 0 can be ful�lled at a particular internuclear distance. For
statesof the samesymmetry the coupling term hasa �nit magnitudeand no internu-
clear distanceexist whereboth conditions are ful�lled simultaneously. In polyatomic
moleculeswith 3N � 6 independently variable coordinates this limitation does not
hold. Correspondingly, degeneracy can occur at each point of a 3N � 8 dimensional
hyperspace,known as the IntersectionSpace(IS)[89].

3Provided that the two states are well separated everywhere on the PES from the remaining
electronic states.
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1. Theoretical background

Figure 1.1.: A symmetric CoIn within the two-dimensional BS, which lifts the
energeticdegeneracy. The 3N-8 dimensionalIS, which preservesthe degeneracy,
lies perpendicular to the BS. The BS vectors in the diabatic (eqs. 1.17) and in
the adiabatic (eqs. 1.18) basisdo not coincidebut spanthe sameplane.

At each point of this spacethe degeneracyis lifted along two speci�c vectorsderived
from the conditions in eq. 1.16

~g = r R(H11 � H22) (1.17a)
~h = r RH12 (1.17b)

Thesevectorsspanthe BS[89]perpendicular to the IS (�g. 1.1).
The implementation of algorithms for optimizing CoIns requiresthe knowledgeof the
BS. However, while the requirements in eqs. 1.16are formulated in a diabatic basis,
most quantum chemical programsprovide adiabatic states and energies. Using the
transformation betweenadiabatic and diabatic states(eq. 1.12) it can be shown that
the adiabatic vectors

~X 1 = r R(V1 � V2) (1.18a)
~X 2 = (V2 � V1)

D
	 ad

1

�
�
�r R 	 ad

2

E
(1.18b)

span the very sameplane around a CoIn as ~g and ~h (seeAppendix B) (�g. 1.1).
Thereby, V1 and V2 are the adiabatic energies.Therefore, it su�ces to calculate the
gradient di�erence vector ~X 1 and the scaledderivative coupling vector ~X 2 to obtain
the BS in the vicintiy of a CoIn. In reality, the BS is curved in space[91]and the plane
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1.2. Conical intersections

spannedby ~X 1 and ~X 2 at a CoIn is only tangential to the curved BS. Consequently,
alsothe spacespannedby the 3N � 8 vectorsperpendicular to ~X 1 and ~X 2 is tangential
to the IS and displacement along them lifts the degeneracyas well. Recovery of the
degeneracyis possibleby a subsequent displacement along ~X 1 and ~X 2. With this
considerationit becomespossibleto formulate a set of curvilinear coordinates,which
reproduce the IS energy pro�le around the CoIn correctly to second order[59, 60].
Di�eren tiating 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 CoIn. This
analysisallowsto search 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 search of energeticallylow-lying CoIn seams[74].

1.2.3. Projection metho d for optimizing minimum energy conical
intersections

S  Minimum1

1X

S  S  MECI0 1

S1
ER

S1
ER( )ISP

0S

1S

Figure 1.2.: Schematic representation of the algorithm usedto optimize minimum
energyCoIns (S0S1MECI). The e�ectiv e gradient, which is followed during the
optimization, has two contribu tions. Starting at an arbitrary position in space,
displacement along the gradient di�er encevector ~X 1 locates the nearestpoint
of degeneracybetweenthe upper (S1) and the lower (S0) states (greenarrows).
Following the projection of the S1 gradient onto the orthogonal complement to
the plane spannedby the gradient di�erence ( ~X 1) and derivative coupling ( ~X 2)
vectors locatesa minimum in the IS.
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1. Theoretical background

Next, a robust and fast method for locating minimum energy CoIns, proposed
originally by Bearpark et al.[31, 92] and currently implemented in software packages
like Gaussian[93]and Molpro[71], is outlined. The general idea is to minimize an
e�ectiv e gradient composedof two terms

~g = 2(V2 � V1)
~X 1�

�
�
�
�
� ~X 1

�
�
�
�
�
�

+ P I S(r RV2): (1.19)

Displacement along the gradient di�erence vector ~X 1 drives the algorithm towards
the nearestpoint of degeneracy(green line in �g. 1.2). The multiplication of the
normalizedgradient di�erence vector with the energydi�erence assuresthat the �rst
term vanisheswhen both statesbecomedegenerate.The secondterm represents the
projection of the ES gradient onto the orthogonal complement to the plane spanned
by ~X 1 and ~X 2 (blue lines in �g. 1.2), accomplishedby the projection matrix P I S =
1� A (A T A )� 1A T with A a matrix with columns ~X 1 and ~X 2. At a point of degeneracy
the orthogonal complement to the plane spannedby ~X 1 and ~X 2 is tangential to the
IS. Following the projection of the gradient onto this sub-spaceensuresthat the
optimized structure is a minimum in the IS (S0S1MECI in �g. 1.2). Consequently, at
a minimum energy CoIn the energyof the upper state increasesin 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 conserved in the IS. Thus, any
information about the GS products accessibledirectly from the apex of the CoIn is
reserved to the BS. A completelysymmetric CoIn (a CoIn with a circular baseof the
cone)as given in �g. 1.1 would implicate an in�nite number of relaxation directions
in the GS[56]. In practice, there exist preferent ial relaxation directions associated
with steepslopeson the GS PES. Thesepreferential directions can be obtained by
performing an unrelaxedscanon a circular crosssectionaround theCoIn in the plane
spannedby X 1 and X 2. The number of minima passedthrough during the scanequals
the number of barrierlessrelaxation pathways in the GS.
By performing an unrelaxed scan one neglects the fact that the plane spannedby
X 1 and X 2 coincideswith the BS only in in�nitesimal displacement from the apex
of the cone. An advanced procedure to cope with this issuereplacesthe scan on
the circular crosssectionby a constrainedoptimization on a hyperspherearound the
CoIn[94]. In the present work solely unrelaxedscansaround CoIns were performed.
It deservesfurther attention, that the information about the GS relaxation channels
gathered in this way is non-dynamical and describes accurately only vibrationally
cold ES moleculeswhich relax to the GS through the tip of the CoIn.
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1.3. Orbita l analysisof photochemicalreactions: whento look for conical intersetions

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

The previoussectionfocusedon the mathematical background of CoIns. Up to now
a chemical interpretation of the conditions for CoIn formation (eqs. 1.16) has been
left out. One goal of this work is to establish a correlation between the chemical
composition, the molecularstructure and the accessibility of CoIns. For that purpose
a Molecular Orbitals (MO) analysiswhich is usedto estimatethe energypro�le along
geometricaldeformations is presented. Thereby, the emphasisis on isomerizations.
Figure 1.3a presents 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 OccupiedMolecular Orbit al (HOMO) a double bond torsion
introducesa node in the MO, thereby correlating the HOMO of the oneisomerto the
LowestUnoccupiedMolecularOrbital (LUMO) of the other isomer. Correspondingly,
the con�guration with a doubly occupied HOMO of the one isomercorrelatesto the
con�guration with a doubly occupiedLUMO of the other isomerand vice versa. This
correlation diagram (dashed black lines in �g. 1.3a) allows to follow the energyof a
particular electroniccon�guration alonga reactioncoordinate in analogyto a diabatic
representation. The samecorrelation pattern is encountered for butadieneand HT
with respect to the symmetry conservingdisrotatory (� v mirror plane) and conrota-
tory (C2 rotation axis) cyclization (�g. 1.3a). Thus, the correlation diagramsof all
three reactionscan be described with the samediabatic scheme(greendashedlines
�g. 1.3b). By allowing the diabatic states to mix adiabatic states are constructed
(red, black and blue solid line in �g 1.3b). Thereby, the diabatic curve crossingsbe-
comeavoidedcrossings(marked with circles) in the adiabatic representation. Several
conclusionscan be drawn from the correlation diagram:

a) Geometrical deformationsfor which the PESsof GS and ES comeclosecan be
derived by symmetry considerations.

b) A low-energyCoIn betweenGSandESis likely to exist when the valenceorbitals
of reactant and product arecorrelatedaccordingto �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.

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

d) Di�ere nt isomerization reactions are characterized by a common correlation
diagram. Hence,rules for locating CoIns that apply to oneof the isomerization
reactionsoutlined above should apply to all three reactions.

The diabatic scheme(�g. 1.3b) shows that in the avoided crossingregionsthe adi-
abatic states cannot be represented by a single electronic con�gurat ion and become
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1. Theoretical background

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) representation 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 accuratequantum chemical descrip-
tion of photoisomerization reactionsmediatedby CoIns it is essential to usemethods
which can handle multicon�gurational problems. Such methods are in the focus of
the next section.

1.4. Solution of the time-indep endent Schrödinger
equation

The electronicwavefunction 	 el is a many-particle function, depending explicitly on
the coordinates of the electrons and parametrically on the coordinates of the nuclei.
Each electron is represented in the basisof one-paticlewavefunctions ~� i , alsoknown
asspin-orbitals[75],products of the spatial wavefunctionsof the electroniccoordinates
and spin wavefunctions,describingits spin (

�
�
��

E
or

�
�
��

E
)

~� i = � i

�
�
��

E
or ~� i = � i

�
�
��

E
: (1.20)
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1.4. Solution of the time-independent Schrödinger equation

The total electronic wavefunction can be expanded in the complete basis of one-
particle spin-orbitals[75]. If the total electronic wavefunction 	 el depends only on
onevariable the expansion reads

	 el(1) =
1X

i

Ci
~� i (1): (1.21)

For two independent variables an expansionin the sameone-particle basisreads

	 el(1; 2) =
1X

i;j

Ci;j
~� i (1) ~� j (2): (1.22)

Correspondingly, for a systemof n electronsthe exact expansionreads

	 el(1; 2; : : : ; n) =
1X

i;j ;:::;m

Ci;j ;:::;m
~� i (1) ~� j (2) : : : ~� m (n): (1.23)

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

	 el(1; 2; : : : ; n) = � 	 el(2; 1; : : : ; n): (1.24)

With eq. 1.24 eq. 1.23 is rewritten as a linear combination of Slater determinants,
i.e. mathematical construct, which satisfy the Pauli principle

	 el(1; 2; : : : ; n) =
1X

q
Cq	 SD

q with 	 SD
q =

1
p

n!

~� i (1) � � � ~� n (1)
...

. . .
...

~� i (n) � � � ~� n (n)

; (1.25)

where the expansiongoes over all possiblei; j : : : ; m combinations. The expansion
coe�cien ts Cq areunknown and an optimization procedureis required(seesec.1.4.2).
The electronic wavefunction 	 el commutes with the spin and angular momentum
operators Ŝ2, Ŝz, L̂2 and L̂ z, however, the Slater determinants do not. It is therefore
conventional to work with Con�guration�State�F unction (CSF)s � , which are spin-
and symmetry adapted linear combination of Slater determinants, to avoids spin-
contamination issues[97].
The spatial part � i of the one-particle wavefunction ~� i usedto construct the Slater
determinants areunknown aswell andneedto beoptimized (seesec.1.4.2). Roothaan
proposedto expandeach � i in the completebasisof atomic orbitals � k [98]

� i =
1X

ki

cki � k : (1.26)

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 background

lations. With increasingmolecular size and number of integrals the STOs quickly
becomeimpractical, so that 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 each � k is represented as a non-variable contraction of
several primitiv e GTOs

� k =
X

t

dkt � t : (1.27)

The non-variable nature of the expansionassuresthe uniformit y of quantum chemical
calculations. The art and sizeof the contraction scheme,i.e. the basisset, decideon
the quality of the orbital representation. In general, the quality improves with the
number of primitiv e GTOs included in the contraction. The use of �nit basis sets
represents an error sourcethat must not be underestimated.
The complexnature of themany-particle wavefunction requiresa treatment at several
levels as summarized in the follwing scheme:

	 el
|{z}

el: wave fct :

! �|{z}
conf : state fct :

! 	 SD
| {z }

Slater det:

! ~�
|{z}

spin orbital

!

�
|{z}

mol: orbital

! �|{z}
cont r: basis fct :

! �
|{z}

prim : basis fct :

An exact electronic wavefunction 	 el is completely determined by two in�nite sets
of expansioncoe�cien ts, the CSF (Cq in eq. 1.25) and MO (cki in eq. 1.26) coef-
�cien ts. As ini�nite expansionsare not manageablepractically di�eren t truncation
schemeshave beenproposed.The crudestapproximation is to completelydiscard the
multicon�gurational nature of the electronicwavefunction and only optimize the MO
coe�cien ts. This basicapproach is known asthe Hartree�Fock (HF) Self�Consistent�
Field (SCF) method[75,76]. It constitutes the fundament for all subsequent methods.
A signi�cant improvement is achieved by expandingthe wavefunction in the basisof
all determinants generatedvia singleand doubleexcitations from the HF determinant
and �nding the optimal solution for the CSF coe�cien ts. Thosemethods are known
as CI 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,called the Multi�Con�guration SCF (MCSCF) method[101�104],achievesac-
curate results with a signi�cantly reducednumber of determinants/CSFs. However,
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 ansatz is 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 shortcommingprevents CASSCF from providing quantitativ e results. Two im-
provements have beenestablished,the Multi�Reference�CI (MRCI)[104�106] and the
Complete�Active�Space�Perturbation�Theory (CASPT2)[68�70]. Both methods ex-
tend the expansionspaceby including higher order excitations from the CASSCF
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1.4. Solution of the time-independent Schrödinger equation

wavefunction. The MRCI is a variational approach, similar to CIS and CISD, but
usinga CASSCFreferencefunction insteadof a HF one. CASPT2 treats higher order
excitations as perturbation to the CASSCF wavefunction. Both techniquesprovide
almost quantitativ e results, however, 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 secondquantization, is brie�y introduced.

1.4.1. A short intro ducti on to second quantization

Wavefunctionsand operators in the standard formulation of quantum mechanics(i.e.
�rst quantization) arede�ned asfunctions in the Hilbert spaceHn of a �xed number of
particles n. Secondquantizat ion 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 Hilbert spaces
Hn (n = 0: : : N , with N the maximal number of one-particlefunctions in the system)

FN = H0 � H1 � � � � � HN : (1.28)

Secondquantization rede�nes wavefunctionsand operators in the basisof a common
set of elementary operators (creation and annihilation operators) and allows for a
compact formulation of analytical solutions in multicon�gurational problems.
In secondquantization4 the occupation number vector

�
�
�k

E
is the pendant to a Slater

determinant. It givesthe occupation of a particular Slater determinant
�
�
�k

E
=

�
�
�k1; k2; � � � ; kN

E
; (1.29)

with N the total number of orbitals (occupiedand unoccupied)andki = 0; 1 according
to whether the i -th orbital is occupiedby an electron or not. In �rst quantization any
multicon�gurational wavefunctioncanbeexpandedin the basis of Slaterdeterminants
(eq. 1.25). In secondquantization the expansionis realized in the basisof occupation
number vectors

�
�
�k

E

�
�
�	

E
=

X

k

Ck

�
�
�k

E
: (1.30)

The creation and annihilation operators Secondquantization allows to formu-
late operators which shift occupation number vectors between Hilbert spaces. The
creation operator ây

i

ây
i

�
�
�k1; � � � ; 0i ; � � � ; kN

E
= (� 1)

� P i � 1
j =1

k j

�
�
�
�k1; � � � ; 1i ; � � � ; kN

E
;

ây
i

�
�
�k1; � � � ; 1i ; � � � ; kN

E
= 0

(1.31)

4This section was written basedon the lectures of Jeppe Olsen given at the ESQC 2011[108].

17



1. Theoretical background

createsan electron in the i -th orbital if it is initially unoccupiedand giveszero if this

orbital is already occupied. The phasefactor (� 1)

� P k � 1
j =1

k j

�

dependson the position
of the orbital in the occupation number vector and assures that the Pauli exclusion
principle is ful�lled.
The annihilation operator âi

âi

�
�
�k1; � � � ; 1i ; � � � ; kN

E
= (� 1)

� P i � 1
j =1

k j

�
�
�
�k1; � � � ; 0i ; � � � ; kN

E
;

âi

�
�
�k1; � � � ; 0i ; � � � ; kN

E
= 0

(1.32)

annihilatesan electronin the i -th orbital if it is occupiedand giveszeroif this orbital

is empty. It canbealsode�ned asthe adjoint to the creationoperator, i.e. âi =
�
ay

i

� y
.

The product ây
j âi annihilates an electron in the i -th orbital and createsan electron

in the j -th orbital j , thus, performing an i ! j single-electronexcitation

ây
j âi

�
�
�k1; � � � ; 1i ; � � � ; 0j � � � ; kN

E
= �

�
�
�k1; � � � ; 0i ; � � � ; 1j � � � ; kN

E
: (1.33)

Higher order excitation operators can be de�ned in analogousway.

Wavefunctions in second quantized form Each occupationnumber vector
�
�
�k

E
can

be expressedasa product of creation operatorsapplied to the vacuumstate
�
�
�
E
, which

is just an empty vector

�
�
�k

E
=

NY

i =0

(ây
i )

k i
�
�
�
E
: (1.34)

From the above de�nitions for the elementry operators (eq. 1.31 and 1.32) it fol-
lows that the product ay

i ai applied to an occupation number vector leavesthe vector
unchangedand multiplies it with the occupation number of orbital i

NX

i

ây
i âi

�
�
�k

E
=

X

i

(ki )
�
�
�k

E
= n

�
�
�k

E
; (1.35)

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

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

f̂ =
X

ij

f ij ây
j âi =

X

ij

D
j
�
�
�ĥ(1)

�
�
� i

E
ây

j âi ; (1.36)
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where ĥ(1) is an arbitrary one-electron operator in its �rst quantized form. Any
two-electron operator can be written in a form

ĝ =
X

ij kl

gij kl â
y
j â

y
l âk âi =

X

ij kl

D
j l

�
�
�ĥ(1; 2)

�
�
�ki

E
ây

j â
y
l âk âi ; (1.37)

whereĥ(1; 2) is an arbitrary two-electron operator in its �rst quantized form.
Formulated in this way both operators are independent 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 secondquantization as

Ĥ el = �
X

i

1
2mi

r 2
i �

X

�;i

Z �

R�;i
| {z }P

i
ĥ( i )

+
X

i;j

1
Rij

| {z }
1
2

P
ij

ĥ( i;j )

=
X

ij

f ij ây
j âi +

1
2

X

ij kl

gij kl â
y
j â

y
l âk âi : (1.38)

When the spin of the electron is taken into account eq. 1.38becomes

Ĥ el =
X

ij

f ij Ê j i +
1
2

X

ij kl

gij kl êj il k (1.39)

with the spin-adaptedexcitation operators Ê j i =
P �;�

� ây
j � âi� and êj il k = Ê j i Ê lk �

� il Ê j k .

Matrix elements in second-quantized form When the electronicHamiltonian op-
erator (eq. 1.39) is applied to a wavefunction of the form eq. 1.29the matrix elementD
	

�
�
�Ĥ

�
�
�	

E
becomes

D
	

�
�
�Ĥ

�
�
�	

E
=

X

ij

f ij

D
	

�
�
�Ê j i

�
�
�	

E
+

1
2

X

ij kl

gij kl

D
	

�
�
�êj il k

�
�
�	

E
=

X

ij

f ij D j i +
1
2

X

ij kl

gij kldj il k :

(1.40)
D j i and dj il k are matrix elements of the one- and two-electron density matrices D
and d
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X

r s
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�Ê j i

�
�
�s

E
and dj il k =
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r s
Cr Cs

D
r

�
�
�êj il k

�
�
�s

E
: (1.41)

Eq. 1.40 provides a very compact expressionfor the energy expectation value of
multicon�gurational wavefunctions. The one-and two-electronintegrals f ij and gij kl

collect the MO parameters,while theCSF coe�cien ts show up in the density matrices
D and d.

1.4.2. The MCSCF formalism

The MCSCF approach optimizes the MO and CSF coe�cien ts simultaneously. The
complexity of the optimization procedure requireseither the explicit selectionof con-
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1. Theoretical background

�gurations or restriction of the excitations to an orbital subspace,the 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�Consistent�Field (RASSCF)[109]). The MCSCF theory gives a
qualitativ ely correct description of the wavefunction in regionswhere di�eren t elec-
tronic con�gurations interact (static or long-rangecorrelation[110]). In the following
two variants of the CASSCF formalism are presented, 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 energy is given by eq. 1.40. The energy is 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 T ~� 0 with U T U = 1; (1.42)

where~� 0 denotessomeinitial guessfor the MOs. The orthogonaltransformation ma-
trix U contains n2 optimization parameters(with n the sizeof the matrix). However,
it can be shown (seeAppendix C) that the number of linearly independent parame-
ters of an orthogonal matrix is only n(n � 1)=2. This prohibits the straightforward
useof minimizers like Newton-Raphsonto �nd the optimal solution. This problem
can be resolved by writing down the transformation matrix in a matrix exponential
form

U = eK = 1 + K +
1
2

K 2 + � � � +
1

m!
K m + � � � : (1.43)

This is possiblewhen K is a skew-symmetric matrix (i.e. K T = � K ). Then the
matrix exponential is unitary

�
eK

� T
eK = eK T

eK = e� K eK = 1: (1.44)

The lower triangular matrix of K contains n(n� 1)=2 linearly independent parameters.
In secondquantization K is expressedasthe one-electronoperator (seeAppendix D)

K̂ =
X

pq
kpqEpq; (1.45)

with Epq the spin-adaptedone-electronexcitation operator and kpq the elements of
the matrix K , alsocalled the orbital rotation parameters. In the following the entit y
of rotation parametersis referredto asthe set~k. The action of K (and, hence,of K̂ )
on a trial initial set of MOs tr ansformseach MO as follows

� p = � 0
p +

X

q
kpq� 0

q +
1
2

X

qr
kpr kr q� 0

q + � � � : (1.46)
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1.4. Solution of the time-independent Schrödinger equation

The CSF-coe�cien ts areparametrizedin a similar fashion. Thus, an optimal solution
for the MCSCF wavefunctioncanbegeneratedfrom a guesswavefunction 	 0 (a linear
combination of CSFswith initial MO and CSF coe�cien ts ~� 0 and ~C0) by applying
exponential operators

E(~k; ~p) =
D
	

�
�
�Ĥ

�
�
�	

E
=

D
	 0

�
�
�e� P̂ e� K̂ Ĥ eK̂ eP̂

�
�
�	 0

E
; (1.47)

with P̂ the operator containing the linearly independent CSF rotational parameters
~p.
The optimal parameterscan be now obtained via a Newton-Raphsonschemetrun-
cated to secondorder. Thereforethe energy is expandedin the spaceof parameters
of ~k and ~p around ~� 0 and ~C0

E(~k; ~p) = E 0 +
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! T  
~gk

~gp

!

+
1
2
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~p

! T  
hkk hkp
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!  
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!

= E 0 + ~� T ~G +
1
2

~� T H ~� :

(1.48)

E 0 is given by eq 1.40,~� is the supervector containing the optimization parameters,
~G is the supervector containing gradients of the energywith respect to ~� and H is
the Hessiansupermatrix of the secondderivativesof the energy. At a stationary point
in the parameterspacethe �rst derivative of the energyis zero

@E(~� )

@~�
= 0 = ~G +

1
2

H ~� ) ~� = �
1
2

H � 1 ~G: (1.49)

The elements of ~G and H are obtained by applying the Baker-Campbell-Hausdor�
formula (seeAppendix E) to eq. 1.47, i.e. by expandingthe exponentials according
to eq. 1.43

E(~k; ~p) =
D
	 0

�
�
�Ĥ + [K̂ ; Ĥ ] + [P̂ ; Ĥ ] +

1
2

[K̂ ; [K̂ ; Ĥ ]]+

[P̂ ; [K̂ ; Ĥ ]] +
1
2

[P̂ ; [P̂ ; Ĥ ]]
�
�
�	 0

E
:

(1.50)

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

D
	 0

�
�
�[K̂ ; Ĥ ]

�
�
�	 0

E
=

X

pq
kpq

D
	 0

�
�
�[Epq; Ĥ ]

�
�
�	 0

E
= ~k~gk ; (1.51)

where eq. 1.45 was used. The gradient of the energy~gp with respect to the CSF
rotational parameters and the elements of the HessianH (eq. 1.48) can be expressed
in a similar fashion in terms of one-and two-electronintegrals and density matrices,
which allows for their analytic computation.
Eq. 1.49 is evaluated to obtain the rotational parameters~k and ~p. Next, the action
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1. Theoretical background

of eK and eP on the wavefunction 	 0 is computed[104]. This can be readily done
by rewriting the exponential according to the Taylor expansion introduced in eq.
1.43. However, this algorithm is quite expensive asit involvesmultiplications of large
matrices. An alternative approach is to diagonalizeK and P and expressthe matrix
exponential (e.g. K ) as

eK = V ei " V y = V (cos(" ) � i sin(" )) V y with KV = i" V : (1.52)

V is the unitary matrix which diagonalizesthe skew-symmetricmatrix K and " is a
diagonalmatrix with real values.
An iterativ e procedure is applied until the gradient ~G falls in magnitude below a
certain threshold. Then, the rotational parameters~� becomeall zero according to
eq. 1.49,which correspondsto a multiplication of the MOs with a unit matrix U = 1
and a stationary solution hasbeenfound.
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
alsohpp can be neglected[104].Furthermore, it is allowed only for rotations between
inactive and active orbitals, as inactive-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 asa special caseof the MCSCF
procedurewhere the CSF expansionis truncated to only oneSlater determinant. Eq.
1.49 then simpli�es to

~k = �
1
2

h � 1
kk ~gk : (1.53)

This procedure for obtaining the HF wavefunction is known as the quadratically
convergedSCF approach[114].
Eq. 1.49 can be utilized to optimize ES as well, becausethe n-th ES constitutes a
saddlepoint in the parameter spacewith n � 1 negative eigenvalues in the Hessian.
However, for ES the state speci�c variant of CASSCF (i.e. SS-CASSCF)is prone to
convergenceproblemsdue to root �ipping. This happenswhen the orbitals of the ES
under optimization are very di�eren t than the orbitals of a lower state. Then, both
states may start to continously switch order during the iterativ e procedure. Root
�ipping is nearly inevitable when dealing with 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 moments, non-adiabatic couplings,etc. Finally, in certain casesa description
of two or more states on equal footing is desired,e.g. at CoIns. To deal with these
problemsa stateaveragedvariant of CASSCF(i.e. SA-CASSCF)wasdeveloped. Here
the optimization objectiv e is not the energyof a single state, but rather a weighted
average of N statesof interest

~E =
NX

i

wi E SA
i (~~k; ~pi ) with 0 � wi � 1 and

X

i

wi = 1: (1.54)
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1.4. Solution of the time-independent Schrödinger equation

An averagesetof MOs, obtainedby the setof rotational parameters~~k, is optimized for
all N states,which are orthonormalizedby N setsof SCF parameters { ~p1; � � � ; ~pN }.
The variational condition (eq. 1.49) is modi�ed to

@~E(~~� 1:N )

@~~� 1:N

=
NX

i

wi
@E SA

i (~~k; ~pi )

@~~� 1:N

= 0; (1.55)

where~~� 1:N indicates the energydependenceon an averaged set of MO rotations and
on N setsof CSFparameters.SA-CASSCF resolvesthe shortcomingsof SS-CASSCF.
However, a disbalancein the qualit y of the individual state-averagedstatescan arise
when the optimal MOs for the di�eren t wavefunctionsdi�er signi�cantly.

SS- and SA-CASSCF Gradients Di�eren tiating eq. 1.48with respect t o adisplace-
ment of an atomic center R� and tr uncating to �rst order gives the generalform of
the CASSCF energygradient

@E
@R�

=
@E 0

@R�
+

@~� T

@R�

~G + ~� T @~G
@R�

: (1.56)

For optimal MO and CSF-coe�cien ts, as obtained at SS-CASSCFlevel by the
Newton-Raphsonprocedureoutlined in eq. 1.49~� and ~G becomezeroand the second
and third term vanish leaving[104]
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=
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=
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ij
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X

ij kl
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ij

Fij
@Sij

@R�
: (1.57)

with the Fock matrix element

Fij =
X

k

f ik Dkj + 2
X

klm

gik lmdj klm : (1.58)

The �rst and the secondterm in eq. 1.57 follow from di�eren tiating 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 gradient

~gi ~k of the i -th averagedstate with respect to the MO rotations ~~k does not vanish
accordingto eq. 1.55and the gradient is given by

@E SA
i

@R�
=

@~E 0
i

@R�
+

@~~k
@R�

~gi ~k =
@~E 0

i

@R�
+

@~E 0
i

@~~k

@~~k
@R�

: (1.59)

The second term couplesthe MO coe�cien ts and is obtained by solving the Coupled�
Perturbed MCSCF (CPMCSCF) equations[104,115],obtained by di�eren tiating eq.
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1. Theoretical background

1.49with respect to R�

@~�
@R�

=

0

@ @~~k
@R�

@~p
@R�

1

A

T

= � H � 1 @G
@R�

: (1.60)

Hence,the computation of state-averagedgradients is associated 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 needsimprovement for obtaining quantitativ e result s
except for small molecules. As the orbitals outside the active spaceare further de-
scribedat HF level short-rangecorrelation e�ects (dynamic correlation) arenot prop-
perly treated. Consequently, excitation energies,relative stabilization of stationary
geometries,transition state barrier heights, etc. at CASSCF level have often only
qualitativ e character. In the worst scenarioCASSCF can predict a wrong order-
ing of the ES[116] and complicate the interpretation. An improvement could be
achieved by adapting the secondorder Møller�Plesset (MP2) ansatz[117,118] to ES.
The MP2 approach has been shown to successfullyresolve the major part of the
correlation energyaround the GS equilibrium geometry[118, 119], providing almost
quantitativ e results for GS calculations. The CASPT2 generalizesthe MP2 ansatzto
multi-con�gurational wavefunctions[68�70]. MP2 and CASPT2 are special applica-
tions of the Rayleigh-Schrödinger perturbation theory, which is presented in the next
subsection.

Rayleigh-Schrödinger perturbation theory The Rayleigh-Schrödinger perturba-
tion theory assumesthat the electroniccorrelation energycanbe recoveredby adding
a "small" perturbational term to the Hamiltonian for which a solution hasbeen found
(e.g. the Fock operator in caseof MP2). This assumtion is well justi�ed as the cor-
relation energy contributes less than 5% to the total electronic energy. The exact
Hamiltonian reads

Ĥ = Ĥ 0 + � Ĥ 1; (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 0 + �E 1 + � 2E 2 + � � � ; (1.62a)
�
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+ � 2
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�	 2

E
+ � � � : (1.62b)
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1.4. Solution of the time-independent Schrödinger equation

Inserting eqs. 1.61,1.62aand 1.62b into the time-independent Schrödinger equation
1.4 gives

�
Ĥ 0 + � Ĥ 1

� � �
�
�	 0

E
+ �

�
�
�	 1

E
+ � � �

�
=

�
E 0 + �E 1 + � � �

� � �
�
�	 0

E
+ �

�
�
�	 1

E
+ � � �

�
:

(1.63)
Collecting powers of � givesthe zeroth- and higher-orderequations
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Using the intermediate normalization condition
D
	 0

�
�
�	 n

E
= 0 with n = f 1; 2; : : : g one

obtains an expressionfor the n-th-order energy
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; (1.65a)
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D
	 0
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�Ĥ 1
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; (1.65b)

E 2 =
D
	 0

�
�
�Ĥ 1

�
�
�	 1

E
: (1.65c)

Thus, provided that one has the �rst-order perturbed wavefunction
�
�
�	 1

E
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 space of the
�rst-order wavefunction and the zeroth-orderoperator Ĥ 0 have to be de�ned. Their
de�nition is not unique and di�eren t construction schemeshave been suggestedin
the literature. In the following the most commonschemeis discussed.

CASPT2 �rst-o rder wavefunction The con�gurational spacein which the �rst-
order wavefunction is expanded can be devided into four subspacesV 0; V ? ; V SD

and V T Q:::[68]. V 0 is the one-dimensional spacespannedby the referenceCASSCF
wavefunction

�
�
�	 0

E
. V ? contains all other wavefunctionswhich can be obtained with

the referenceactivespace. V SD is generatedby singleand doubleexcitations from the
referencespaceV 0 (i.e. ÊqpÊsr

�
�
�	 0

E
). The V T Q::: spacearisesfrom higher excitations

from
�
�
�	 0

E
. The V ? and V T Q::: subspacesare per construction orthogonal to the

referenceCASSCF wavefunction and do not contribute to the correction. Therefore,
the �rst-order wavefunction is spannedin the V SD space

�
�
�	 1

E
=

X

i

Ci 	
V S D
i =

X

pqr s
Cqs

pr ÊqpÊsr

�
�
�	 0

E
; (1.66)

where i runs over each possiblepqrs combination. Single excitations from
�
�
�	 0

E
are

generatedby requiring that either p = q or r = s. The generatedexpansionfunctions
are not orthogonal. It is noted that di� erent V SD expansionspacesare generated
from di�eren t referenceCASSCF wavefunctions.
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1. Theoretical background

CASPT2 zeroth-order Hamiltonian While at MP2 level the de�nition of a zeroth-
order operator Ĥ 0 is straightforward (i.e. a sum of HF one-electron operators), at
CASSCF level a zeroth-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-electronoperators in a way that simpli� es to the HF operator in case
of a closed-shellreferencewavefunction

Ĥ 0 = P̂0F̂ P̂0 + P̂? F̂ P̂? + P̂SD F̂ P̂SD + P̂T Q::: F̂ P̂T Q::: : (1.67)

P̂0; P̂? ; P̂SD and P̂T Q::: are projection operators on the individual con�guration sub-
spacesand F̂ is the secondquantized form of the HF operator constructed from the
one-and two-electronmatrix elements and the one-electrondensity matrix (eq. 1.40)

F̂ =
X

pq
f H F

pq Êqp with f H F
pq = f pq +

X

r s
D r s

�

gpqr s �
1
2

gpr qs

�

: (1.68)

With the de�nition for the �rst-order wavefunction from eq. 1.66 the action of the
zeroth-orderHamiltonian reducesto the action of F̂ to the V SD subspace.

CASPT2 energy By inserting eq. 1.66 and eq. 1.67 in eq. 1.64b one obtains the
following systemof linear eqations
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�	 0

E
; (1.69)

or in a matrix form
(F � E 0S)C = � V : (1.70)

S is the overlapmatrix of the non-orthogonalexpansionfunctions 	 V SD
i with elements

Sij =
D
	 0

�
�
�Êr sÊpqÊxv Êzy

�
�
�	 0

E
; (1.71)

where i ,j are determined by a given pqrs,vxyz combination, respectively. F is the
zeroth-orderHamiltonian matrix with elements

F ij =
X

tu

f H F
tu

D
	 0

�
�
�Êr sÊpqÊut Êxv Êzy

�
�
�	 0

E
: (1.72)

The matrix elements of V can be evaluated recalling that Ĥ 1 = Ĥ � Ĥ 0 and using
eqs. 1.39and 1.67. Eqs. 1.71 and 1.68show that higher-orderdensity matrices have
to be storedand evaluated. Thus, di�eren t contraction schemeshave beendeveloped
to minimize the computational e�ort.
Using eq. 1.70 the multi-con�gurational second-orderperturbation energy E 2 (eq.
1.65c) is then obtained as

E 2 =
D
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�F̂ 1
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�Ĥ 1
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E
= V yC = � V y(F � E 0S)� 1V ; (1.73)
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1.4. Solution of the time-independent Schrödinger equation

an expressionsimilar to the one of the MP2 perturbation energy. From eq. 1.73 it
follows that con�gurations from the expansionset V SD with energiescloseto the
referenceenergyE 0 will lead to an overestimationor even singularities of the pertur-
bation energy. This is know asthe "intruder state"problem[120,121]. As perturbation
theory holds only for small perturbations, such con�gurations should be included al-
ready in the preceedingCASSCF 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 added to the referenceenergyE 0, which removes the e�ect of the intruder state.
Caution is required that no new intruder statesariseby accidental degeneracyof the
shifted referenceenergy with energiesof other con�gurations.

MS-SR-CASPT2 and MS-MR-CASPT2 The Single-State CASPT2 (SS-
CASPT2) ansatzdescribed above has onenotable shortcomingarising from the def-
inition of the �rst-order wavefunction, namely, the static correlation is considered
only at the preceedingCASSCF level. While the referencewavefunction

�
�
�	 0

E
is or-

thogonal to the the wavefunctions from the V ? space,the perturbed wavefunction�
�
�	 0

E
+ �

�
�
�	 1

E
is not. Hence,SS-CASPT2wavefunctionsof di�eren t statesareno longer

orthogonal, although their referencewavefunctionsare. A re-orthogonalization is re-
quired, i.e. the static correlation betweenthe di�eren t stateshas to be re-evaluated.
Two improvements of the SS-CASPT2alogorithm, the Multi-State Single-Reference
CASPT2 (MS-SR-CASPT2)[70] and the Multi-State Multi-ReferenceCASPT2 (MS-
MR-CASPT2)[70] approaches,implement this re-orthogonalization.
In MS-SR-CASPT2 equation 1.70 is solved independently for n states (i.e. n SS-
CASPT2 independent calculations are performed), each characterized by its own
expansionspaceV n

SD , generatedfrom the corresponding referenceCASSCF wave-
function

�
�
�	 0;n

E
, and by a zeroth-orderHamiltonian Ĥ 0;n , projecting on V n

SD . After
the perturbative correctionshave beencomputedindependently for all statesthe cou-
plings betweenthe individual (non-orthogonal) statesare calculated. A Hamiltonian
matrix of n2-sizeis diagonalizedto provide a set of eigenfunctions.
In MS-MR-CASPT2 a single expansion spaceV SD common to all states is con-
structed, which constitutes a union of the expansionspacesgeneratedby singleand
double excitation from all reference wavefunctions. The perturbation correctionsfor
all states are obtained in one cycle. Subsequently, construction and diagonalization
of the e�ectiv e Hamiltonian is performedas in MS-SR-CASPT2to obtain the eigen-
functions. MS-MR-CASPT2 gives the 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 CoIns are the outlet to the GS, which decide
over reaction speed and product distribution. Ever since their importance was
recognized[24�26]the general goal of understanding and predicting their structure
and energeticshasbeenpursued[50,122�126]. With the valencebond formalism[127]
it could be shown that similar geometrical patterns (-(CH) 3-kinks) determine the
CoIn geometryof a vast number of conjugatedpolyenes[123,128]. Michl and Bona£i¢-
Koutecký presented a two-electrontwo-orbital model[61]to predict CoIns in strongly
polar and chargedsystems,which was successfullyapplied to several biological sys-
tems containing a protonated Schi� base[129,130].
Going beyond single CoIns, the ES dynamics is even better accounted for by
CoIn seams, the low-lying regions in the IS (sec. 1.2), accessibleduring a
photoreaction[74,116,131�133]. In analogyto reaction pathways on potent ial energy
hypersurfaces,the intersection seamscan be regardedas the minimum energy con-
nectionbetweenstationary CoIns in the IS[92]. The relevanceof seamswascon�rmed
by quantum dynamics[77,134] and semi-classicalcalculations for various molecular
systems[42,49, 135�139], pointing out the necessity for methods to locate and ratio-
nalize them. To the authors's knowledge three di�eren t strategiesare followed for
locating CoIn seams.The straightforward oneis basedon a constrainedoptimization
out of a minimum energyCoIn[140�142]. It is the most realizableapproach for large
complex systems,but it fails when the constrainedcoordinate has an overlap with
the BS that lifts the degeneracy betweenelectronic states. More elaborate methods
consider the curvature of the IS[143], permitting the application of MEP following
algorithms[92]. A further method that locatesthe lowestseamparallel to the ESMEP
hasbeen presented recently[144]. Thesemethods provide a mathematical framework
for the optimization of CoIn seams.
In this chapter the two-electrontwo-orbital ansatzby Michl and Bona£i¢-Koutecký is
extendedand its applicability is expandedfrom unfunctionalizednon-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 theseequations,arediscussed.
Simple rules of thumb for predicting and locating CoIns and CoIn seamsfrom the
chemical composition alone are formulated and conceptualstrategiesfor the search
of CoIns are outlined. In a seriesof examplesthe rules are applied to distinguish
low-energy from high-energyCoIns and to reveal the complex branched nature of
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the CoIn seamin unfunctionalized non-polar to multi-functionalized strongly polar
polyenesystems. Parts of this chapter are published in 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. Nenov, 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-electron two-orbital model[145,146] makes the assumption that all states,
relevant for the photoreaction, can be constructedby permuting two electronsin the
two frontier orbitals of the system(active space). At the equilibrium geometryof a
conjugated� -systemtheseorbitals correspond 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:
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�Ĥ

�
�
�� 3

E
� E

�
�
�
�
�
�
�
�
�

= 0 with

� 1 =
�
�
�� 2

E

� 2 =
�
�
��� �

E

� 3 =
�
�
�� � 2

E
:

(2.1)

In eq. 2.1 � 1;2;3 are CSFs (sec. 1.4) constructed by permuting two electrons in the
active orbitals and Ĥ = ĥ1 + ĥ1 + 1

r12
is the Hamiltonian of the two-electronsystem.

It is further assumed that at the equilibrium geometry both active orbitals can be
constructed by a unitary transformation from a pair of equivalent MOs A and B,
localizedat di�eren t atomic centers:
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: (2.2)

In the basisof A and B the 3 x 3 CI determinant eq. 2.1 reads:
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(2.3)
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with

E0 = hAA + hBB +
1
4

(JAA + JBB ) +
1
2

JAB + K AB ;

� J =
1
4

(JAA + JBB ) �
1
2

JAB ;

"AA=B B = 2hAA=B B + JAA=B B ;

(2.4)

where hAA=B B are the one-electron integrals, hAB the resonance integral and
JAA=B B =AB are the two-electronCoulomb repulsion integrals. The exchangeintegral
K AB and the hybrid integrals

D
AA

�
�
�AB

E
and

D
BB

�
�
�BA

E
are negligible in the basisof

the localizedMOs A and B dueto the vanishingoverlap and canbe thereforeomitted.
The required equivalencebetweenA and B at the equilibrium geometry forcesthe
equivalence "AA = "BB and simpli�es the determinant eq. 2.3 to:

�
�
�
�
�
�
�

E0 + 2hAB � E 0 � J
0 E0 � 2K AB + � J � E 0

� J 0 E0 � 2hAB � E

�
�
�
�
�
�
�
: (2.5)

Diagonalization of the determinant eq. 2.5 provides the energiesand (unnormalized)
wavefunctionsof the three roots at the equilibrium:

ES0 = E0 �
q

4h2
AB + � J 2 	 1 = �

� J
q

4h2
AB + � J 2 + 2hAB

� 1 + � 3; (2.6a)

ES1 = E0 + � J 	 2 = � 2; (2.6b)

ES2 = E0 +
q

4h2
AB + � J 2 	 3 =

� J
q

4h2
AB + � J 2 � 2hAB

� 1 + � 3; (2.6c)

The resonanceterm hAB , which is negative in magnitude, is responsiblefor the large
energeticstabilization of the GS equilibrium, wherejhAB j2 � � J 2. Thus, each state
is described in good approximation by a single con�guration, i.e. 	 1 = � 1; 	 2 =
� 2; 	 3 = � 3.
Naturally, the �rst condition for a degeneracybetween the GS and �rst ES would
imply the cancelationof the resonance integral hAB :

hAB = 0: (2.7)

With decreasingmagnitude of the resonanceintegral the condition jhAB j2 � � J 2

doesnot hold anymore. When eq. 2.7 is ful�lled the energiesand wavefunctions of
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eq. 2.6cbecome:

ES0 = E0 � � J 	 1 =
1

p
2

(� 1 � � 3) ; (2.8a)

ES1 = E0 + � J + ("AA � "BB ) 	 2 =
1
2

�
� 1 +

p
2� 2 + � 3

�
; (2.8b)

ES2 = E0 + � J � ("AA � "BB ) 	 3 =
1
2

�
� 1 �

p
2� 2 + � 3

�
: (2.8c)

Eq. 2.8hasa generalform asit includes the term "AA � "BB . In the specialcasewhen
A and B are equienergetic(i.e. "AA � "BB = 0) one speaksabout a homosymmetric
biradical geometry[61]. In the generalcasethe GS and �rst ES are separatedby a
�nite gap ES1 � ES0 = 2� J + ("AA � "BB ). The reasonfor the �nit gap is understood
by analyzing the wavefunctions 2.8. When the resonanceintegral hAB vanishesthe
individual electronic statescan no longer be approximated by a singlecon�guration
as done at the equilibrium geometry. By expressingthe wavefunctions in eq. 2.8 in
the basisof the localized MOs A and B oneobtains:
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E
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�B 2
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The GS is no longerdescribed by a closedshell con�guration, it is a singlet biradical.
Both ES have the electrons occupying either one of the localized orbitals A and B.
Thesecon�gurations will be refered to as zwitterionic in the following. Due to the
localizednature of orbitals A andB both activeelectronsavoid each other better when
occupying di�eren t orbitals. Therefore, the biradical con�guration lies energetically
lower than both zwitterionic con�gurations. Someadditional deformationsareneeded
which can compensatefor the stronger Coulomb repulsion in the zwitterionic state.
The condition that needsto be satis�ed in order to obtain a degeneracybetweenthe
GS and �rst ES reads:

JAA � JAB = hBB � hAA : (2.10)

An asymmetric deformation that lifts the equivalencebetween the energiesof the
localizedorbitals without violating eq. 2.7 is required to reach a CoIn.
Eqs. 2.7 and 2.10 have proved quite handy in the discussionof CoIns in highly
polar and chargedpolyenes[61].Introduction of polar groupsand chargesalters the
electron-nuclei attraction and, thus, the Right�Hand�Side (RHS) of eq. 2.10and can
be usedto ful�ll the requirement. In particular, this model found application in the
interpretation of the photochemistry of several biologicalcompounds,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.2.7and 2.10the interactionsof the two active
eletronswith the remaining electrons(present in a realistic system)werecompletely
neglected.In the courseof this work the two-electrontwo-orbital ansatzwas re�ned
by including the interactionsof the active electronswith a closed-shellof 2n electrons
(n being the number of closedshell orbitals). For the purposeit is moreconvinient to
work in the biradical/zwitterionic basis(eq. 2.9). Rewriting the 3 x 3 CI problem
(eq. 2.1) in this basisgives:
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with

E0 = 2
nX

i

hi +
nX

i

Jii + 4
nX

i

nX

j >i

Jij � 2
nX

i

nX

j >i

K ij ;

� JA=B = 2
nX

i

JiA=iB �
nX

i

K iA=iB ;

D = 4
nX

i

D
Ai

�
�
�Bi

E
� 2

nX

i

D
AB

�
�
� ii

E
:

(2.12)

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

2hAB + 4
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E
= 0: (2.13)

Although thehybrid integrals
D
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�Bi

E
and

D
AB

�
�
� ii

E
arean orderof magnitudesmaller

than the resonanceintegral hAB their sumis no longernegligiblefor the quanti�cation
of eq. 2.13.
With eq. 2.13 ful�lled, diagonalizingthe determinant 2.11and requiring that ES0

!=
ES1 provides the extendedform of eq. 2.10:
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where"A = hAA + 2
nP

i
JiA �

nP

i
K iA and "B = hBB + 2

nP

i
JiB �

nP

i
K iB are de�ned as

the energiesof the singly occupied orbitals A or B in the presenceof 2n �xed core
electrons(not equivalent to "AA and "BB introducedearlier). With the two-electron
term an additional tool for lowering the GS/ES gap, besidesthe introduction of po-
lar groupsand charges,becomesavailable. The receipe is to modulate the repulsive
interactions of the two active electrons with the remaining 2n closed-shellelectrons.
In the courseof this work eqs. 2.13 and 2.14 are referred to as the resonance and
the heterosymmetry conditions, respectively. The resonance condition is equivalent
to the condition H11 � H22 = 0 in the diabatic representat ion (eq. 1.16) and the
heterosymmetryconditions is equivalent to the diabatic condition H12 = 0 (eq. 1.16).
Thus, the resonance and the heterosymmetry conditions are a re-formulation of the
diabatic conditions in terms of adiabatic quantities, obtainable from quantum chemi-
cal calculations. A potential application of this relation for the optimization of CoIns
without calculating the gradient di�erence ~X 1 and derivative couplingvectors ~X 2 (eq.
1.18) is discussedat the end of this chapter.
With the resonance and heterosymmetry conditions it is possibleto classify all es-
sential motions leading to a CoIn. Eqs. 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 arrangement found at a CoIn? What is the in�uence of functional groups? Are
qualitativ e predictions on structure and energeticposition possible? Eqs. 2.13 and
2.14have beenquanti�ed by SA-CASSCF(2,2)calculationswith averagingover three
states, which closelyresemble the 3 x 3 CI problem 2.1, for several basic units[125].
The quantitativ e resultsallow to separatethe factors deformation and substituent ef-
fectsand to derive rules of thumb for qualitativ e prediction of CoIns and CoIn seams
in arbitrary polyenes.

2.2. Rules for �nding single conical intersections

In section 1.3 a correlation diagram was presented (�g. 1.3), which generalizes
the behaviour of several isomerization reactions: a double bond torsion in a 2� -
electronicsystem(ethylene),a disrotatory electrocyclic ring closure/openingin a 4i � -
electronicsystem(cis-butadiene)and a conrotatory electrocyclic ring closure/opening
in a (4i + 2)� -electronic system (Cyclohexadiene(CHD)). In diabatic representa-
tion the states crossalong the reaction coordinate, thereby ful�lling the condition
H11 � H22 = 0 (eq. 1.16). Using the equivalencebetweenthis diabatic condition and
the resonance 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/closure in any 4i� - or (4i + 2)� -electronic sub-unit, respectively.
In correspondencewith the Woodward-Ho� mann (WH) rules[95,96] used to predict
the stereochemistry of pericyclic reactionson the basisof orbital symmertry analysis
(sec. 1.3) this setof basicmotions is labeledasWH-motions. Any of the WH-motions
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2.2. Rules for �nding singleconical intersections

Figure 2.1.: (left) Schematic representation of the energychangeof the localized
orbitals A and B upon pyramidalization and tilt. Pyramidalization lowers the
energy "A of orbital A by minimizing the repulsive interactions

P n
i JiA of the

active electrons therein with the remaining 2n closed-shellelectrons. Tilt in-
creasesthe energy "B of orbital B by maximizing the repulsive interactions
P n

i JiB of the active electrons therein with the remaining 2n closed-shellelec-
trons. (right) Schematic representation 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 has the samenet ef-
fect aspyramidalization. Positive mesomerice�ect possiblethrough the presence
of heteroatomswith lone pairs has the samenet e�ect as tilt.

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

To reach a CoIn from a homosymmetricbiradical geometry further deformations
are required. Quantifying eqs. 2.13 and 2.14 for various geometrical constellations
in several basicmolecularsystems(ethylene, cis-butadiene,1; 3-CHD, seeref. [125])
helped to extract a set of deformationswhich satisfy the heterosymmetry 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 quantities occuring in eqs. 2.13 and 2.14 on the exampleof
the basicunit ethylene.
The homosymmetric biradical geometry EthyleneOBF is the referencegeometry for
demonstrating the e�ect of pyramidalization and tilt. At EthyleneOBF the resonance
term hAB becomeszero and both frontier orbitals A and B degenerateat energyof
� 0:6378a.u.. The energetic splitting betweenthe GS and the �rst ES of 0:1179a.u.
is causedby the Coulomb repulsion in the doubly occupied frontier orbitals of the
�rst ES

�
�
�A2

E
�

�
�
�B 2

E
given by the expression1=2(JAA + JBB ) = JAA = 0:4428a.u..

For comparison,the Coulomb repulsion JAB in the biradical GS is 0:3197a.u..
The Coulomb repulsion in the zwitterionic state is compensated 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 orbital A. Generally, tilt is any deformation,
which enhancesthe Coulomb repulsion2

P n
i JiB betweenthe active electronsand the

remaining 2n closed-shellelectrons(�g. 2.1, right). In the particular example this

35





2.2. Rules for �nding singleconical intersections

enhancement shows by moving C1 towards one of the hydrogensattached to C2. A
comparisonof the homosymmetric biradical EthyleneOBF to the tilted Ethylenetilt

indicates that the Coulomb repulsion 2
P n

i JiB increasesby � 0:15 a.u. due to this
deformation. The increaseof the singly occupiedorbital energy"B destabilizesthe co-
valent biradical con�guration

�
�
�A � B �

E
relative to the zwitterionic con�guration

�
�
�A2

E
.

Pyramidalization is a deformation, which shields the active electrons from the re-
maining 2n electrons(�g. 2.1). In the examplethis is achieved by pyramidalizing C2,
which changesthe hybridization of orbital A from sp2 to sp3. As a consequencethe
term 2

P n
i JiA decreasesby � 0:10 a.u. at Ethylenepyr with respect to EthyleneOBF

favoring the zwitterionic state
�
�
�A2

E
.

Tilt and pyramidalization are most e�ectiv e when acting on di�eren t orbitals. A
degeneracybetween the biradical GS and the zwitterionic ES will be reached upon
any of the introduceddeformations. Minimum energyCoIns are reached by applying
both motions simultaneously, as found for Ethylenepyr =tilt . Conceivably, the energetic
degeneracycan be preserved along the gradual transformation from the purely pyra-
midalized to the purely tilted CoIn. This idea is ampli�ed in sec. 2.3.
Geometricaldeformationsalonedo not fully exploit the potential of eq. 2.14. Asym-

metric functionalization with polar groups lifts the energeticdegeneracyof both lo-
calizedorbitals A and B by inducing electron density �ux. Functionalizing ethylene
(tab. 2.2) reveals that mesomericgroups (e.g. -NH2, -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 weaker, as they act along the � -bond, while the frontier or-
bitals in polyeneshave � -character. A negative mesomerice�ect is observed when
one of the localizedorbitals (e.g. A in �g. 2.1, right) interacts with an energetically
low-lying virtual � � -orbital of a functional group forming the bonding orbital A0. The
resulting density �ux hastwo e�ects. On the onehand, the electron-nuclei attraction
hAA (one-electronterm in eq. 2.14) increases(hAA = � 11:4571 a.u. comparedto
hAA = � 10:6645a.u. at EthyleneCOOH in tab. 2.2). On the other hand, the delo-
calization of electron density into the � � -orbital lowers the repulsion within orbital
A0 (JAA decreasesfrom 0:4428a.u. at EthyleneOBF to 0:4039a.u. at EthyleneCOOH

in tab. 2.2). Both e�ects lower the corresponding orbital energy� 0
A . A positive me-

somerice�ect is observed when a lone pair interacts with oneof the localizedorbitals
(e.g. B in �g. 2.1). The new orbital B 0 is shifted to higher energy � 0

B due to the
increasedCoulomb repulsion 2

P n
i JiB (two-electronterm in eq. 2.14). Comparable

to the combined e�ect of tilt and pyramidalization, the substituent e�ects are most
e�ectiv e whenthey act simultaneouslyon di�eren t orbitals. If their electrondonating
and withdrawing strength is properly chosen,they can stabilize the homosymmetric
biradical geometryto a CoIn (EthyleneCOOH =NH 2 in tab. 2.2).
Basedon the quantitativ e results for the basic unitsa three-stepstrategy for the con-
ceptual search of CoIns in functionalizedand non-functionalizedconjugatedpolyenes
is proposed.The rules of thumb are:

1) Distinguish basic units, which are sterically unimpededof undergoinga WH-
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2. The extendedtwo-electron two-orbital theory

EthyleneOB F EthyleneCOOH EthyleneNH 2 EthyleneCOOH =NH 2

geometry

orbital A

orbital B

hAA -6.2543 -11.4571 -8.1794 -13.3561
hBB -6.2543 -10.6645 -8.5460 -12.8085
hAB 0.0000 0.0000 0.0000 0.0010
JAA 0.4428 0.4039 0.4519 0.4159
JAB 0.3197 0.3079 0.3079 0.2959
2

P n
i JiA 5.8137 10.7922 7.5484 12.9515

2
P n

i JiB 5.8139 10.0061 8.0280 12.5480
"A 0

a -0.6378b -0.6650 -0.6309 -0.6576
"B 0

a -0.6378b -0.6584 -0.5180 -0.5330
� jA � B � i ;jA 2 i 0.1179 0.0864 0.0283 -0.0073

a"A 0=B 0 = hAA=B B + 2
P n

i J iA=iB �
P n

i K iA=iB
bhere "A 0=B 0 correspond to "A=B

Table 2.2.: Quanti�cation of the terms occuring in eqs. 2.13 and 2.14 for a 90°
twisted ethylene, substituted with a carboxyl group (EthyleneCOOH ), with an
amino group (EthyleneNH 2 ) and with both. At the homosymmetric biradical
geometry (EthyleneOBF ) the orbital energies "A=B are equal. Groups with a
negative mesomerice�ect (e.g. -COOH) lower the energy, while groups with a
positive mesomerice�ect (e.g. -NH2) increasethe energyof the localizedorbital
they areattachedto. Togetherboth e�ects inducethe requiredenergeticsplitting
between"A and "B to reach a CoIn without needof geometricaldeformations.
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deformation. There could be more than onebasicunit dependingon the molec-
ular composit ion.

2) Ful�ll the resonance condition: For each basic unit selectedin 1) apply the
corresponding WH-motion, which cancelsthe resonanceterm hAB to form the
homosymmetricbiradical wit h localizedfrontier orbitals A and B.

3) Ful�ll the heterosymmetry condition, starting from the homosymmetricbirad-
ical: Assign geometricaldeformationsand/or mesomerice�ects that tune the
relative energies"A=B of the localizedorbitals. Their energeticsplitt ing has to
compensatethe electronicrepulsion in the doubly occupiedzwitterionic con�g-
uration.

The prede�ned geometries can be usedas input to �nalize the optimization of CoIns
by quantum chemical optimizations.

2.3. Rules for �nding low-energy conical intersection
seams

The two conditions formulated in eqs. 2.13and 2.14hold for any point in the IS. In
this section it will be demonstratedthat with their help the rules of thumb can be
extendedto predict the position of CoIn seams.The strategy is to divide the IS into
segments wherethe geometrychangeslinearly, thus, permiting the application of lin-
ear interpolation techniques. The resonance and heterosymmetryconditions are used
to est imate supporting points on thesesegments and to predict the interconnectivity
of the individual segments.
In the following it is di�eren tiated betweentwo classesof CoIn seams.The �rst class
includes seamsrelated to one WH-coordinate alone. They arise through variations
of the individual terms in eq. 2.14, leaving eq. 2.13unchanged.The secondclassin-
cludesseamsconnectingdi�eren t WH-coordinates, indicating possiblelosschannels.
In this casevariations in the integrals of both eqs. 2.13 and 2.14 are needed. As
the aim are rules of thumb with qualitativ e predictive power, the simple form of the
resonance condition, i.e. eq. 2.7, is used.

Conical intersection seamsassociated with one Woodward-Ho�mann coordinate
In this classthe CoIn seamscanbe visualizedby a planeorthogonal to oneparticular
WH-coordinate (~g) (�g. 2.2). This plane is spannedby geometrical deformations
(tilt, pyramidalization) and substituent e�ects. Each point in the plane ful�lls the
resonance condition. The crossingpoint with the WH-coordinate correspondsto the
homosymmetricbiradical. Speci�c combinations within the plane result in a motion
in ~h-direction and lead to a point on a CoIn seam. At each point of the seam~h
changesits direction, whereas~g stays parallel to the WH-coordinate (as indicated in
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Figure 2.3.: Partitioning schemeof the closedloop CoIn seamaround the homosym-
metric biradical geometryEthyleneOBF (0° pyramidalization, 0° tilt) into linear
segments.

the pyramidalization/tilt coordinates and the energypro�le of the seamdependon
the speci�c functionalization pattern. As an examplea seamin the Hemithioindigo-
Hemistilbene(HTI) systemis presented 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 several double bonds). Each WH-coordinate has a seam
associated to it that is located in the corresponding hAB = 0 plane (red-, green-and
blue-rimmed planesin �g. 2.4). Only seamsin oneof the planesmediate the desired
photoreaction,while the others lead to by-products. The second classof CoIn seams
connectsthe di�er ent planes(solid line in �g. 2.4) and thus openspathways to com-
peting loss channels. The search focuseson the energetically low-lying seamsthat
connectthe minimum energyCoIns on the di�eren t planes. As theseCoIn seamsare
not restricted to a singleWH-coordinate a systematicstrategy is required to explore
the full 3N � 6 coordinate space.
For this purposethe resonance condition (eq. 2.7) is re-formulated in more intuitiv e

terms going down to the atom-centered basis. The localizedMOs A and B (eq. 2.2)
are represented as a linear combination of atomic orbitals � i :

A =
X

i

cAi � Ai and B =
X

j

cB j � B j ; (2.15)
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dividual homosymmetricbiradicals can be reached in two ways. The �rst onecancels
individual two-center resonances

D
� i

�
�
�ĥ

�
�
�� j

E
by spatial separationas realizedthrough

torsional motion or bondcleavage. The secondonecancelsindividual expansioncoe�-
cients cAi cB j . This happensonly in 2n� -electronsubunits, which becomestructurally
decoupledfrom the remaining � -system by a geometric deformation. Due to their
odd number of positive and negative resonanceintegrals, the subunits also decouple
energeticallyand do not contribute to the active orbitals anymore.
Biradical structuresbelongingto di�eren t WH-coordinates(circleson the dashedline
in �g. 2.4) are starting points for a subsequent search of CoIns. For their qualitativ e
prediction the second condition, eq. 2.14,has to be ful�lled. This can be realizedby
geometricaldeformationsor substituents e�ects as formulated in the rules of thumb
given in the section 2.2. The individual CoIns found by this strategy serve as sup-
porting points in the IS for the subsequent linear interpolation of the interconnecting
seams.The systematicpairwisecancelation/generationof the two-center integrals in
eq. 2.16 guarantees that the e�ects neededto connect t wo supporting points occur
simultaneously, thus the linear interpolation betweentwo supporting points is justi-
�ed.
Now the rules of thumb for a systematic prediction and optimization of low-lying
CoIn seamsconnectingdi�eren t WH-coordinates are summarized. The approach is
presented graphically in �g. 2.4, the individual rules show as black diamonds. The
only knowledgerequired is the geometry of reactant and product. Rules 1. 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 associated with the photochemical reaction under consid-
eration is identi�ed. The resonanceintegral is formulated in the basis of the
atomic orbitals asa sumof two-center integrals(eq. 2.16). The geometrywhich
satis�es eq. 2.7 is determined(labeledas "reference"in �g. 2.4).

2. Di�e rent scenariosfor the pairwise cancelation/generationof positive and neg-
ative resonanceintegrals,which preserve the simpli�ed resonance condition are
followed. Each scenariois connected to a di�eren t WH-coordinate and leadsto
the associated homosymmetricbiradical structure. The dashedline connects
the individual biradical structures.

3. Mesomeric e�ects of functional groups can ful�ll eq. 2.14 (thick arrows in �g.
2.4). For their analysis the localizedMOs A and B are best suited and consid-
ered at each biradical structure. Geometrieswithout mesomericstabilization
are discarded,as they typically lead to high energyseams.CoIn optimizations
are started at the predicted geometries(red-, green-and blue-rimmed arrows).
These geometriesare not necessarilystationary points in the IS. Therefore,
geometrical constraints (available via step 2.) need to be introduced. The
optimized structures serve 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-electron two-orbital theory

points with the sameES electronic con�guration (either
�
�
�A2

E
or

�
�
�B 2

E
) can be

interconnected. A linear interpolation scheme with a subsequent constrained
CoIn optimization locates the seam(solid line in �g. 2.4) connecting the ref-
erenceCoIn (green-rimmedarrow) to the CoIns associated with the additional
WH-coordinates. The constraints, which must facilitate the stepwise cancela-
tion/generation of pairs of two-center resonanceintegrals, are taken from step
2..

In this work the projection method presented in sec. 1.2.3 was used for the �nal
optimization of the estimated CoIns. When geometricalconstraints are applied the
projection method convergesat geometrieswith a �nite energy gap. This obstacle
can be surmounted by a subsequent unconstrainedoptimization along the gradient
di�erence vector ~X 1[142] (eq. 1.18a). It locatesthe nearest CoIn to the input geom-
etry. This step is usually associated with the energeticdestabilization and therefore
it is crucial that already the precedingstepslocate a geometry in the vicinit y of the
low-energyCoIn seam. This last step can be omitted when the constraint-adapted
gradient projection method[149]for CoIn optimization is used.

2.4. Applications

In this sectionsthe rules of thumb for optimization of CoIns (sec. 2.2) and CoIn
seams(sec. 2.3) are applied on realistic conjugatedpolyenesystems.For the purpose
photochromic moleculeswerechosenwhich undergophotoinducedultrafast CoIn me-
diated isomerization: CHD/cZc-HT asa representativ e of non-polar unfunctionalized
polyenes,whereCoIns are formed through geometrical deformations,HTI as a repre-
sentativ e of weakly polar polyenes,wherelow-energyCoIns are formed by combining
geometricaldeformationsand substituent e�ects and tri�uorometh yl-pyrrolylfulgide
as a representativ e of multi-functionalized strongly polar polyenes,where the func-
tional groups alone determine the structure of the CoIns1. HTI and fulgides have
potential application as coherently driven molecular photoswitches. However, rep-
resentativ es of both families are characterized by a relatively low photoswitching
quantum yields[116,126,150�153]. It is intriguing to pinpoint the reasonfor the low
yield. The rules presented above are well suited to addressthe question, whether
the presenceof concurring deactivation channelsto the GS is responsiblefor the low
quantum yields.
In sec. 2.4.1 the rules of thumb are benchmarked against known CoIns in the
CHD/cZc-HT system. In sec.2.4.2low-lying CoIns in the HTI systemare identi�ed.
In sec. 2.4.3 a seamin the HTI system,associated with the cis-trans isomerization
coordinate is presented. In sec. 2.4.4 the complex branched structure of the CoIn
seamin the �uorinated pyrrolylfulgide systemis revealed.

1The reader is referred to capter 3 for the detailed discussionon the mechanismsof HTI and fulgide
isomerization.
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2.4.1. Conical intersections in non-polar polyenes:
1,3-cyclohexadiene/cZc-hexatriene

In sec.2.2CHD/cZc-HT wasidenti�ed asa 6� -electronicbasicunit, asit is the small-
est unit, which canundergoa conrotatory WH-motion. In this regardthe systemwas
used in ref. [125] as one of the basic units to quantify the rules of thumb outlined
in sec. 2.2 at SA-3-CASSCF(2,2) level of theory. In this section the CHD/cZc-HT
systemis usedto demonstratethe application of theserulesfor non-polar conjugated
polyenes.Several already known CoIn geometriesare rationalized2.
Fig. 2.5summarizesthreelocal minima in the IS of the CHD/cZc-HT system(bottom
row). The global minimum in the intersection spaceCoInmin was �rst described by
Robb and colleagues[47]and marks one of the pioneeringresults that demonstrates
the crucial role of CoIns in ultr afast photochemistry. The structuresof CoInbu and
CoIn2 were reported by Tamura et al.[154]. More recently the existenceof a low
lying accessible CoIn seam connecting CoInbu and CoInmin [74] was reported. All
structures exhibit a triangular pattern, denotedin the literature either as a -(CH)3-
kink[86, 89, 155] oras a Hula-Twist[123, 156]. Its formation has beenrecognizedas
a necessarycondition in non-polar polyenesto reach GS/ES degeneracy[80,86, 157].
The three-stepstrategy for the conceptualsearch of CoIn structures is visualizedin

�g. 2.5 (top to bottom) for CoInbu , CoIn2 and CoInmin . The �nal CoIn 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 electronicwavefunctions
at SA-2-CASSCF(6,6)show dominant contributions from the biradical (

�
�
�A � B �

E
) and

zwitterionic (
�
�
�A2

E
or

�
�
�B 2

E
) con�gurations in support of the practicabilit y of the rules

of thumb (seeref. [125]). The basic units in CHD/cZc-HT systemare ethylene, cis-
butadieneand CHD itself. The known CoIn structures can be derived from ethylene
and cyclohexadiene.CoInbu (left column) is associated with a torsion (one-bond �ip)
around the C2-C3 double bond of the ethylenebasicunit 3 leading to an asymmetric,
though nearly homosymmetricbiradical with degeneratelocalized orbitals A3;5 and
B2. Due to the intact � -bond the torsion is partially hindered. Subsequent pyrami-
dalization at C3 (denotedby a blue arrow in �g. 2.5) and tilt of C2 towards C4 forms
the well known -(CH)3-kink arrangement, here between the adjacent centers C2, C3

and C4. In the following, this arrangement is referred to as a 1,3-kink (marked by a
dashedblue line in �g. 2.5). In agreement with sec. 2.2 the pyramidalization lowers
the energyof orbtial A0

3;5 while the tilt raisesthe energyof orbital B 0
2.

CoInmin (middle column) is associated with the C2-symmetry preservingconrotatory
rotation in the full 6� -electronspace. Along this WH-coordinate the frontier orbitals
degenerateand localize either at C1, C3 and C5 or at C2, C4 and C6. Theseorbitals
are labeled A1;3;5 and B2;4;6. Subsequently, a tilt in the carbon sca�old C2-C6 leads
to a more �exible 1,5-kink arrangement without pyramidalization. It enhancesthe

2For the prediction of further energetically low lying CoIn geometriesin the CHD/cZc-HT system
seesec. 4.2 and ref. [125].

3A torsion around the C4-C5 double bond leadsto a mirror-symmetric species.
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CHD/cZc-HT system, further closedring and open ring low-energy CoIns can be
predicted and optimized. A short discussionis presented at the end of sec.4.2.

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

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 has two stable GS conformers, Z-HTI and E-HTI (�g. 2.6). Both conformers
are interconvertable 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 separation into a basic unit and functional groups (i.e.
sulfur, carbonyl, phenyl) is convenient.

Conical intersect ions associated with the 2� -electronic basic unit ethylene The
most obvious separationof HTI is into an ethyleneunit (C3-C4 in �g. 2.7) and func-
tional groups. Both � -obitals and � -electronsof the ethyleneunit are regardedasthe
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 resonance condition (eq. 2.13) is ful�lled at a 90° twisted geometry
(�g. 2.7). There,both subunits,hemithioindigoandhemistilbene,aswell asthe active
orbitals are spatially decoupled(�g. 2.7). The orbital localizedat the hemithioindigo
is denotedasA3 while the orbital localizedat the hemistilbeneis denotedasB4. Next,
the miscelaneouspossibilities to satisfy the heterosymmetry condition (eq. 2.14) via
geometrical deformations and mesomerice�ects are discussed. The �nal CoIn 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 wavefunctions at SA-2-CASSCF(10,9) show dominant contributions
from the biradical (

�
�
�A � B �

E
) and zwitterionic (

�
�
�A2

E
or

�
�
�B 2

E
) con�gurations in support

of the practicabilit y 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 A3 and B4 due to
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can be correlated to the mesomeric e�ects by taking the pre-stabilization of orbital
A3 by the carbonyl group into account and applying pyramidalization to C3 from the
sameorbital. Subsequent tilting of the hemistilbenemoiety (and henceorbital B4)
towards the sulfur forms a potential CoIn geometry (CoInS in �g. 2.7, the pyrami-
dalized C3 is marked by a blue circle). CoIn optimization of the predicted structure
retains the prede�ned arrangement. Further CoIns can be obtained for purely pyra-
midalizedor tilted arrangements. In contrast to the unfunctionalizedethylene,where
purely pyramidalizedand purely tilted CoInsarenot minimum energypoints in the IS
the purely tilted CoInAc in HTI (�g. 2.7) with the hemistilbenemoiety tilted towards
the oxygen is energetically stable (tab. 2.3). The orientation of the oxygen lone pair
towards B4 requiresa smaller tilt in contrast to ethylene (CoIntilt in �g. 2.1) and,
thus, facilitates the formation of a minimum energyCoIn.
Despite the

�
�
�A2

E
-con�guration being more stable then the

�
�
�B 2

E
-con�guration at the

CoInS CoInAc CoInEt CoInHT CoInCHD

� E (eV) 0:00 � 0:72 0:72 1:36 � 0:76
localization pattern A3=B4 A3=B4 A3=B4 A3=B4 A1;3;5=B2;4;6

ES con�guration
�
�
�A2

E �
�
�A2

E �
�
�B 2

E �
�
�B 2

E �
�
�A2

E

torsion (°) 90.0 90.0 90.0 90.0 154.9
pyramidalization (°) 64.01 0.61 54.12 59.62 3.01

tilt (°) 18.63 -21.73 -28.04 23.34 -5

1Pyramidalization de�ned for C3.
2Pyramidalization de�ned for C4.
3Tilt de�ned for C4.
4Tilt de�ned for C3.
5Tilt not de�ned for anglesother than 90°.

Table 2.3.: Relative stabilization � E in eV, localized orbital patterns, ES (S1)
electroniccon�guration and relevant coordinates for the CoIns given in �g. 2.7.
Optimization wasperformedat SA-CASSCF(10,9) level with averagingover two
states. The energyof CoInS is usedas referencefor � E .

90° twisted geometry the energeticorder of both con�gurations can be changedby
applying pyramidalization and tilt in inverseway, i.e. pyramidalization to orbital B4

and tilt to orbital A3. Again several possibilities exist. Following the pyramidaliza-
tion of C4 a tilt of the hemithioindigo (and henceorbital A3) can proceed towards C5

of the phenyl group, leading to CoInHT (�g. 2.7, the pyramidalized C4 marked by a
blue circle), or towards the hydrogenH8, leading to CoInEt (�g. 2.7, the pyramidal-
ized C4 marked by a blue circle). Both geometricalconstellationsare very prominent
and occur in various unfunctionalized polyenes.The triangular C-C-C or C-C-H ar-
rangements are known as -(CH)3-kinks[86,155] orHula-twists[123,156]. In fact, the
C-C-S triangular arrangement at CoInS is closelyrelated to the -(CH)3-kink. In HTI
the formation of CoInHT and CoInEt counteracts the mesomerice�ect of the carbonyl
group, which is a strong indicator for their irrelevancein the ES dynamics. Indeed,
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2. The extendedtwo-electron two-orbital theory

both CoInHT and CoInEt are signi�cantly higher in energy than CoInS and CoInAc

(tab. 2.3).
For the sake of completenessit is noted that CoInS, CoInHT and CoInEt possess
diastereomericstructures for 180° torsion around the central double bond (labeled
CoInS� , CoInHT � and CoInEt � with di�eren t characteristicsdue to the asymmetry in
the molecule(seeAppendix F). Their formation is readily understood in the context
of the above discussionand will not be discussedfurther. CoInS� will be revisited in
sec.3.1 when the isomerizationmechanism of HTI is investigated.

Conical intersections associated with the 6� -electronic basic unit hexatriene
For HTI a 6� -electronicunit enclosingthe oxygen and �v e carbon atoms C2 through
C6 can be identi�ed. It can be regardedas a hexatrienebasic unit with one carbon
atom exchangedby an oxygen. Hexatrienecanundergoa cyclization to a CHD solely
from a cZc-conformation.Correspondigly, only E-HTI is cyclizable. This observation
will be of relevancefor the study of the HTI photoreaction mechanism in sec. 3.1.
An intermediate geometrywith a partially formed C1-C6 � -bond can be located (�g.
2.7) with localized active orbitals A1;3;5 and B2;4;6. Due to the electronegativity of
the oxygen the energyof orbital A1;3;5 decreases,leading to the stabilization of the�
�
�A2

E
-con�guration and, thus, the degeneracyis reached along the WH-coordinate

without any additional geometricaldeformations (CoInCHD ). Rather, the exchange
of a carbon from the basic unit by an oxygen introduces the asymmetry neededto
reach a degeneracy. Correspondingly, this CoIn is notably stable(table 2.3) and must
not be neglectedduring the dicussionof the HTI dynamics,even if it is not associated
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 singleCoIns (sec. 2.2) wereutilized to
locate minimum energy CoIns in the HTI system(�g. 2.7). All CoIns with exception
of CoInCHD have in commonthat they were derived from a 90° twisted geometryby
applying pyramidalization and/or tilt. According to the discussionin sec. 2.3, these
CoIns belong to a plane orthogonal to the WH-coordinate cis-trans isomerization
(�g. 2.2). At CoInS and CoInAc the ES hasa

�
�
�A2

E
-con�guration, while at CoInEt and

CoInHT it has a
�
�
�B 2

E
-con�guration. The heterosymmetry condition (eq. 2.14) does

not allow for a con�guration changealong the seam(seealsosec. 2.3). Hence,CoInS

and CoInAc areconnected by a seamwith
�
�
�A2

E
-con�guration. CoInEt and CoInHT are

connectedby a seamwith a
�
�
�B 2

E
-con�guration. A connectionbetweenboth seams

does not exist in the scope of the extendedtwo-electron two-orbital theory. In the
following, the seambetweenCoInS and CoInAc is presented.
Referringto the generalform of the seam,derived in �g. 2.3, the CoInS-CoInAc seam
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Figure 2.8.: CoIn seamsmediating the cis-trans isomerizationin ethylene(top) and
HTI (bottom). Geometriesat selectedpoints are given. Dashedlines indicate
the projections of calculated points along the seams. Only the seamsegment
with positive pyramidalization anglesis plotted (see�g. 2.3).

has to be curved in the pyramidalization/tilt plane as well. A straightforward linear
interpolation givespoor starting structures for the subsequent constrainedCoIn op-
timization. To provide further supporting points, �rst, a purely pyramidalized inter-
mediate CoInS=Ac with a pyramidalization angleof 74° was optimized4. For negative

4For de�nition of the pyramidalization and tilt anglesin HTI seeAppendix G
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2. The extendedtwo-electron two-orbital theory

tilt anglesno local minimum existsfor high pyramidalization angles.An intermediate
structure with pyramidalization angleof 67° and tilt of � 12° was obtained by scan-
ning the tilt coordinate. With this preliminary work the HTI seambetweenCoInS

and CoInAc was devided into linear segments and the interpolation approach could
be applied to �nalize the seam(�g. 2.8, bottom). Both pyramidalization and tilt
were kept �xed during CoIn optimizations out of the interpolated geometries. For
comparison, the corresponding seamsegment in ethylene is given in �g. 2.8, top.
The supporting points were optimized as follows: CoInpyr =tilt constitute a minimum
in the full 3N � 8 IS, CoInpyr and CoIntilt areminimum energyCoIns in CS-symmetric
subspaces.
Indeed, the ehtylene seamand the HTI seamexhibit similar curvature in the IS,
however, with di�erences in the energeticpro�le and in the magnitudeof geometrical
displacement. The HTI seamis characterizedby weaker 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, CoInAc constitutes a
minimum in the IS. The modest deformation together with the pronounced energetic
stabilit y makes the seamsegment around CoInAc easieraccessiblethan its pendant
in the ethylene systemand acceleratesthe relaxation to the GS.

2.4.4. Conical intersection seams connecting di�erent
Woodward-Ho�mann coordinates: pyrrolyl fulgide

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 presented. In complex systemsmore than one WH-
motion is feasibleand concurrent photoprocessesmay be init iated simultaneously.
In such casethe seamsconnecting planes orthogonal to di�eren t WH-coordinates
have to be optimized. Rules for achieving this goal were presented in sec. 2.3.
In the following, these rules are utilized to �nd seamsassociated with competing
channels to the electrocyclic isomerization between the open (cZc) and the closed
(C) forms of tri�uorometh yl-pyrroly lfulgide (�g. 2.9). Three scenariosare discussed
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Figure 2.10.: Visualization of the resonanceintegral hAB 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-
itiv e (bij ) and negative (aij ) two-center resonanceintegrals between neighbor-
ing carbon centers are denoted. The requirement of eq. 2.7 is met at the
homosymmetric biradical geometry labled [3=3] with localized active orbitals
A1;3;5 = � 1 � � 3 + � 5 and B2;4;6 = � 2 � � 4 + � 6 and an equalnumber of positive
and negative two-center resonanceintegrals.

and a thorough analysis is 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 basic unit associated with this rotation is the 6� -electron 1; 3-
CHD/cZc-HT (given in bold in �g. 2.9). The HOMO and the LUMO at the equilib-
rium geometriesof CHD and cZc-HT areexpressedin the basisof equivalent localized
MOs A and B accordingto eq. 2.16. For cZc-HT they read A1;3;5 = � 1 � � 3 + � 5 and
B2;4;6 = � 2 � � 4 + � 6 (�g. 2.10). For CHD the localizedorbitals are A3;5 = � 3 � � 5

and B2;4 = � 2 � � 4 (�g. 2.10). Along the WH-coordinate the requirement of the sim-
pli�ed resonance condition (eq. 2.7) is met at the homosymmetricbiradical geometry
labeled[3=3] (�g. 2.10), as the resonanceintergral hAB is composedof equalnumber
of positive (b12, b34, b56) and negative (a16, a23, a45) resonanceintegrals

hAB = b12 + a23 + b34 + a45 + b56 + a16 = 0: (2.17)

In the following hAB is visualized by superimposing the localizedorbitals A and B
as shown in �g. 2.10. Then, the sign of the two-center resonanceintegrals results
from the relative phaseof the atomic orbitals at neighbouring atoms. Naturally, this
representation resembles the nodal structure of the delocalizedorbitals.
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mations. Center C1 and C2, as well as C4 and C5 are involved in aromatic rings
(pyrrole and maleic anhydride, �g. 2.9) and torsion around thesebonds is hindered.
With this in mind the following biradical structures can be derived.

ˆ Scenario1 (green! red in �g. 2.11). Torsion around the C3-C4 bond weakens
b34. The simultaneouselongation of the C1-C6 distance lowers a16. The result
is a [2/2] open-ring geometry (�g. 2.11, top row). Additional torsion around
the C2-C3 bond leadsto the [1/1] geometry. The integral a23 is weakenedand
the C1-C2 unit (2n� -unit is decoupled from the � -system(cAi cB j = 0). At the
[1/1] geometry the resonanceintegral hAB consistsonly of two terms b56 and
a45.

ˆ Scenario2 (green! blue in �g. 2.11). Torsion around the C5-C6 bond weakens
b56. Simultaneous increaseof the C1-C6 distanceweakensa16. The result is a
[2/2] geometry (�g. 2.11, middle row), again an open-ring structure, which is
di�eren t from scenario1. Additional torsion around the C2-C3 bond cancelsa23

and decouples the C1-C2 unit from the � -system(cAi cB j = 0), leading again to
a [1/1] geometry.

ˆ Scenario3 (green! magenta in �g. 2.11). Torsionaround the C5-C6 bond weak-
ens b56. Simultaneous torsion around C2-C3 (�g. 2.11, bottom row) weakens
a23 and yields a [2/2] geometry. Increaseof the C1-C6 distancedecouplesthe
C1-C2 unit from the � -systemand ultimately leadsto the [1/1] geometryfrom
scenario2. Decreaseof the C1-C6 distance(i.e. formation of a � -bond) decou-
ples the C1-C6 unit to yield a new [1/1] closedring geometrywit h only b34 and
a45 contributing to the resonancehAB .

In principle CoIn seams can connecteach pair of homosymmetricbiradicals. In the
current examplethe interest is on seamsreachable from the referencestructure [3/3].
Which seam is energeticly favorable is decided by the mesomerice� ects, i.e. the
interaction of the basicunit with the substituents.

3. The discussionof the mesomerice�ects is limited to scenario3. The remaining
scenariosare shown in the Appendix H. For the analysis the localized molecular
basis at each biradical geometry is considered. The geometricaldeformations in 2.
divide the original � -systemin subunits as indicated by the dashedlines in �g. 2.12.
Only non-bonding subunits contribute to the �nal MOs, i.e. subunits that undergo
bonding and antib onding interactions with the remaining � -orbitals can be discarded
(red crosses).Such subunits typically have no amplitudes in the terminal position.
The resulting localized active orbitals are A3;5 and B2;6 for the [2/2] geometry and
A3;5 and B2 for the [1/1] geometry.
For theseorbitals the in�uence of the functional groupsto satisfy the heterosymmetry

condition (eq. 2.14) is investigated. Two mesomeric groupsare present in the fulgide,
an anhydride moiety with negativemesomerice�ect (-M) conjugatedto the basicunit
at C4 and C5 and an amino moiety with positive mesomerice�ect (+M) conjugated
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at C1 and C2. Exemplarily, �g. 2.13shows the interaction of the functional groupsat
the geometries[3/3] and [1/1]. The energeticposit ion of the resulting functionalized
orbitals is indicated.

[ 3/3 ] geometry. Each substituent canact on both orbitals A1;3;5 and B2;4;6 (�g. 2.13
green-rimmedarrows). By appropriate combination of the mesomerice� ects
either the electronic con�guration

�
�
�A2

E
or

�
�
�B 2

E
is stabilized. In each casea

CoIn with the GS is reached simply by adjusting bond lengths as shown in �g.
2.13.

[ 1/1 ] geometry. Each substituent canact only on oneorbital. The anhydride conju-
gatesto center C5 from orbital A3;5, the amino group to center C2 from orbital
B2 (�g. 2.13 violet-rimmed arrow). Both e�ects stabilize exclusively

�
�
�A2

E
the

con�guration.

From thesepredicted geometrieslow-lying CoIns wereoptimized by quantum chemi-
cal methods. The �nal CoIn optimizations of the predictedstructures wereperformed
with an active spaceof 8 electron and 8 orbitals and averagingover the GS and the
�rst ES. The electronicwavefunctionsat SA-2-CASSCF(8,8)show dominant contri-
butions from the biradical (

�
�
�A � B �

E
) and zwitterionic (

�
�
�A2

E
or

�
�
�B 2

E
) con�gurations

in support of the practicabilit y of the rules of thumb[126]. Thesestructures are the
supporting points for the subsequent linear interpolation of the seam. In table 2.4
selectedlow-lying CoIns from scenarios1-3 arepresented. In the �rst row the geome-
tries of the CoIns and the structures of the homosymmetricbiradical basic unitsare
superimposed. Latter were obtained by constrained optimization at CASSCF(2,2)
level, whereby the constraints originate from rule 2. Their optimization is not re-
quired for the seam, but advantageous for testing di�eren t substitution patterns.
The comparison shows that the CoIns retain to a great extent the geometriesof the
biradicals. The interactions of the substituents with the � -systemmanifest in bond

Figure 2.12.: LocalizedMOs at the [3/3], [2/ 2] and [1/1] biradical geometries for
scenario3 (green! magenta). Dashedred lines indicate the spatial separation
of the � -system into subunits. Red crossesmark atomic centers which do not
contribute to the �nal MOs.
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Figure 2.13.: Conjugation of the amino group (+M e�ect) and anhydride group
(-M e�ect) to the � -systemof the basicunit in the fulgide. The energeticorder
of the active orbitals is shown on the right side. For the referencegeometry
[3/3] two conjugation patterns that stabilize either the

�
�
�A2

E
or

�
�
�B 2

E
con�gura-

tion (upper and lower green-rimmedarrows) can be formulated. For the [1/1]
geometry of scenario3 only one conjugation pattern is possible,stabilizing the�
�
�A2

E
con�guration.

length rearrangements (table 2.4) rather than in structural deformations. As a general
rule mesomericallystabilized CoIns are more stable then CoIns formed by pyrami-
dalization or tilt alone. CoInA and CoInB are associated with the referencebiradical
[3/3] (upper and lower branch in �g. 2.13) and thus with the WH-coordinate of the
electrocyclic reaction. CoInC, CoInD and CoInE are associated with WH-coordinates
leading to by-products and result from scenarios1, 2 and 3, respectively.

4. The CoIn seamsbetween the supporting points are now obtained by linear in-
terpolation. Thereby, the focus is on seamsthat either include CoInA or CoInB .
These seamsconstitute loss channels for the main photoreaction. The resonance
and heterosymmetry conditions (eqs. 2.13 and 2.14) do not allow for con�guration
changealong the seam. Hence, only CoIn structures with the sameelectronic con-
�guration, either

�
�
�A2

E
or

�
�
�B 2

E
can be connected,resulting in two low-lying seam

branches (CoInB-CoInD , CoInB-CoInE) arising from CoInB . Only one seambranch
(CoInA -CoInC) arisesfrom CoInA . The necessaryconstraints for the optimization of
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CoInA CoInB CoInC CoInD CoInE

� E 1.0 0.2 0.0 0.7 0.4
geometry [3/3] [3/3] [2/2] [1/1] [1/1]
local. pattern A1;3;5=B2;4;6 A1;3;5=B2;4;6 A1;3=B4;6 A3;5=B6 A3;5=B2

ES con�g.
�
�
�B 2

E �
�
�A2

E �
�
�B 2

E �
�
�A2

E �
�
�A2

E

+M/-M C1/C 4 C2/C 5 C1/C 4 -/C 5 C2/C 5

C1-C6 (Å) 2.42 2.03 4.38 3.20 1.76
C4-C(= O) (Å) 1.40 1.50 1.39 1.51 1.50
C5-C(= O) (Å) 1.53 1.43 1.51 1.39 1.45
N-C1 (Å) 1.30 1.41 1.29 1.37 1.43
N-C(� C2) (Å) 1.45 1.32 1.42 1.38 1.32

Table 2.4.: Structures, relative stabilization � E in eV, localizedorbitals A and B,
ES electronic con�guration of the extendedtwo-electrontwo-orbital model, rele-
vant mesomerice�ects and distancesfor selectedlow-lying CoIns from scenarios
1-3. The energyof CoInC 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 each seamcan directly be obtained from 2. For the
CoInA -CoInC seam,the torsion around C3-C4 and the distanceC1-C6 werekept �xed.
For the CoInB-CoInD seam,torsions around C2-C3 and C5-C6 aswell as the distance
C1-C6 werekept �xed. For the CoInB-CoInE seam,the torsion around C2-C3 and the
distanceC1-C6 werekept �xed. The seamsare plotted in �g. 2.14against the C1-C6

coordinate, which all seamshave in common.
The �ndings are summarizedin �g. 2.15, where the spatial and energeticrelation

of the reactive CoIns and the competing CoIn seams(dashedlines) between the GS
and the ES is sketched. The reactive regionsare shown in green,the competing loss
regionsare shown in red, blue and magenta, accordingto the color code usedin �g.
2.14. The desiredphotoreaction connectsisomer C and cZc via CoInA and CoInB .
The substituent e�ects that allow for the fast dynamics in these complex fulgides,
simultaneously reducethe selectivity of the reaction as can be seenfrom �g. 2.15.
Thus, also the competing channelsare easily accessiblefrom the FC regionsof both
isomers.They can either photostabilize the systemor lead to by-products.
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Figure 2.16.: Adiabatic (solid lines) and diabatic (dashed)potential energy curves
for the photodissociation of a symmetric � -bond (left) and for a hole transfer
process(right). Electronic con�gurations are denoted. During photodissocia-
tion the resonance condition is ful�lled along the bond-breakingcoordinate, the
heterosymmetry condition along an asymmetric distortion. Latter can be intro-
ducedthrough a functionalization or a geometrical deformation. In hole transfer
processesboth active orbitals aredecoupled,thus, the resonance condition is ful-
�lled already at the FC point. Functionalizations and geometrical deformations
aim to stabilize the

�
�
�n� �

E
-state and to destabilizethe

�
�
�n2

E
-state.

2.5.1. Application to photo dissociation and hole transfer
processes

So far the rules of thumb have beendiscussedin connectionwith photochemical iso-
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). However, the rules have a much more generalscope
of application, e.g. for photodissociation (�g. 2.16, left) and for hole transfer pro-
cesses(�g. 2.16, right).
To describe a photodissociation the active spacehas to be composedof the � and � �

orbitals of the dissociating bond. Starting from a symmetric � -bond (the basicunit)
the resonance condition is ful�lled along the bond-breaking coordinate (�g. 2.16,
left). Along this coordinate the GS aquiresa covalent biradical character (

�
�
�A � B �

E
,

with A and B localizedat either sideof the bond), while the two ionic ES degenerate
(
�
�
�A2

E
�

�
�
�B 2

E
). To satisfy the heterosymmetrycondition asymmetric substitutions or

geometricaldeformationscan be introduced.
Hole transfer processesare associated with an electrontransfer betweentwo spatially
separeatedMOs. An exampleshereof is the population of a dark n� � state out of
a bright �� � state (�g. 2.16, right)[55]. Thereby, the n-orbital is centered at a het-
eroatomsomewherein the system. CoIns betweenthe n� � state and the closed-shell
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2. The extendedtwo-electron two-orbital theory

GS can be understood in the scope of the extendedtwo-electron two-orbital theory
by spanningthe active spaceover the � � -orbital, the n-orbital and the electron lone
pair therein. Then, again,a two-electrontwo-orbital active spacecanbe constructed.
Due to the spatial separation of the n- and � � -orbitals, the resonance condition is
ful�lled already at the FC point. Then, in the spirit of the two-electron two-orbital
theory the n-orbital can be labeled as A and the � � -orbital as B . The closedshell
GS

�
�
�n2

E
is equivalent to

�
�
�A2

E
, the

�
�
�n� �

E
-state to

�
�
�A � B �

E
. Note, that in contrast to

conjugatedpolyenesthe energeticorder of both con�gurations is reversed.Geometri-
cal (pyramidalization, tilt) and substituent (mesomeric)e�ects have to be applied to
stabilize the

�
�
�n� �

E
-state and destabilizethe closed-shell

�
�
�n2

E
-state in order to satisfy

the heterosymmetrycondition.
Through the appropriate choice of the active pair of orbitals, not necessarilybeing
the highestoccupiedand lowest virtual orbitals in the system,it becomespossibleto
understandand predict CoIns for various types of photoreactions.

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

The extendedtwo-electrontwo-orbital theory allowsto expressthe diabatic conditions
for CoIn formation via adiabatic quantities, which can be obtained from quantum
chemical calculations. It is possible to formulate a CoIn optimization algorithm,
basedon the resonance and heterosymmetry conditions (eqs. 2.13 and 2.14). Here
an algorithm for locating minimum energyCoIns similar to the projection method by
Bearpark and co-workers (sec. 1.2.3) is presented. The generalgoal is to minimize
an e�ectiv e gradient composed of three terms

~g = ~f 1 + ~f 2 + P I S (r RE1) (2.18)

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

~f 1 =
�
�
�V1

�
�
� �

r RV1�
�
�
�
�
�r R

~V1

�
�
�
�
�
�

and ~f 2 =
�
�
�V2

�
�
� �

r RV2

jjr RV2jj
(2.19)

of the diabatic quantities

V1 = 2hAB + 4
nX

i

D
Ai

�
�
�Bi

E
� 2

nX

i

D
AB

�
�
� ii

E

V2 = JAA � JAB � "B + "A :
(2.20)

V1 and V2 are obtained from eqs. 2.13 and 2.14. Multiplication with the absolute
values of V1 and V2 assuresthat the corresponding gradient vanishesat the CoIn.
The last term represents the projection of the GS energygradient onto the orthogo-
nal complement 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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2.5. Summary and perspectives

vectors ~f 1 and ~f 2 instead of ~X 1 and ~X 2.
The presented method locates the lowest point on the GS PES for which the reso-
nance and heterosymmetry conditions are ful�lled. There is no needof calculating
ES properties or non-adiabatic coupling vectors. In principle all quantities can be
collected from a HF calculation by working in a localized basis for the HOMO and
the LUMO. Of course,as the electronic correlation is not properly described at HF
level the obtained geometries can serve only as referencepoints for a preciseCoIn
optimization. Nevertheless,this approach can be valuable for a fast pre-computing
of CoIns in large molecularsystems.
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3. Molecular switches

Molecular switchesare moleculeswhich can be reversibly transformed between two
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 enzymeactivit y[160�163], of molecularelectronicsfor developingdata storage
devices[63,158, 164,165], logic gates[166]and optomechanical devices[167,168]were
proposed. For the practical use as photochromic switches moleculeshave to pos-
sessseveral properties, e. g. designableabsorption spectra and solubility, very high
environmental and photochemical fatigue resistance,high switching e�ciency with
respect to the amount of absorbed light, thermal stabilit y and low production costs.
A variety of molecularclasses,which satisfy the above requirements, azobenzenes[73],
diarylethenes[73],spyropyranes[73]to namea few, have beenbrought up for discus-
sion. In the courseof this work HTI, a chromophore designedby linking stilbene
and thioindigo, and tri�uorometh yl-indolylfulgide, a representativ e 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 azobenzenes,which are currently in use
despite of their limited stabilit y in cellular environments[169] and the need to use
UV radiation to excite their �� � transitions. The decisive photochromic properties of
fulgidesswitchesrely on the pericyclic ring-openingand ring-closurereactionbasedon
the embedded 1,3-CHD/cZc-hexatrienemotif. The closedform absorbsin the visible
spectral rangeand the open form shows absorption exclusively in the UV and blue.
Thus, the ring-opening and ring-closure reaction can be selectively initiated with
the appropriate wavelength. In a joint experimental-theoretical work the complex
photoisomerizationmechanismsof both compoundswereelucidatedby t ime-resolved
spectroscopy and state-of-the-art quantum chemical calculations. Time-resolved ab-
sorption spectroscopy was performed at HTI by T. Herzog and T. Cordes. Time-
resolved Infrared (IR)-spectroscopy was performed at tri�uorometh yl-indolylfulgide
by F. O. Koller, W. J. Schreier and I. 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. Schreier, 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 a fairly 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 exists in two dif-
ferent stereoisomers(�g. 2.6, Z and E), which can be interconverted by near-UV
and Visible (Vis) light (�g. 3.1). HTI can be regarded as a minimal model for
isomerizationcomprising 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�eren t parent 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.
Recently, di�eren t experimental studiesfor di� erently substituted HTI moleculesin

Figure 3.1.: UV/Vis spectra of HTI. The absorption of the Z-isomer (black solid
line) and the photostationary state PSE containing the isomerE at high (> 70%)
concentration PSE (blue dashedline) are shown for the non-polar solvent cyclo-
hexane. The arrows indicate the excitation wavelength � e in the time resolved
experiments.

polar solvents have beenperformed and a qualitativ e picture of both photoreactions
Z! E and E! Z have beenpublished[150, 151, 174,175]. HTI derivativeshave been
usedas ultrafast molecularswitchesin biomolecules to initiate structural changesat
reasonablyhigh quantum e�ciencies[150,175,176]. Forward and backward processes
in HTI showed signi�can t di�erences in the reaction dynamics,and there is a strong
and systematicdependenceon substitution[151, 174]. Recently a theoretical study of
HTI waspublished[177]. Surprisingly, the authors reported �uorescencedecay as the
dominant pathway contrary to the interpretation given in the context of the experi-
mental investigations.
HTI is investigatedas a complex prototype for Z/E isomerization providing several
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heteroatomssteering the electron �ux by their withdrawing and donating charac-
ters. The complexity of experiments and calculations is reducedby focusing on the
photochemistry of the simplest possibleHTI compounds without any substituents
in a nonpolar environment, i.e., in cyclohexane.Results are obtained from ultrafast
absorption spectroscopy combined with state-of-the-art quantum chemical methods
(CASSCF/CASPT2 for unsolvated molecules,for details on the quantum-chemical
methods seeAppendix I) to answer the following questions: (i) What are the reac-
tion coordinates for the isomerizationprocess?(ii) What is the exact geometricand
electronic structure of the intermediatesalong the reaction pathway? (iii) What are
the driving forces for isomerization? (iv) Do the heteroatomsin�uence the choice
betweenthe polar and nonpolar reaction pathways? (v) Why do both isomers,Z and
E, show such a di�eren t isomerizationspeed?

3.1.1. Experimental result s: stationary and time-resolved
absorption spectroscopy

In order to allow ready comparison with the results from solvent-free theoretical
investigations, the experiments wereperformedin the nonpolar solvent 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. 3.2a the time dependence of the absorption change is plotted as a function of
time delay betweenpump and probe pulsesfor � pr ) 437 and 573 nm. At time zero
there is a strong rise of the absorption at 573 nm. A weak decay on the time scale
of 2 ps is followed by a strong decreasein 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 decreaseis found at late delay times. Absorption spectra taken at
di�eren t delay times are shown in �g. 3.2b. They are important for the molecular
interpretation of the observed transients. At early times, oneobservesthe formation
of a broad and structured absorption change throughout the investigated spectral
range (�g. 3.2b, 0.2 ps). The absorbance change is characterized by peaksat 450
and 550 nm, and a minimum at 425 nm. The absorption increasecan be assigned
to ES absorption, which is overlapped by negative signal contributions arising from
GS bleaching (centered at 425 nm) and stimulated emissioncentered at 490 nm.
The spectral positions, from both GS bleaching and stimulated emission,are in good
agreement with stationary spectra of HTI in the nonpolar solvent cyclohexane(�g.
3.1and refs. [171]and [173]). On the time scaleof a few picosecondsminor changesof
the peak positions and the oscillator strength of ES absorption/st imulated emission
can be observed (�g. 3.2b, 0.2 ps vs 2.0 ps). The dominant decay of the induced
absorption signal is seenon the time scaleof 10 ps (�g. 3.2b, 2.0 ps vs 12 ps). After
this decay a broad absorption band with a slight maximum at 450nm and bleaching
at 425nm can be observed (�g. 3.2b, 25 ps). It is only after hundredsof picoseconds
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Figure 3.2.: Resultsfrom transient absorptionspectroscopy. (a and b) Z! E isomer-
ization after 400nm excitation. (a) Time-dependent absorptionchangemeasured
asa function of delay time for probing at 437and 573nm. (b) Transient spectra
at certain delay times between pump and probe pulse. (c and d) E! Z isomer-
ization after 485nm excitation. (c) Time-dependent absorption changerecorded
asa function of delay time for probing at 518and 568nm. (d) Transient spectra
at certain delay times between pump and probe pulse. In the range of prob-
ing wavelengthsmarked in blue the accuracyof the absorption measurement is
reduceddue to stray light from the excitation pulse.

that most of the remaining inducedabsorption (>450 nm) decays and revealsthe dif-
ferencespectrum expected from the formation of the E-isomer. Global �tting of the
data set by a multiexponential model (using three time constants 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 recently establishedreaction models[178]. There is a
�rst kinetic component ( � 0 = 2:0 � 0:8 ps) connectedwith weak absorption changes.
The small changesin absorption indicate that this kinetic component may be caused
by reactions in the excited electronic state. Interestingly, changesof the stimulated
emissionduring this �rst reaction are much weaker than the ones observed recently
for HTI in more polar solvents such as dichloromethane[151]or methanol[150,176].
Subsequently, one �nds the secondkinetic component (time constant of � 1 = 10� 1
ps) with a much strongerabsorption signal representing the decay 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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tation is supported by the observed decay of ES absorption and stimulated emission
and the appearanceof the absorption peak at 450 nm corresponding to the product
isomer. At late delay times a very slow component � 2 = 650� 200ps is found, which is
related to the decay of a broadabsorptionband extending from 400to 600nm and the
superimposedrecovery of GSbleach at 425nm. This transition is tentativ ely assigned
to the decay of a short-lived triplet state. The photochemical conversion e�ciency
� pc;Z of the Z! E processwasmeasuredin stationary experiments in the weakly polar
solvent dichloromethaneand was found to be � pc;Z = 0:230� 0:035. An alternativ e
assignment of the 650 ps kinetic component to the decay of the excited electronic
singlet state can be ruled out by the following observations. One �nds a very small
�uorescencequantum yield of HTI in cyclohexaneof � 
 = 0:0003and a rather long
radiative lifetime of � rad = 15 ns (obtained from the Strickler-Berg relation[179]). As
a consequence,the �uorescing excited electronic state should have a livetime � S1 in
the rangeof � S1 � � radphi 
 = 4:5 ps. This �nding givesclear evidencethat the slow
kinetic component � 2 = 650� 200 ps is not associated 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 shown in �g. 3.2c,d. The time dependence observed
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 shown
in �g. 3.2d. Immediately after excitation there are features from ES absorption and
GS bleaching (�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. Subsequently, a weak absorption
change is visible on the 10 ps time scale. No indication for a transient in the 100
ps range have been found. A multiexponential modeling of the transients yields
time constants of � 0 = 260� 80 fs, � 1 = 1:2 � 0:4 ps, and � 2 = 13 � 6 ps. With
the molecular model proposed for other HTI molecules[178]the 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 determined in dichloromethaneto be only � pc;E =
0:053� 0:016. In the following sectionsthe combination of the experimental data
on the minimal molecular models HTI in an nonpolar solvents with state-of-the-
art quantum chemical calculations allows a detailed insight into the pure molecular
driving forcesfor Z/E isomerization.

3.1.2. Theoretical results: reaction pathways in the excited state

Verti cal 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-CASSCF(14,13) SS-CASPT2(14,13) exp.
� ESN S0

D
SN

�
�
��

�
�
�S0

E
� ES1S0

D
SN

�
�
��

�
�
�S0

E
� ES1S0

(eV) (D) character (eV) (D) character (eV)
Z S1 3.75 0.00 n� � 3.48 2.75 �� � 2.92

S2 4.67 2.39 �� � 3.72 0.00 n� � -
E S1 3.57 0.00 n� � 3.27 2.44 �� � 2.76

S2 4.39 2.10 �� � 3.60 0.00 n� � -

Table 3.1.: Vertical excitation energy � ESN S0 , transition dipole moment and ES
electroniccharacterat the equilibrium geometriesof Z-HTI and E-HTI optimized
at B3LYP/6-31G* level. Transition dipole moments obtained from the oscillator
strength f , accordingto

D
S1

�
�
��

�
�
�S0

E
= [3f =2� CAS P T 2

S0 � S1
].

were found to be planar, i.e. of CS-symmetry. At SS-CASSCF(14/13) level the low-
est excited electronicstate corresponds to a n ! � � excitation from the oxygen lone
pair into the aromatic system(tab. 3.1). In CS-symmetry this state has no oscilla-
tor strength. Only by symmetry breaking motions someoscillator strength may be
borrowed. The second ES is a � ! � � transition with a transition dipole moment of
2.39 Debye for Z-HTI and of 2.10 Debye for E-HTI. The excitation energies for the
� ! � � transition of 4.67eV (Z-isomer) and 4.39eV (E-isomer) deviate signi�cantly
from the experimental values (seeabsorption spectra in �g. 3.1) with maxima at
2.92eV and 2.76eV, respectively. Perturbative correction recovers most of the miss-
ing dynamic electron correlation energyof the �� � state, which becomesthe lowest
ES at SS-CASPT2level with excitation energiescorrected to 3.48 eV and 3.27 eV.
Comparablecalculations at time-dependent density functional theory level con�rm
this energetic order[177].However, the shortcomingsof time-dependent density func-
tional theory in describing doubleexcitations, aswell as the overestimationof charge
transfer states,which gain in importanceaway from the FC region,prevents from its
use for the description of the completeES reaction path. Basedon the state order
predicted by SS-CASPT2 and on the magnitude of the transition moments the as-
sumtion is madethat upon laser irradiation the electron is excited into a S1 state of
�� � character. Furthermore, the �� � and n� � statesare very closein the FC region
(energyseparation� 0:3 eV) and one canspeculateon a partial excitation of the n� �

state by femtosecond pulses opening reaction channels,which compete to the direct
S1-relaxation pathway. Experimental indications are found in the long time constant
� 2 = (650� 200) ps, tentativ ely attributed to triplet contributions. Preliminary cal-
culations support the existenceof a sidechannel trapping the moleculein a dark n� �

region on S1 from whereit can decay via intersystemcrossing.

Conical intersection seam. The isomerization of HTI is a typical exampleof an
ultrafast photoreaction proceedingon a picosecondtime scale. Its ES decay cannot
beexplainedby meansof the avoidedcrossingmodel applying Fermi's goldenrule[72].
Furthermore, a radiative decay can be excludedasa major decay path to the GS due
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to the low �uorescencequantum yield � 
 = 0:0003) (sec. 3.1.1). It is thereforeobvi-
ous to assumea CoIn gated decay model that managesto explain both the ultrafast
time scaleand the suppressed�uorescence.
Using the rules of thumb for predicting and optimizing CoIns presented in sec. 2.2
and 2.3 a number of low-lying minimum energyCoIns could be obtained systemat-
ically (sec. 2.4.2). Moreover, several of them could be connectedvia a low energy
CoIn seam(sec. 2.4.3). With the knowledgeabout the energeticposition of the FC
points the accessibility of the individual CoIns can now be discussedin more detail.
CoInHT , CoInHT � , CoInEt and CoInEt � lie above the FC limit (tab. 3.2). The strong
deformationsneededto counteract the mesomerice�ect of the carbonyl group render
them inaccessiblefrom the FC region. Thesefour CoIn are not further considered.
CoInS, CoInS� , CoInAc and CoInCHD are energeticallyaccessible from the FC point.
Of all four, CoInS� is the energeticallyhighest one due to the sterically unfavorable
alignment of the hemistilbeneand the hemithioindigo moieties. CoInS lies about 0.5
eV below CoInS� . CoInCHD is the global minimum. The energetic position of CoInAc

is very sensitive to dynamic correlation e�ects due to the notable n� � contribution to
the ES wavefunction[183]. While SA-CASSCF(10,9)predicts energyin the rangeof
CoInCHD , at MS-SR-CASPT2(14,13)level CoInAc lies in the range of CoInS. Hence,
insu�cien t description of dynamic correlation e�ects falselyoverestimatesthe weight
of CoInAc (and, hence, of the seamregion around CoInAc, �g. 2.8) in the decay pro-
cessto the GS.

Perturbative treatment was applied to check 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 selected points along the CoIn seam
betweenCoInAc and CoInS, plotted against the normalizedlength of the seamin
the full Cartesianspace.The blue and the greendots follow the CASSCFseam,
the brown dots follow the CASPT2 corrected seam.

betweenCoInS and CoInAc (�g. 2.8). At MS-SR-CASPT2(14,13)level with averaging
over the lowest two states the dynamic correlation lifts the degeneracyup to max-
imally 0.5 eV. However, a MS-SR-CASPT2(14,13)scan in the pyramidalization/tilt
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3. Molecular switches

plane couldreduce the energygap to lessthan 0.1 eV con�rming the existenceof a
low-lying CoInS/CoIn Ac seamalso at CASPT2 level. In �g. 3.3 the energeticpro�le
of the seamat di�eren t levelsof theory is plotted againstthe normalizedlength of the
intrinsic seamcoordinate. Latter wasobtainedby adding up the absolutedistancesin
spacebetweensubsequent points on the seam. Thereby, the absolutedistanceswere
rescaledwith respect to the normalizeddistancebetweenCoInAc and the next point
on the seam. The blue and the greendots in �g. 3.3 follow the seamoptimized at
SA-CASSCF(10,9)level, the brown dots follow the MS-SR-CASPT2(14/13)corrected
geometries.When perturbative correction is applied the region of pure �� � character
(around CoInS) is stabilized signi�cantly and the seam�attens. Comparisonof the
energiesof the FC points (tab. 3.2) with the CASPT2 correctedCoIn seamindicates
that it is energeticallyaccessibleduring the photoreaction.
Oncethe CoIn seamis reached the decay to the GS becomespossible. Information

about the GS products, accessiblefrom the tip of the CoIn, can be obtained from a
�rst order Taylor expansionin the BS around a CoIn (sec. 1.2.3). Therefore,a scan
was performed on a circular grid around each of the minimum energyCoIns CoInS,
CoInAc and CoInCHD . The resulting topologiesarepresented in �g. 3.4. Optimization
from various initial points on the GS PES around CoInS led exclusively to Z-HTI. No
gradient towards E-HTI emergesdirectly from the CoIn tip. Both E-HTI and Z-HTI
can be formed with equal probability from CoInAc. Both gradients remain indistin-
guishableas they are overlapped by a large gradient in the direction of increasing
C-S distance. For this reasonno preferential formation of either isomerout of CoInAc

is expected. For the sake of completeness,the possibleformation of a metastable
byproduct, containing an oxetenering is noted. However its formation is unlikely due
to the tilted form of CoInAc. The GS PES around CoInCHD exhibits a pronounced
gradient towards E-HTI. The possibleformation of a closed-ring chromenederivative
introducesa sidereaction. The chromeneis metastableand relaxesrapidly to E-HTI.
No Z-HTI formation is possiblefrom CoInCHD . An important conclusionfrom the
aforementioned analysis is that for neither of the two reactants an exclusive decay
to the corresponding product can be observed from the accessibleregionsof the IS.
CoInS and CoInCHD photostabilizeZ-HTI and E-HTI, respectively. Neither isomeris
preferentially formed out of CoInAc, in agreement with the measuredquantum yields
of lessthan 50%.
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3.1. Photoisomerization of hemithioindigo-hemistilbene

Figure 3.5.: Reactive coordinates for the Z-HTI/E-HTI isomerization. (left) Out-
of-plane torsion in the range[0°:360°]; (middle) Pyramidalization (shown for a
torsional angleof 90°) in the range[-90°:90°]; (right) Tilt (shown for a torsional
angleof 90°and pyramidalization of 60Â°) in the range[-90°:90°].

Relaxed scan on the excited state potential energy surface. The reactive coordi-
nates,suited to describe the relaxation from the FC point to the energeticallyreach-
able degeneracyregion, are torsion, pyramidalization and tilt (�g. 3.5). Naturally,
these coordinates fu�ll the resonance (torsion) and heterosymmetry (pyramidaliza-
tion, tilt) conditions for CoIn formation derived in sec.2.21.

The torsion constitutes the main reaction coordinate, facilitating the isomeriza-
tion. The pyramidalization and the tilt gain in signi�cance as the CoIn seamis ap-
proached. Due to the heteroatomsinvolved in the CoIns 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 potential relaxation channelsfrom the FC region to the seam. The scan
was performed at SA-CASSCF(10,9)/6-31G level. The obtained PES, shown 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 prevents
a balanceddescription at CASSCF level. However, non-negligiblecontributions from
the n� � -con�guration are responsiblefor the stabilization of CoInAc. They make the
inclusion of the oxygen lone pair in the active spacenecessaryin the vicinit y of the
seam. In principle the unbalanceddescription of the electron correlation could be
remediedby CASPT2. However, this is not a�ordable for a two-dimensionalscan.
A consistent picture of the PES can be obtained on CASSCF level by excluding
the oxygen lone pair from the active spaceand afterwards rescaling the energy of
the region around CoInAc to re�ect the energeticposition obtained at CASPT2 level
(tab. 3.2). Selectedgeometrieson the two-dimensionalPES were re-optimized at
SS-CASSCF(10,9)/6-31G*level to assessthe quality of the scan.
Z! E potential energy surface. Optimization on the �� � state inducesbond length

1For details on their construction in HTI seeAppendix G
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3. Molecular switches

Figure 3.6.: ESPESfor the Z$ E reactionobtained from a two-dimensionalrelaxed
scanin the region0°and 180° torsion and between� 30°and 60°pyramidalization.
Two surfacesariseon the E-HTI sidebetween110° and 170° torsion for di�ere nt
residual deformations. The upper surfaceis optimized starting at the FC point,
the lower surfacestarting at CoInCHD . Approximate ES reaction pathways are
derived from the topography of the PES (dashedwhite lines).

rearrangements which drive the system out of the FC region (FCZ� , 0° torsion, 0°
pyramidalization). Thereby, the central 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 yieldsa local minimum at 29.4° torsion
and 13.1° pyramidalization (Min S1Z, seetab. 3.2). It turns out, that pyramidalization
is initiated immediately after the FC point is left. Next, a transition state search was
carried out in the regionaround 40° torsion and 20° pyramidalization. The tr ansition
state (TSS1Z) is shifted with respect to MinS1Z to larger torsion (43.0°) and pyrami-
dalization angles(21.3°). TSS1Z is characterizedby an imaginary frequencyof -43.73
cm� 1, whoseeigenvector activatesthe tilt and drivesthe systemtowards CoInS. The
barrier height is calculated to be lessthan 1.0 kJ/mol at CASSCF level and about
1.5 kJ/mol at CASPT2 level. The two-dimensionalscanrevealsa secondpossibility
to reach the seamin the surrounding of CoInAc by backward pyramidalization after
TSS1Z is passed.Hence,two main relaxation pathways towards the seamare postu-
lated (denotedby white arrow in �g. 3.6).
E! Z potential energy surface. Optimization on the �� � state inducesbond length
rearrangements which drive the system out of the FC region. The 180° torsion/0°
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3.1. Photoisomerization of hemithioindigo-hemistilbene

pyramidalization point coincideswith a local minimum on the E-HTI side (Min S1E).
The relaxed scan suggestsa preferable initial pyramidalization of opposite sign as
comparedto the Z! E isomerization. Correspondingly, this deformation is expected
to lead towards CoInS� , while CoInS is inaccessiblefrom the E-HTI side. However,
due to the unfavorable alignment of the hemithioindigo and hemistilbenemoietiesat
CoInS� this CoIn is destabilized notably (tab. 3.2). Its formation is possible,but
seemshighly unlikely. Hence,the relaxation channel through CoInS� was discarted
and the two-dimensionalscanwas restricted to the interval between-30° � 30° pyra-
midalization, revealing a relaxation pathway towards CoInAc (upper white arrow in
�g. 3.6).
In sec. 2.2 it was discussedthat E-HTI contains a cyclizableC5O moiety which can
undergoan electrocyclic ring-closure. If CoInCHD , the CoIn associated 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 characterize the S1 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. Nevertheless,even in the reducedcoordinate space of �g.
3.6 it is obvious that already at 10° torsion a rapid relaxation to the region around
CoInCHD is feasible.This channel is associated with a low ES barrier, which renders
it easily accessiblefrom 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 mechanism, o�ering several decay
channelsthrough an extended,low lying, accessibleCoIn seam.As a schematic rep-
resentation �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 transparent
plane connectingZ and E. The most left and right segments of that plane visualize
the e�ect of bond length rearrangement in the planar structures. The elongation of
the central carbon-carbon bond was found to give the major initial energeticstabi-
lization. The diagonal light-gray plane, crossingthe torsional plane at 90°, combines
pyramidalization and tilt for a constant torsional angle of 90° 2 and contains a pro-
jection of the CoIn seamconnectingCoInS and CoInS� via CoInAc (red dashedline).
Basedon the arguments derived for the optimized seamsegment CoInS/CoIn Ac (pos-
itiv e pyramidalization, �g. 2.8), the seamcan be readily extrapolated to the region
of CoInS� (negative pyramidalization). This extensionis expectedto lie energetically
high due to the unfavorable orientation of the fragments. In support of this spec-
ulation an intermediate geometry on the seamCoInS� =Ac, which is the analogueto
CoInS=Ac, wasoptimized. It wasfound to lie energetically above the E-HTI FC point.

2The ti lt/p yramidali zation plane lies orthogonal to the torsional plane. For a comprehensible
visualization, both planeswere drawn at an angle of 45Â°.
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3. Molecular switches

Figure 3.7.: Schematic representation of the reaction pathways on the ES PES.
The out-of-plane torsion is symbolized by a tr ansparent plane connectingZ and
E. The shadedplanessketch the e�ect of bond length rearrangement within the
planar geometries.The diagonallight-gray planecombinespyramidalization and
tilt for a constant torsional angle of 90° and contains a projection of the CoIn
seamconnecting CoInS and CoInS� via CoInAc (red dashedline). Both dark-
gray surfacesconnectingthe torsional plane and the CoInS/CoIn S� seamplane
symbolize modesof contrariwise 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 S1-relaxation
is dominated by rapid bond length rearrangement, mainly of the central C-C double
bond, accompaniedby solvent adjustment to the altered electron density distribution.
Both processescontribute to the experimental signal. The reaction then proceeds in
a �at region of the ES where gradual redistribution of the energy into torsion and
pyramidalization drives the moleculeinto the local minimum MinS1Z. Evidence for
the existenceof such a local minimum is provided by the detectedweak �uorescence.
As the �� � and the 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 (� 2)
cascadeis assumed. Both pathways contribute to the reaction rate k0 = 1=�0 with
� 0 = (2:0 � 0:8) ps, observed experimentally. From the absorption changesin the
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3.1. Photoisomerization of hemithioindigo-hemistilbene

Figure 3.8.: Rate model illustrating the photochemical behavior of HTI, basedon
the experimental data (time constants, rates) and quantum-chemically extracted
decay pathways, including the non-reactive and the possible triplet channels.
The color code distinguishesbetweenprocessesassociated with the di�eren t r ate
constants: processescontributing to the rate constant k0 = 1=�0 are marked
in red (Z! E) and yellow (E! Z), processescontr ibuting to the rate constant
k1 = 1=�1 are marked in blue (Z! E) and green (E! Z). The triplet-singlet-
triplet cascaderesponsible for the long time constant � 2 = (650 � 250) ps on
the Z-HTI side is colored in cyan. The distribution in the individual channels
is estimated from the quantum yields � pc;Z=E and � isc. The rate constant kAc

1 of
the decay towards the reactive CoInAc is assignedto the e�ectiv e reaction rate
constants for the Z! E (ke� ;E! Z) and E! Z (ke� ;Z! E) isomerization. The rate
constant kCHD

1 of the decay towards CoInCHD is assignedto the non-reactive rate
constant kNR .

rangeof the GS band at 425nm the yield � isc of triplet formation is estimatedin the
order of the isomerizationyield � pc;Z, i.e. � isc � 23%. This value is deducedfrom the
observation that the amplitude of the bleach recovery and the �nal o�set spectrum at
435nm (representing the photochemicalconversionZ to E) aresimilar. Consequently,
approximately 77%of the moleculesproceedalong the singlet pathway.

The secondtime constant � 1 =( 10 � 1) ps is attributed to the overcoming of the
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3. Molecular switches

shallow ES barrier and relaxing towards the seam. Two main relaxation channels
contributing to the overall rate k1 = 1=�1 were identi�ed, a reactive channel medi-
ated by CoInAc and a photostabilizing channel via CoInS. Dynamic simulations are
indispensablefor recovering the population of the individual channels. Without this
information the experimental quantum yields are used to estimate the distribution
and reconstruct the time constants of the individual relaxation processes(�g. 3.8).
Thereby, following assumptionsare made: a) deactivation pathways through the re-
gionsaroundthe reactiveCoInAc and the photostabilizing CoInS areeach describedby
onee�ectiv e time constant giving the collective decay in this region;b) a 1:1 bifurca-
tion in the GS is assumedfor the reactive seam segment around CoInAc, i.e. the exact
topology of the seamand e�ects comingfrom momentum conservation are neglected;
c) the region in the vicinit y of CoInS is completely non-reactive, i.e. an insurmount-
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 � pc;Z � 23% the population distribution into the
reactive and non-reactive channel is est imated to be 46%(reactive):31%(nonreactive).
Basedon theseconsiderationsthe e�ectiv e reaction rate ke� ;Z! E from MinS1Z to the
E-isomercan be estimated to be ke� ;Z! E = 1=(16:8 � 1:6) ps� 1 (�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 MinS1E. There
are no experimental indications of possible triplet contributions, i.e. 100% of the
moleculesproceedvia the singlet relaxation pathway. During the �rst several hundred
femtoseconds(� 0 = (260� 80) ps) only bond relaxation takesplace. Two pathways
emergefrom MinS1E. One proceedsprimarily along the torsion coordinate towards
CoInAc. A second one, involving the electrocyclic ring-closureof the C5O fragment,
opensthe valley to CoInCHD . The �rst pathway is the photoreactive pathway and is
mechanistically comparableto the onediscussedfor the Z! E isomerization. Applying
the assumptionsoutlined above and consideringthat no Z-HTI can be formed after
relaxation through CoInCHD the time constants of the individual relaxation processes
are reconstructed(�g. 3.8). Taking again the low quantum yield of � pc;E � 5:3%
as a basisonly 10:6% of all moleculesfollow this path. The remaining 89:4% evolve
along the secondpathway, the rapid non-reactive deactivation via CoInCHD . With
the speci�c valuesfor � 1 the e�ectiv e reaction rate ke� ;E! Z for Z-HTI formation from
MinS1E can be determinedke� ;E! Z = 1=(11:3 � 3:7) ps� 1 (�g. 3.8). This value which
is closeto the oneobtained for the reactive segment of the Z! E reaction and is much
slower than the direct non-reactive decay rate kNR � 1=(1:3 � 0:4) ps� 1 via CoInCHD

(�g. 3.8). The observed high rate of the non-reactive decay is explained well by the
calculations. The two-dimensionalscan scanreveals that E-HTI can relax into the
CoInCHD valley already at 10° torsion. The substantial di�erences observed for the
Z! E and E! Z reactionsfor time constants and quantum yields can be explainedby
the existenceof an e�cien t photostabilizing channel accessibleonly from E-HTI and
not to di�erences in the isomerization mechanism itself.
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3.1. Photoisomerization of hemithioindigo-hemistilbene

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

Figure 3.9.: IdealizedESPESsegment from FCZ to the CoIn seamwith electrostatic
potentials for selectedpoints. The electrostatic potentials wereprojected on the
0.01 electron bohr� 3 isodensity surface. Regionswith high proton a�nit y show
in red, regionswith low proton a�nit y show in blue. For optimal contrast 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 cental double
bond and activates torsion. The isomerization is initiated. With ongoing torsion a
continous decouplingof both sub-units is observed 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 solvents the charge
transfer geometryis unstableand is not formed. Additional deformations,which lead
to the CoIn seam(�g. 3.9, CoIn), restore charge balance. The CoIns transfer back
electrondensity to the hemistilbenevia the lone pairs of the heteroatoms.Therefore,
in gas-phaseand in unpolar solvents CoInS and CoInAc coincide with local minima
on the ES, i.e. the CoIn seamcrossesthe ES MEP and allows for a fast relaxation to
the GS. The picture is expectedto changewhen polar solvents comeinto play.
In summary, the electron density �ux is governed by the heteroatoms.They initiate
charge transfer at the FC, thereby facilitating the isomerization,and restorecharge
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3. Molecular switches

neutrality at the seam.Their presenceopensnewpossibilitiesto stabilize the reaction
pathway by adjustment of the electrostatic interactions. On one hand, this new
diversity comesat the expenseof additional loss channels. In the presented model
such a losschannel openson the side of E-HTI and acts as a very e�c ient trap. On
the other hand, the new diversity allows for fast photochemical switching, even in
bulky systemssuch as HTI. Slow skeletal deformations are replacedby fast charge
redistributions using substituent 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 central unit, C denotesclosed-,Z open-ring
con�guration. In the open-ring structures c = cis and t = trans describe the
orientation of the functional groupswith respect to the singlebondsC2-C3 in the
hexatrieneunit. Coordinates relevant for the subsequent discussionare denoted:
the C1-C6 distance and the torsion anglesaround the C2-C3 and around the
C5-C6 bond.

The molecular system under study, tri�uorometh yl-indolylfulgide, belongsto the
classof fulgides[73]. It exists in one closed-ringform denotedas C-form in �g. 3.10
and several open-ring forms. Figure 3.10 shows the Z-form (with respect to the ori-
entation of the functional groups to double bond C3-C4), which exists in two stable
conformers,denotedas cZc- and tZc-form, indicating the di�eren t orientation of the
functional groups with respect to the single bond C2-C3 in the hexatriene subunit
(c = cis, t = trans). Illumination with visible light (�g. 3.11) inducesthe electro-
cyclic ring-opening of the C-form. Only the cZc-form is cyclizable, the electrocyclic
ring-closureis init iated by UV light (�g. 3.11). Further non-cyclizableopen-ring con-
formers(e.g. cEc, tEc, not shown) are accessiblefrom the Z-form. The isomerization
from and into the E-form is not addressedthe present 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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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

Figure 3.11.: UV/Vis spectra of tri�uorometh yl-indolylfulgide. The absorption of
the C-isomer (blue, dashed) and the photostationary state PSZ (black, solid)
containing a mixture of the cZc- and tZc-isomers)are shown for the non-polar
solvent 1,4-dioxane. The arrows indicate the excitation wavelength� e in the time
resolved experiments.

UV/Vis transient absorption experiments and time-resolved �uorescencestudies[152,
153, 185�200]. In the indolylfulgides and related indolylfulgimides the ring-opening
occurs with a reaction time in the range between 2 and 20 ps and a quantum e�-
ciencybetween0.1%and 50%depending on sampletemperature[152,196�198, 200].
The ring-closure proceedson a sub-picosecondtime 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 experiments performed in the UV/Vis range have given
important information. However, questionson the detailed molecularreaction mech-
anism could not be answered. Time-resolved spectroscopy in the mid-IR as comple-
mentary probe for structural and vibrational dynamics can �ll this gap. First time
resolved IR-probe experiments 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, dissolved in tetrachloroethylene, is ex-
ploredby meansof time resolvedUV/Vis-pump IR-probespectroscopy, characterizing
the reaction in the excited and in the ground state. The sensitivity of this spectro-
scopictechniquetowardsstructural and vibrat ional dynamicswill allow to investigate
the interactionsof the functional groupswith the photochromic core. A comparison 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
seeAppendix J) resolve the missing structural resolution at the atomic level and
permit the interpretation of the observed time constants in terms of electronic and
structural changes.
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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

stretch bleach signalsand indicate that the photoinducedreaction is associated with
a substantial changein bond character of the CO groups on the maleic anhydride.
Although a complex temporal evolution of the transient signalsis observed, relevant
time-scalesof the C! Z and Z! C reactions can be identi�ed. For both, the ring-
opening and the ring-closurereaction, transient spectra recordedat a delay time of
50 ps agreewell with the scaled steady-statedi�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 constant (data not shown). Thus, both the C! Z ring opening and the Z! C
ring-closurereactionsare completed within 50 ps. At early delay times, beforeand
around time-zero up to � 0:4 ps, the dominant signal contributions are due to per-
turb ed free induction decay and cross-phasemodulation[203, 204]. Furthermore, the
solvent tetrachloroethylene shows signal contributions up to 0.4 ps. Thus, the time
range containing information exclusively on the dynamics of the ring-opening and
ring-closure reaction lies between 0.4 and 50 ps. The observed absorption changes
can be classi�ed into three groupsaccordingto their spectral signature: (i) recovery
and cooling of reactant GS (blue dashedlines in �g. 3.12b,e),(ii) decay of singlet ES
(red dashedlines in �g. 3.12b,e) (iii) formation and cooling of product states (black
dashedlines in �g. 3.12b,e).

(i) In the transient data one�nds instantaneousbleaching that recoverson a time
scaleof 20 ps. Bands of this category can be found at 1768 cm� 1 and 1851
cm� 1 for the ring-opening and at 1829cm� 1 for the ring-closurereaction. The
expectedbleaching signal around 1781cm� 1 for the ring-closurereaction could
not be recorded due to technical reasons. All bands correspond to the GS
absorption of the carbonyl stretching vibrations. The bleach recovery is accom-
panied by an induced absorption on the lower frequency side,which undergoes
a blue-shift of several wavenumbers. This signature includesES relaxation and
hot GS formation[205,206].

(ii) Positive, instantaneousabsorption changesdecay predominantly on the 0.5 to
10 ps time scale. Bands of this category can be found around 1708cm� 1 and
1785cm� 1 for the ring-opening reaction and at 1723cm� 1 and 1800cm� 1 for
the ring-closure reaction. These bands are assigned to the asymmetric and
symmetric carbonyl vibrat ions of the electronically ES.

(iii) The characteristic changesfor product formation following the decay of the ES
absorption bands(ii) can be clearly observed at 1785cm� 1 and 1831cm� 1 for
ring-opening and at 1764cm� 1 and 1850cm� 1 for the ring opening reaction.
They show a delayed rise combined with a decay on the 10 to 20 ps time scale
to match the o�set value found in the steadystate di�erence spectra (solid line
in �g. 3.12a,d).

A global analysisof the transient data using exponential functions shows that both
the ring-openingand the ring-closurereactionsproceedwith a complextemporal evo-
lution in the ps rangewith deviations from simpleexponential behavior. It hasto be
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3. Molecular switches

� � 1 � 2 � 3

(cm� 1) (ps) (ps) (ps)
1851(i) 2.9 17 1
1785(iii) 2.6 � 1
1708(ii) 2.9 � 1

Table 3.3.: Time constants and amplitudesof the ring-openingreaction. Data have
beenanalysedby a sum of exponential functions convoluted with the instrumen-
tal response function. The Roman numbers in brackets refer to the category
assignment described in the text

� � 1 � 2 � 3 � 4

(cm� 1) (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 constants and amplitudes of the ring-closurereaction. Data have
beenanalysedby a sum of exponential functions convoluted with the instrumen-
tal response function. The Roman numbers in brackets refer to the category
assignment described in the text

noted that the decay associateddi�erence spectraderivedfrom a global �t usinga sum
of exponential functions partly compensateeach other to mimic band shifts and thus
have to be interpreted with care. Thesedeviationsare due to cooling of vibrationally
hot molecules[205].The transient t racesof di�ere nt spectral positions representativ e
for GS recovery, ES decay and product formation are depicted in �gs. 3.13and 3.14.
Fits on the data at single selectedprobing wavelength using a sum of exponentials
are given as solid black lines. The resulting time constants are summarizedin tabs.
3.3 and 3.4.

Ring-opening (C! Z) kinetics Time transients are given in �g. 3.13. At the posi-
tion of the GS absorption at 1851cm� 1 instantaneousbleaching is observed (i). The
recovery of the bleach signalscanbe described by two time constants of 2.9ps and 17
ps (blue). At 1708cm� 1 the decay of the ES can be followed (ii). The decay can be
described by a singletime constant of 2.9 ps (red). Product formation is observed at
1785cm� 1 together with the decay of the ES absorption (iii). The kinetics are well
reproducedby one time constants of 2.6 ps (black).
From the experimental data the following picture for the ring-opening reaction is ob-
tained. The initially ES decays with about 3 ps. With this time constant recovery
of the reactant GS via internal conversionand product formation is observed. Cool-
ing of the hot reactant moleculesto the solvent surrounding occurswithin 10-20ps.
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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

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 constants are
summarizedin table 3.3.

These �ndings are in line with recent UV/Vis transient absorption experiments in
cyclohexane,where a time constant of 2.2 ps was found for the ES decay and the
cooling was associated with a 7 ps time constant[196].

Ring-closure (Z ! C) kinetics Time traces are shown in �g. 3.14. The GS bleach
recovery at 1829cm� 1 (i) can be described by a fast 0.5 ps and a slower 24 ps time
constant (blue). At around1723cm� 1 one�nds a spectrally broad inducedabsorption
that can be assigned to the singlet ES (ii). In contrast to the ring-opening reaction
the kinetics of the ES decay cannot be described mono-exponentially . A good rep-
resentation of the decay can be obtained by using two time constants of about 1 ps
and 8 ps (red). Similar time constants are observed for the time trace at 1850cm� 1

which represents product formation together with GS recovery of the reactant (iii).
The product band at 1764cm� 1 (iii) canbe modeled usingthree time constants 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 decay of the ES on a sub-picosecondand on a 10 ps time scaleis observed.
Additionally, vibrational cooling of hot reactant GS moleculesoccurs within 30 ps.
These�ndings are comparableto the ring-closuredynamicsobserved in the UV/Vis
transient absorption experiments of ref. [199]. The appearanceof the product state,

87



3. Molecular switches

Figure 3.14.: Transient data for the the Z! C 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 constants are
summarizedin Table 3.4.

observable at 1764cm� 1 and 1850cm� 1, cannot be clearly assignedto either the 0.5
or 10 ps time constant if only thesebands are taken into account. To resolve this
ambiguity the product band at 1555cm� 1 (outside the spectral range of �g. 3.12e)
can be used. This band doesnot overlap with the spectral signaturesof the reactant
and can be described by a fast 0.5 ps and a slower 24 ps time constant, con�rming
product formation wit h the 0.5 ps time constant and subsequent cooling of the hot
product within 24 ps. The 10 ps time constant observed at other frequenciescannot
be clearly assignedto either of these processes.It will be discussedbelow in sec.
3.2.3.
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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

Quantum yields The quantum yield � of the photo-reaction was determined by
comparing the maximum bleach 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 good agreement with
steadystate measurements in the visible spectral range[152,199].

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

The complextemporal evolution of the transient spectral signaturesof the two C! Z
and Z! C together with the moderate quantum yields are a strong indication that
after excitation the fulgide evolvesalonga complex ES PES with di�eren t competing
pathways. To obtain a mechanistic insight into the nature of the ES and the struc-
tural deformations involved in the ultrafast dynamics, ab initio quantum 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 subsequent
discussionof the ES dynamics, the closed-ringC-form and two open-ring forms tZc
and cZc(see�g. 3.10). The C-form is planar, with a completelydelocalized� -system.
The open-ring isomersare nearly isoenergeticand lie 0.26eV higher than the C-form.
Torsionaround the C2-C3singlebond (63.5° and 120.5° for cZcand tZc, respectively,
table 3.5) weakensthe conjugation in the Ï-system. As a consequencethe � -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 C1 and C6 the C$ cZc elec-
trocyclic reaction proceedsin the GS via a conrotatory motion, contrary to the WH
rules[95,96]. The resulting high activation barrier (C$ cZc: 1.95 eV, cZc$ C: 1.86
eV) makesthermal isomerizationpractically impossibleat room temperature. As the
cZc$ tZc isomerizationproceedesalong a single bond torsion (�g. 3.10) the barrier
associated therewith is only 0.33eV. Using the Eyring formula

k =
kB T

h
e� � G

R T ; (3.1)

with kB , h and R the Boltzmann, Planck and ideal gasconstants and � G the Gibbs
freeactivation energyan isomerizationrate constant k = 107s� 1 is estimated,corre-
sponding to an isomerization time of several tens of ns. Thus, at room temperature
both open-ring forms exist in a thermal equilibrium. Their ratio is estimated using
Boltzmann distribution

PcZc

PtZc
= e� � G

k B T (3.2)

to 60%(cZc):40%(tZc).When the pump pulse is applied to a thermal equilibrium of
a cZc/tZc mixture only 60%of all open-ring fulgidesare in a cyclizableform.
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3. Molecular switches

Excited state geometries The lowest excitedelectronicsinglet statesof C, cZcand
tZc are of �� � -character. The transition is spectroscopicallyallowed, with an oscil-
lator strength of approximately 0.10. The theoretically predicted excitation energies
(� ES1S0 in tab. 3.5) are in a fair agreement 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 0.65 eV is attributed to the limited basisset and
the omissionof solvent e�ects in the gas-phasecalculations. The ESpermanent dipole
moments are larger by a factor of 2 comparedto the GS dipolemoments. The solvent
tetrachloroethylene is expected to lower the excitation energy. The bathochromic
shift of the closed-ringisomerabsorption is attributed to the intact � -system. Both
open-ring isomersabsorbat the samewavelength, which rendersthem spectroscopi-
cally indistinguishable.
Optimization on the spectroscopicallyaccessible�rst ES from the C-form converges
to a local minimum (Min C) lying approx. 0.5 eV below the FC point ( � ES1 in tab.
3.5). It is reachablesolelyby bond length rearrangements (partial doublebond/single
bond inversion) in the aromatic system. Noticeableis the asymmetric changeof the
C4=5-C(= O) bond lengths in the anhydride, as well as the re-hybridization of the ni-
trogen from sp3 to sp2 (tab. 3.5).
Optimization on the spectroscopicallyaccessible�rst ES from the open-ring cZc-and
tZc-forms yields local minima (Min cZc and Min tZc ) with more pronouncedstructural
changesand a stabilization of 0.5-0.6eV with respect to the associated FC points
(� ES1 in tab. 3.5). Bond rearrangements in the � -systemare now accompaniedby
torsion around the C2-C3 bond (�g. 3.10). For cZc the torsional angle increasesby
approx 10° to 74°, while for tZc it decreasesby approx. 15° to 106°. The vertical
energygapsat Min cZc and Min tZc (� ES1S0 in tab. 3.5) indicate that the �uorescence
bandsoverlap.
Remarkably, the ES gradient acceleratesthe cyclizable cZc-form towards increasing
torsion around the C2-C3 bond, and, thus, towards further ring-opening, rather than
along the ring closurecoordinate. However, this gradient is very sensitive to the an-
gle betweenthe indole and the anhydride. Starting from a slightly lesstwisted initial
geometrya barrierlesspathway along the ring-closurecoordinate towards a low-lying
CoIn CoInC=cZc is encountered, which facilitates fast radiationlessdecay to the GS.
Its geometry is shown in �g. 3.17, top.
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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

comparisonof the electrostatic potentials of the GS equilibrium geometriesto the po-
tentials of the ES intermediates(�g. 3.15)demonstratesthis chargetransfer from the
indole to the anhydride. Remarkably, the asymmetric shortening of the C4=5-C(= O)

and N-C bonds (table 3.5), identi�ed as an essential prerequisitefor CoIn formation
(sec. 2.4.4),is initiated simultaneously. Thus, the systemfeelsan ESgradient towards
the CoIns already in the FC-region. The calculatedelectrostaticpotentials (�g. 3.15)
indicate that the carbonyl groups are suitable markers to track charge �uctuation,
as the IR-bands associated 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 isomers, ES vibrational spectra,
extracted from the transient data and calculated with quantum chemical methods,
werecomparedagainst each other and to the steady-statespectra of the GS.
The extraction of ES vibrational spectra from the tr ansient absorption data follows

a procedure similar to that described in ref. [207]. The analysis of the temporal
evolution of the absorption changes(sec. 3.2.1) shows that the transient signal at
early delay times (about 0.5 ps) consists predominantly of the negative GS bleach
and the inducedES absorptionof the reactant. Signalcontributions from (hot) prod-
uct moleculescan be neglected.The sum of the transient absorption spectrum at 0.5
ps and the scaledsteady-stateGS absorption spectrum wascalculatedto remove the
contributions from the GS bleach and to reconstruct the IR-spectrum. Furthermore,
it was veri�ed that the obtained absorption bands show a transient decay behavior
with time constants of the ES lifetimes (group (ii) signals,sec.3.2.1). Seven absorp-
tion bandscould be identi�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, 1245,1195
cm� 1), respectively. The spectral posit ions and intensities were determined by a �t
to a sum of Lorentzians with a width of 5 cm� 1. The results are shown in �g. 3.16c
and d as black traces.
CASSCF normal mode analysis were carried out for the GS and ES minima of C,
cZc and tZc isomersand the calculated intensitieswereconvoluted with Lorentzians
with again a width of 5 cm� 1. The spectra are shown in �g. 3.16 as colored traces.
Normal modesin the region from 1150cm� 1 to 1950cm� 1 are provided in the sup-
plementary information. The peaksat 1708cm� 1, 1785cm� 1, 1723cm� 1 and 1800
cm� 1 can be con�dently assignedto 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 show the bathochromic shift of the CO
bandscausedby the chargetransfer. The shift is indicated by the coloredareasin �g.
3.16. An unambiguousassignment of the remaining peaksis not possibledue to the
high density of modesin the spectral regionbetween1200cm� 1 and 1400cm� 1, how-
ever, somegeneralfeaturescan be identi�ed. Stretching vibrations of bonds,having
a doublebond character in the GS are red-shifted from 1450-1550cm� 1 to 1250-1450
cm� 1 due to double bond / single bond rearrangement (bathochromic shift in tab.
3.6). Stretching vibrations of bondsthat have acquiredpartial doublebond character
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3. Molecular switches

Figure 3.16.: Comparisonbetweenexperimentally 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 absorption 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, Min cZc and Min tZc (color traces). Calculations were
performedat SS-CASSCF(14/13)level with a scalingfactor of 0.86.

exhibit a blue shift (hypsochromic shift in tab. 3.6). The red and blue shifts areagain
a consequenceof the charge transfer. Similar vibrational bands are observed in the
measuredES vibrational spectra.

Conical intersections To obtain �rst information about potentially accessibleprod-
ucts from the CoIn, a two dimensionalscanaround CoInC=cZc in the branching plane
was performed (�g. 3.17)[208,209]. Following the gradient in the GS revealed
that CoInC=cZc facilitates the electrocyclic isomerization in both directions. In fact
CoInC=cZc is a point on an extended low-energy ES/GS degeneracyregion, known as
CoIn seam.The location and analysisof this seamis of vital importancefor decipher-
ing the ultrafast dynamicsof fulgides. In sec.2.4.4a low-lying CoIn 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 topography of the seam,asit is determined by the
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spectral C-form
shift S0 bond S1 bond

1840 CO(s) 1785 CO(s)
1773 CO(a) 1713 CO(a)

bathochromic 1530 C2-C3,C4-C5 (s) 1448 C4-C5

1497 C2-C3,C4-C5 (a) 1266 C2-C3

1488 indole 1355 indole
hypsochromic 1308 C3-C4 1329 C3-C4

spectral cZc-form
shift S0 bond S1 bond

1832 CO(s) 1790 CO(s)
1770 CO(a) 1731 CO(a)

bathochromic 1544 C5-C6 1330 C5-C6

1516 C3-C4 1426 C3-C4

1495/1469 indole,C1-C2 1321 C1-C2

hypsochromic 1208 C4-C5,C5-C= O 1232 C4-C5,C5-C= O

spectral tZc-form
shift S0 bond S1 bond

1831 CO(s) 1787 CO(s)
1770 CO(a) 1730 CO(a)

bathochromic 1546 C5-C6 1344 C5-C6

1517 C3-C4 1428 C3-C4

1486/1465 indole,C1-C2 1330 C1-C2

hypsochromic 1207 C4-C5,C5-C= O 1227 C4-C5,C5-C= O

Table 3.6.: Assignment of bands in 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 contributions to the normal mode associated with each 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). Correspondingly, the results from the pyrrolylfulgide seam
can be usedto locate critical geometries for the indolylfulgide. CoInC=cZc is the coun-
terpart of CoInB in the indolylfulgide system(tab. 2.4). Next, the role of the seamis
elucidated by focusingon the energeticand structural characteristicsof two further
CoIns from the indolylfulgide seam,onein the closed-ringregion (the counterpart to
CoInE in the pyrrolylfulgide system, tab. 2.4) and one in the open-ring region (the
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counterpart to CoInD in the pyrrolylfulgide system,tab. 2.4).
CoInC (�g. 3.17,middle) is characterizedby a pronouncedtwist of the C2-C3 bond

and an initiated cleavageof the C1-C6 � -bond (1.79 Å, tab. 3.5). Its geometry can
be rationalized with the rules of thumb derived in sec. 2.2. It is an example of a
strongly polar ethylene derivative[61] (C2-C3 fragment) functionalized with an elec-
tron withdr awing (anhydride) and an electron donating (nitrogen lone pair) group.
As for other strongly polar ethylene derivatives degeneracywith the GS is reached
only for a signi�cantly large torsional angle. The structure and gradients indicate
that CoInC doesnot mediate the electrocyclic reaction betweenthe C- and the cZc-
form. Indeed,even though the C1-C6 � -bond is elongatedby 0.16Åcomparedto the
GS closed-ringgeometry, a scanin the branching plane revealsthat CoInC permits a
barrierlessrelaxation only to the C-form (�g. 3.17,middle).
A similar constellation is found at the open-ring side,whereCoIncZc=tZc could be lo-
cated (gig. 3.17, bottom). It also exhibits a pronouncedtwist of the C2-C3 bond,
this time accompaniedby a complete cleavage of the C1-C6 � -bond (3.01 Å, tab.
3.5). Another structural feature of CoIncZc=tZc is the large twist of the C5-C6 bond.
This structure can be rationalized asa weakly polar ethylenederivative (C5-C6 frag-
ment) with an electron withdrawing carbonyl group conjugatedto C5. The nitrogen
lone pair is structurally decoupledand not conjugated to the ethylene fragment.
The insu�cien t ES stabilization via functionalization requiresadditional geometrical
deformationsto reach a CoIn lie the shortening of the C2-C6 distance. The geomet-
rical deformations shift CoIncZc=tZc energetically above CoInC=cZc and CoInC. The
topographic analysis (�g. 3.17, bottom) reveals that CoIncZc=tZc facilitates a radia-
tionless cZc$ tZc isomerizationvia a combined motion of torsion around the C2-C3

and the C5-C6 bonds and shortening of the C2-C6 distance, accompaniedby bond
rearrangements in the � -system. Ring-closurecannot be initiated from this CoIn.
For comparisonthe thermal cZc$ tZc isomerization is carried out solely by torsion
around the C2-C3 bond. As a consequencethe thermal and photochemical isomeriza-
tion (via TScZc=tZc and CoIncZc=tZc , �g. 3.18) result in di�eren t conformersin the GS
with respect to the substituents at C6. Thus, labeling one of the methyl groupscan
be utiliz ed to con�rm the passagethrough CoIncZc=tZc upon photoexcitation.

3.2.3. Reaction mechanism

Basedon the spectroscopicaland theoretical �ndings a detailed mechanism for the
ring-opening and closuredynamicsis proposed,which explain the observed quantum
yields and helps to assignthe extracted time constants (�g. 3.18).

Ring-opening (C! Z) Excitation at 560nm populatesthe bright �� � �rst ES. In-
stantaneous relaxation from the FC-region, dominated by bond rearrangements in
the � -system,occurs within the �rst 100 fs and drives the systeminto a local min-
imum MinC with an intact C1-C6 � -bond. This fast initial processis below the
time resolution of the experiment. However, evidencefor the population of an in-
termediate in the ES on a sub-picosecondscaleis provided by time-resolved UV/ Vis
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3.2. Photoisomeriaztion of tri�uorometh yl-indolylfulgide

Figure 3.17.: CoIn topologiesof CoInC=cZc, CoInC, CoIncZc=tZc with associated GS
products.
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is assumedfor the reactive seamsegment around CoInC=cZc, i.e. the exact topology
of the seamand e�ects coming from momentum conservation are neglected;c) the
region in the vicinit y of CoInC is completely nonreactive, i.e. an insurmountable GS
barrier towards cZc is assumed;d) deactivation through �uo rescenceis neglected.
Using the quantum yield for the ring-opening � = 10% a population distribution of
20%:80%into the reactive and nonreactive channels is estimated. Consequently, a
ratio betweenthe time constants � C! cZc for the reactive and � deact for the stabilizing
photoprocessesof 4:1 is obtained. Using this relation and an e�ectiv e time constant
� 1 of about 3.0 ps in the rate equation

1
� 1

=
X

i

1
� i

; (3.3)

wherethe sumruns over the individual processes,the time constants � C! cZc and � deact

are calculated to be 15.0ps and 3.8 ps, respectively.
The presenceof an intermediate MinC prevents the C-form from immediately reach-
ing CoInC=cZc and provides the necessarytime window for energyredistribution into
modes,which drive the systemtowards the nonreactive regionon 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
exist in the cyclizablecZc-form,while 40%arein the tZc-form. The mixture is excited
at 420nm to the �rst bright ES of �� � -character. Two competing processesoccur in
the FC-regionof the cZc-isomer.A barrierlessrelaxation towardsCoInC=cZc facilitates
the ring-closure,the main reaction path, with a time constant � cZc! C. The recorded
short time constant � 1 = 0.5-0.8ps is assignedto � cZc! C.
Concurrent torsional motion around the C2-C3 bond drives the systemto the local
minimum Min cZc. From the non-cyclizabletZc-isomera corresponding local minimum
Min tZc can be reached. The longer time constant � 2 = 3.9-11.0ps is attributed to
the passagefrom the intermediate minima Min cZc and Min tZc to the GS of both open
forms passing through CoIncZc=tZc and the closed by seam segment connecting to
CoInC=cZc (�g. 3.19). Photoisomerizationbetweenthe cZc- and the tZc-forms occurs
exclusively by this process.
In summary, the ring-closureof the cZc-formproceedson a sub-picosecondtime scale,
thereby being an order of magnitude faster than the ring-opening. The ring-closure
is very e�cien t as the systemhas no time to redistribute the energyand follows the
gradient on the excited surfacein a ballistic fashion towards CoInC=cZc. From the
ring-closurequatum yield of 20%and the 1:1 product distribution out of CoInC=cZc it
follows that two of every three moleculesin the cyclizablecZc-form follow the ring-
closurecoordinate. The moderatequantum yield is attributed to the high percentage
of non-cyclizabletZc moleculesin the initial equilibrium mixture.
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Figure 3.19.: Ground state product accessibility from the CoIn seam,plotted in
the coordinate spaceof the C1-C6 bond and the torsional anglesaround the
C2-C3 and the C5-C6 bonds. The region around CoInC facilitates a relaxation
solely to the C-form (red dashedlines). The regionaround CoIncZc=tZc facilitates
a relaxation solely to the cZc-form (blue dashedlines). In the region around
CoInC=cZc (greensolid line) both channelscan be accessed.

3.2.4. Summary: ultrafast photoreactivit y at the expense of
selectivit y

From a joint experimental-theoretical study important information is obtainedon the
photoinduced ring-opening/closure of tri�uorometh yl-indolylfulgide. Time resolved
IR measurements provide mode-speci�c dynamics on the few picosecondtime scale
which can be related to ES and GS processes.Quantum chemical calculations reveal
a complex potential energy landscape in the excited electronic state with pathways
for ring-opening and closurereactionsas well as for competing side-reactionssuch as
internal conversionto local minimia and the GS.
The existenceand the spectral signaturesof an additional time constant found dur-
ing the ring-closure reaction and the molecular modeling convincingly shows that
the ensemble of open-ring fulgides contains conformers(tZc) which cannot undergo
cyclization and react via internal conversion back to the GS within about 10 ps.
The cyclizable cZc conformers react much faster on the 500 fs time scalevia the
CoInC=cZc. The existenceof two conformersalsoanswers the long standing question,
whether ring-opening and ring-closureoccur via a commonCoIn. It hasbeenargued
that both reactionsproceedvia di�eren t CoIns as the quantum yields do not sum up
to 100%[199,210]. The present study indicates that both the ring-closureof the cy-
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clizableconformerand the ring-opening proceedin the vicinit y of the CoInC=cZc with
high yield. The lossin reaction yield is due to the bifurcation at CoInC during ring-
opening and to the presenceof the non-reactive conformerstZc upon ring-closure.
Furthermore, this study shedslight on the electronic nature of the ultrafast photore-
activit y of fulgides. Upon photoexcitation a charge transfer from the indole to the
anhydride is initiated already in the FC region. This facilitates bond rearrangements
and drivesthe systemtowards reactive and non-reactive regionson the energetically
low-lying CoIn seam. Since the functionalization pattern of the fulgide may stabilize
the charge transfer state in certain geometricalarrangements, substitution may be
usedto tune and optimize the photochemical properties. With the acquired knowl-
edgeit should becomepossibleto develop strategiesfor the selective stabilization of
regionson the CoIn seamand for the suppressionof undesiredside-reactions. This
can be done by introducing sterical constraints to prevent torsion about the C2-C3

bond, but alsoby new functionalization patterns, which aim at stabilizing CoInC=cZc.
Then, selectivity can be signi�cantly enhancedwit hout 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 quantum-classical dynamics

The previouschaptersprovided a deepinsight into the quantum chemicaltreatment of
photoreactivemolecularsystems.Using the information provided by stationary quan-
tum chemical calculations (i.e. electronic structure and geometries,MEPs, analysis
of their curvature) reaction mechanismswere formulated and experimental �ndings
could be rationalized. However, these reaction mechanismsapply only to slow re-
actions, where the system can dissipate the excessenergy to the environment and
follows closelythe MEP. At room temperature or when a high amount of energyis
pumped into the systemby an intenseultrashort laserpulsethe system may deviate
strongly from the stationary path and a dynamical treatment is indispensable. Dy-
namical simulations consider momentum conservation in active modes which drive
the systemtowards non-stationary regionson the PES. This chapter sets the focus
on the dynamics at the CoIn 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 accessibility is a question,which can be addressedonly by dy-
namical calculations.
The fundamental formula of quantum dynamics is the time dependent Schrödinger
equation:

i
@	( r; R; t)

@t
= Ĥ 	( r; R; t): (4.1)

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

	( r; R; t) =
X

i

� i (R; t)	 el
i (r ; R); (4.2)

with � i the time-dependent nuclear wavefunctions. Inserting eq. 4.2 into eq. 4.1,
multiplying with 	 �

j and integrating over the electronic coordinatesgives:
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So far no approximation has been introduced. Quantum dynamical tr eatment is
the only rigorous approach for solving the equation. It accounts for all quantum
mechanical phenomenawithout performing any approximations. Solution requires
the precomputationof certain quantities likemultidimensional potentials for all states
of interest and nonadiabaticcouplingsbetweenthem. The e�or t scalesexponentially
with the size of the system, which makes quantum dynamics very demanding[211].
Di�eren t approximation schemeshave beenproposedto deal with the complexity of
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eq. 4.3. Mixed quantum-classicaldynamicsembracea classicallimit for the nuclear
degreesof freedom while treating the electronic degreesof freedom on a quantum
mechanical level along the classicalpath of the nuclei.

4.1. Mixed quantum-classical dynamics

Depending on the choiceof formulation of the quantum dynamical problem and the
way the classicallimit is reached one di�eren tiates betweenEhrenfest[212, 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), Pechukas'[217](path-integral formulation), Bohmian[218,219] (hydrody-
namical formulation) dynamics, etc. In this sectiontheEhrenfestand surfacehopping
approachesare presented. The discussion follows the derivation outlined in ref. [65].
Basedon eq. 4.3 the necessaryapproximations are introducedand their signi�cance
is discussed.

1. Neglect of the secondderivativeof the nuclearwavefunctionsT̂nuc � j with respect
to the nuclearcoordinates. This term is responsiblefor the spatial correlation of
a wavepacket at a certain time. Neglecting this correlation allows for treating
the dynamics of a wavepacket by a swarm of independent tra jactories. This
appoximation localizesthe wavepacket entirely at a classicaltra jectory path R:

� j = cj (t)� j (R � R); (4.4)

where � j (R � R)1 is a peaked function centered at each tra jectory coordinate
R.

2. Neglect of the secondderivative of the electronicwavefunctions	 el
j with respect

to the nuclear coordinates
X

i

D
	 el

j

�
�
�T̂nuc 	 el

i

E
. This term a�ects the transition

probability between states i and j . Normally, it is small and its neglect is
justi�ed.
Thus, neglectingthe �rst and third term on the RHS of eq. 4.3, inserting the
expression4.4, multiplying from left with � �

j and integrating over the nuclear
coordinates leadsto
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wherethe short-hand notations
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were introduced.
1From here on the dependencyof � j on the nuclear coordinates is not denoted explicitly .
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3. Classical limit for the momentum operator. The non-local quantum mechanical
velocity operator is substitued by a classicalvelocity function

v̂� � ~v� (R); (4.7)

which introducesa small error to the transition probability.

4. Saddle-point approximation[220]. The local nature of the classical nuclear
wavepacket (eq. 4.4) allows to approximate the integrals in eq. 4.5 by applying
�rst-order saddlepoint approximation
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(4.8)

thereby requiring the knowledgeof f (R) only at the maximum of the product
of both peaked functions � i and � j evolving on di�eren t PES, i.e. at the center
of the tra jectory coordinate R.

5. A unity overlap of the nuclearwavefunctions. The assumptionthat the overlap
betweenclassicalnuclear wavepackets evolving on di�eren t PES is unit

D
� i

�
�
�� j

E
= 1 (4.9)

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

Applying the above approximations to eq. 4.5 gives the �nal expressionfor the
evolution of the expansioncoe�cien ts cj (t)
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4.1.1. Mean �eld approach

Using the Ehrenfest theorem[223]
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which establishesthe correspondencebetweenquantum and classicaldynamics one
can obtain the Newton's equation of motion for the center of the wavepacket
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Using the expansions4.2 and 4.4 the forceacting on the nuclei � can be expressedas

F� = �
X

j

�
�
�cj

�
�
�2r � Vj +

X

ij

ci c�
j (Vi � Vj )Fij ;� : (4.13)

Eq. 4.10and 4.13de�ne the Ehrenfestor mean-�eld method[213]. Herethe evolution
of the classicalwavepacket occurson an averagePES. The unity overlap assumption
does not allow wavepackets evolving on di�er ent PES to decohereeven in regions
wherethe non-adiabatic coupling is small and the quantum wavepackets would travel
independently on each surface. Thus, the mean-�eld approch performs good only in
regionsof large coupling.

4.1.2. Surface hopping approach

Surfacehopping is a related method which aims at recovering the decoherence.Here
a tra jectory evolves at each instance in time on a single adiabatic PES, although,
according to eq. 4.10 there is non-zeropopulation in each state. The force is then
given by the gradient of a singlesurface

F� = �r � Vj : (4.14)

To account for the non-adiabaticity the classicalwavepacket is allowed to instantly
change the surface it is evolving on, an event called a surface hop. The decision
whether a hop will occur or not is taken stochastically after calculating the popu-
lation on each state ajj = c�

j cj according to eq. 4.10. There are multiple ways to
determine whether a hop should occur. The most simple approach forcesa hop as
soon asthe population of a certain state exceedsa prede�ned threshold[44].Another
approach relies on the evaluation of Landau-Zener transition probabilities[224,225].
The probably mostpopular formulation is the "fewestswitches"approach by Tully[66].
During a time step the changeof population of a particular state j is expressedas

� ajj = �
X

i

pj ! i ajj +
X

i

pi ! j aii ; (4.15)

with pj ! i the transition probability from state j to state i . According to eq. 4.15 at
every t ime step there is non-zero probability for population transfer from j to i and
backwards. Tully's ansatzlooks for the fewest number of switchesto set up the �nal
population in all states at the end of the time step. Naturally, this can be achieved
if population transfer is allowed in only onedirection. This assumptionimplies that
either oneof the sumson the right hand sideof eq. 4.15is kept, dependingon whether
the population in state j increasesor decreases.For a two-state casethe transition
probability is given by the expression

pj ! i = �
� ajj

ajj
: (4.16)
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By introducinga su�cien tly short time step� t for which the changeof the population
� ajj can be approximated via a �rst order Taylor expansion

� ajj =
@ajj

@t
� t (4.17)

and usingeq. 4.10the �nal expressionfor the "fewest switches"transition probability
is obtained as

pj ! i = �
2< (aij ) ~Fij � ~v

ajj � t
: (4.18)

The presented approach can be extendedto more than two electronicstates.
A hop can occur at any instancein time if two conditions are ful�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 energyof the systemmust be conserved.
To achieve energy conservation the velocity of the system needsto be readjusted
to compensatethe instant changein the potential energy. Usually, the adjustment
is performed along the non-adiabatic vector ~Fij [226], however adjustment along the
energydi�erence gradient or along the velocity vector itself can be applied. A hop to
a higher PES is rejected if the velocity reduction is higher than the component of the
velocity in direction of ~Fij [227], although eq. 4.10 suggestsan electronic transition.
Theseclassicallyforbidden electronictransitions are the result of the de�ciency of the
classicaldescription of a quantum mechanical property as the non-adiabaticity.
The quality of the surfacehopping approach is re�ected in its abilit y to reproduce
the averagedoccupation ajj (t) of state j at time t (quantum mechanical quantit y)

ajj (t) =

P
j

�
�
�cj (t)

�
�
�2

N tot
(4.19)

by the fraction of tra jectoriesN j (t) evolving on state j (classicalquantit y)

f j (t) =
N j (t)
N tot

: (4.20)

With increasingnumber of classicallyforbidden transitions the quality deteriorates.
In mixed quantum-classicaldynamicsthere is no rigorousway to surpassthis problem.
The simplestsolution is to just ignoreforbidden hops,although other suggestionslike
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 4.12 is performed with the Ve-
locity Verlet algorithm[228]. This is a modi�ed versionof the Verlet algorithm which
allows to calculateboth position and velocity in each time stepof a classicaldynamics
simulation. As elucidatedin the previoussectionthe velocity is required for calculat-
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ing the transition probability pj ! i (eq. 4.18) and for monitoring the conservation of
total energyduring surfaceswitching. The Velocity Verlet algorithm hasan accuracy
of the order of � t3 for posit ions and velocities. The position ~R(t + � t) and velocity
~v(t + � t) are expandedin Taylor series,truncated to secondorder

~R(t + � t) = ~R(t) + ~v(t)� t +
1
2
~a(t)� t2 + O(� t3) (4.21a)

~v(t + � t) = ~v(t) + ~a(t)� t +
1
2
~j (t)� t2 + O(� t3); (4.21b)

with velocity ~v(t), acceleration~a(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 expressendin a forward di�erence approximation via the accelerationsat times t
and t + � t

~j (t) =
1

� t

�
~a(t + � t) � ~a(t) + O(� t2)

�
: (4.22)

Inserting eq. 4.22 into eq. 4.21bgives

~v(t + � t) = ~v(t) +
~a(t + � t) + ~a(t)

2
� t + O(� t3): (4.23)

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 new accelerationis calculatedusing eq. 4.14. It is then used
to calculate the velocity at R(t + � t) via eq. 4.23.

4.1.4. Sampling of initial conditions

An important factor in the quasiclassicaldynamicsis the de�nition of the initial con-
ditions for the swarm of tra jectories. One needs to correctly account for the distribu-
tion of the GSwavepacket in phasespace.Wigner'squasi-probability distribution[229]
providesthe probability distribution for a quantum mechanicalwavefunction in phase
spaceand encodes all expectation values. Phasespacedistribution is given by the
Wigner distribution function

Pw(~q; ~p) = (2� ~)� 1
Z

� � (~q+
~s
2

)� (~q �
~s
2

) exp(
i
~

~s~p)d~s: (4.24)

It can be shown that this representation givesa correct expressionfor the probability
of a quantum mechanical wavefunction in phasespace.
Asumming a quadratic approximation for the GS potential the GS wavefunction � (~q)
can be spannedin the basis of eigenfunctions� (~qi ) of the 3N � 6 one-dimensional
harmonic oscillatorsalong the normal modesq1 : : : q3N � 6 with reducedmasses� i and
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harmonic frequencies! i

� (~qi ) =
� 2�

�

� 1
4

exp(� � ~qi
2 +

i
~

~pi ~qi +
i
~


 ) with � =
� i ! i

2~
: (4.25)

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

Pw(~qi ; ~pi ) = (� ~)� 1 exp(�
� i ! i

~
~qi

2) exp(�
1

� i ! i ~
~p2

i ): (4.26)

Eq. 4.26givesthe distribution of a quantum mechanical wavepacket in phasespace.
It canbe utilized to samplethe phasespaceand to reproducethe quantum dynamical
distribution for quasiclassicaltra jectory runs.
An independent distribution samplingin coordinate spaceis performedfor each mode.
As GS vibrational wavefunctionsare used,the maximal imposeddisplacement along
a normal mode correspondsto a conversionof the zero-point energyE Z V P

i = 1
2 ! i into

potential energy. Subsequently, the conjugatedmomentum is evaluated for each dis-
placement and a stochastic alogrithm decideson the signof the momentum. Thereby,
it is assured,that each tr ajectory hasa total energyof

EZ P E =
1
2

X

i

! i ; (4.27)

corresondingto the zero-point energy of the system. This procedure assures that
the distribution of the quantum mechanical 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-classicaldynamics
assumethat a quantum wavepacket can be approximated by a swarm of classical(i.e.
localized) uncorrelated tra jectories (the swarm). A large number of tra jectories is
neededto obtain meaningful results. On the one hand a large set of initial condi-
tions is required to reproduce the quantum mechanical distribution in the GS. On
the other hand the stochastic nature of the surfacehopping routine makes a single
tra jectory physically meaninglessand only a statistical averageover all tra jectories
can be interpreted.
The local nature of each classicalwavefuntion makes the precomputation of PES
unnecessaryas the gradient obtained at each time step su�ces to determinethe sub-
sequent position and velocity of the system. The featureof supplyingalmostno initial
information in advance(all necessaryquantities are calculated "on-the-�y") and the
possibility for a full dimensional treatment are responsible for the attention mixed
quantum-classicalapproachesreceived in the past years(Selectedreviews and appli-
cationscan be found in refs. [43, 65, 148, 219,230�232]). Sincethe gradient contains
only local information about the PES short time steps are required. As a rule of
thumb one takesone tenth of the oscillation period of the highest frequencymodes
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(normally hydrogenstretching vibrations at 3000cm� 1) for the time step. A standard
value is 0.5 fs. This limitation, together with the necessity of running a relatively
big number of tra jectories restricts the application of surfacehopping dynamics to
moleculeswith a limited number of non-hydrogenatomsand time windows of several
hundred femtosecondsif highly correlatedab-initio quantum chemicalapproachesare
used.
The possibility to solve the electronic problem and perform the nuclear dynamics
separately allows to interlace the surfacehopping code practically with any quan-
tum chemical software and to pro�t from the variety of software packagesavailable.
Newton-X[67], a packagefor Newtonian dynamics, freely distributed by Mario Bar-
batti and colleagues,o�ers a �e xible framework allowing to write interfacesto quan-
tum chemical software. Part of the present work was connected to the development
of an interface for Newton-X to the software package 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 accurate calculation of gradients and non-adiabatic couplingsis a key as-
pect in performing non-adiabatic dynamics. While analytic gradients are nowadays
implemented for a variety of methods,analytic non-adiabaticcouplingsarereservedto
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 CASSCFmethod can
servemerelyfor qualitativ epredictionsregarding barrier heights and relativestabilites
of intermediatesand products. MRCI is very costly and is currently applicable to
moleculeswith a few non-hydrogenatoms. Another approach with a comparable ac-
curacy asMRCI but considerablycheaper is CASPT2[68�70] (sec. 1.4.3). Nowadays,
this has becomethe method of choice for systemswith tens of non-hydrogenatoms.
In the last yearsCASPT2 energycalculationshasbeeninterlacedwith quasi-classical
dynamicscodesto correct energiesand gradients obtained at CASSCFlevel[43]. The
aim of this work is to develop surfacehopping dynamics entir ely at CASPT2 level.
This objective becamefeasiblewit h the recent implementation of analytic MS-MR-
CASPT2 gradients[233] in the quantum chemistry package Molpro. A drawback,
though, is the lack of analytical non-adiabatic couplings. Fortunatelly, as seenfrom
eq. 4.10 only the projection of the non-adiabatic coupling on the velocity ~Fij � ~v is
neededfor the surfacehopping dynamics. This observation simpi�es the numerical
calculation of the coupling term signi�cantly as it allows to obtain the desiredquan-
tit y at the price of oneadditional energycalculation in direction of the velocity vector.
This idea was originally exploited by Martínez and colleaguesto interlace their mul-
tiple spawning dynamicscode with MS-MR-CASPT2[234,235]. The dot product of
the non-adiabatic coupling and the velocity can be reformulated as

~Fij � ~v =
D
	 M S

i (R)
�
�
�r ~v 	 M S

j (R)
E
; (4.28)
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wherethe superscript M S denotesthat MS-MR-CASPT2 wavefunctions are used. In
a forward di�erence approximation the derivativ e can be written as

D
	 M S

i (R)
�
�
�r ~v 	 M S

j (R)
E

=
1
"

�D
	 M S

i (R)
�
�
�	 M S

j (R + "~v)
E

�
D
	 M S

i (R)
�
�
�	 M S

j (R
E�

+ O(("~v)2):

(4.29)
Due to the orthogonality of the MS-MR-CASPT2 eigenstatesthe overlap between
the j -th and i -th states at R vanishes,simplifying the expressionfor the projection
~Fij � ~v. Eq. 4.29 can be evaluated, provided the MS-MR-CASPT2 wavefunctionsat
two di�eren t geometries can be stored. For technical reasonsthis simple solution is
yet not practicable with Molpro and a detour is needed. Therefore, two alternative
approaches for evaluating eq. 4.28 with quantities obtainable from Molpro are dis-
cussed.
Onecan expresseach MS-MR-CASPT2 wavefunction in the basisof the SS-CASPT2
wavefunctions	 SS. Then, eq. 4.29becomes

D
	 M S

i ( ~R)
�
�
�r ~v 	 M S

j ( ~R)
E

=
1
"

X

m;n
cmi cnj

D
	 SS

m ( ~R)
�
�
�	 SS

n ( ~R + "~v)
E
; (4.30)

or in a matrix notation providing all coupling terms at oneglance
0

B
B
B
B
B
@

0 ~F1;2 � ~v � � � ~F1;n � ~v
� ~F1;2 � ~v 0 � � � ~F2;n � ~v

...
...

. . .
...

� ~F1;n � ~v � ~F2;n � ~v � � � 0

1

C
C
C
C
C
A

� F � ~v =
1
"

CRSRjR+ "~vCT
R+ "~v; (4.31)

whereC is the matrix of the expansioncoe�cien ts and SRjR+ "~v the overlap matrix of
the SS-CASPT2wavefunctions at R and R + "~v. The subscript denoteswhether the
quantities are obtained at ~R or at ~R + "~v.
As the overlap betweenCASPT2 wavefunctionsat di�eren t positions is not directly
available in Molpro the wavefunctionsat ~R+ "~v is expressedthrough the wavefunctions
at ~R by the following unitary transformation

	 SS
i (R + "~v) =

X

k

uki 	 SS
k (R): (4.32)

The transformation matrix U with elements uki is obtainedby maximizing the overlap
betweenthe statesat both geometries. U is then usedto rewrite eq. 4.31as

F � ~v =
1
"

CRSRjRUC T
R+ "~v: (4.33)

All quantities in eq. 4.33areavailable in Molpro usingthe RS2[236]and the DDR[237]
routines.
An alternative expressionfor the couplingsis obtained by recalling that accordingto
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eq. 1.11 the nonadiabatic coupling can be written as

D
	 M S

i

�
�
�r ~v 	 M S

j

E
=

D
	 M S

i

�
�
�r ~vĤ

�
�
�	 M S

j

E

Vj � Vi
: (4.34)

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

D
	 M S

i

�
�
�r ~v 	 M S

j

E
=

P
m;n cmi cnj

D
	 SS

i (R)
�
�
�Ĥ (R + "~v)

�
�
�	 SS

j (R)
E

" (Vj � Vi )
: (4.35)

Applying the unitary transformation of eq. 4.32allows to write
D
	 SS

i (R)
�
�
�Ĥ (R + "~v)

�
�
�	 SS

j (R)
E

=
X

k;l

uki ul j

D
	 SS

k (R + "~v)
�
�
�Ĥ (R + "~v)

�
�
�	 SS

l (R + "~v)
E

= U T H R+ "~vU ;
(4.36)

giving the �nal expressionfor the couplings

F � ~v =
CRU T H R+ "~vUC T

R

" (Vj � Vi )
: (4.37)

Eq. 4.37 has been chosenfor the implementation of the MS-MR-CASPT2 surface
hopping dynamicsas it correctly reproducesthe anti-symmetry of the non-adiabatic
coupling matrix F.
In the next section the implementation is used to 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 allowedelectrocyclic reaction[72].The desireto follow the ultrafast isomerization
dynamicsin real time and decipherall electronicand structural changesinvolved ini-
tiated the development of novel experimental setupsproviding sub-picosecondtempo-
ral resolution[239] and theoretical conceptslike the radiationlessrelaxation via CoIn
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 reactionsevolve along a commonsymmetry conservingreaction coordi-
nate. In the CHD$ HT isomerization this is a C2-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 potentials of the reactant GS and the product ES
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Figure 4.1.: Models for the 1,3-CHD/cZc-HT conrotatory photoisomerization with
assignment of state symmetry. (left) The C2-symmetry preservingisomerization
according to van der Lugt and Oosterho� leads to an avoided crossingwhere
the wavepacket stays before decaying non-adiabatically to the GS. (right) In the
asymmetricmodel a low-energyCoIn (lying out of the drawing plane) is reached
by symmetry-breaking deformations. The system accumulates momentum in
symmetry-breakingmodesalready at the 1B2/2A 1-crossing.Experimental time
constants taken from ref. [238]are denoted.

along the commoncoordinate (�g. 4.1, left, seealso �g. 1.3). According to Fermi's
golden rule[72] the non-adiabatic coupling of the vibronical levels of the electroni-
cally ES with a continuum of vibronical levels in the GS in the vicinit y of an avoided
crossingallows for a nonradiative decay. This treatment applies only to "slow" pho-
tochemical processes.For the CHD/HT system, the energygap betweenboth cor-
related statesremainsso large along the symmetry-conservingpath that an e�ectiv e
and fast non-adiabatic transition is impossible,in contradiction to what is observed
experimentally[16�20, 238,243]. In this case,the role of realcrossingsdisplacedfrom
the symmetry-conserving path is indispensableand the avoided crossingof the van
der Lugt/Oosterho� picture becomesa real crossing(i.e. CoIn) away from the mini-
mum energyreaction path (�g. 4.1, right).
Robb et al. �rst reported on the existenceof a low-lying asymmetric CoInmin [47] in
the CHD/HT systemin the vicinit y of the pericyclic minimum. Basedon this �nd-
ing Fusset al. proposeda symmetry breaking ballistic model[240]of the wavepacket
motion towards the CoIn and assignedtime constants to the underlying processes
(�g. 4.1, right). Quantum dynamical simulations con�rmed that the sub-picosecond
dynamics can be simulated only when a CoIn is explicitly considered[244,245]. A
study by Garavelli and co-workersdocumented an energeticallylow-lying CoIn seam
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4. Mixed quantum-classicaldynamics

connectingCoInmin to a C2-symmetric open-ring CoInC2 [240]. Quantum dynamical
simulations by Hofmann et al. suggestedthat CoInC2 is the dominant relaxation
pathway during ring-opening[77]. A thorough search in the IS, inspired by this �nd-
ing, extendedthe CoIn seamto theclosed-ringregion[74],providing an outlet towards
the GS from large part of the conrotatory ES MEP.
Unlike other prototypical ultrafast reactionssuch 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 system the ES MEP and the accessibleCoIn seam do not
intersect[74]. Rather, they are quasi-parallel in the 3N � 6 coordinate space, i.e.
evolve along similar geometrical deformations.
In this section the question, which regionsof the extendedlow-lying CoIn seamare
accessedduring the ring-opening, is addressedby meansof mixed quantum-classical
non-adiabatic dynamicsat MS-MR-CASPT2(2,2)/6-31+G* level and averagingover
the lowest three statesof the system. Beforepresenting the resultsof the simulations
the extended CoIn seamis characterized and compared(energetically and geomet-
rically) to the MEP in the ES. The MEP was optimized at the sametheoretical
level used in the dynamical simulations. As currently a CoIn seamoptimization at
MS-MR-CASPT2 level is not feasiblethe CoIn seambetweenthe GS and the �rst ES
was optimized at CASSCF(6,6)/6-31G* level.
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4. Mixed quantum-classicaldynamics

4.2.1. Statical view: Conical intersection seam and excited state
minimum energy path

The �rst ES of CHD hasa �� � -con�guration (B2-symmetry) and is spectroscopically
accessible(tab. 4.1). The secondESis a doubly exciteddark state with A1-symmetry.
It is a well-known fact that CASSCF(6,6)including the � -orbitals in the active space
underestimatesthe stabilization of the 1B2-state and predicts a false state order in
the FC-region(Table4.1)[244].CASPT2(6,6) correctsthe behavior and improvesthe
excitation energyto match the experimental valueof 4.96eV (Table4.1). A trimmed-
down CASPT2(2,2) calculation including only two electronsand two orbitals in the
activespaceof the underlying CASSCFcalculation givesan excitation energy into the
1B2-state of 5.23eV, not too far from the valueobtained with the larger active space.
The second ES of A1-symmetry is underestimatedby over 0.6 eV (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. Possibleconsequencesfor the quasi-classicaldynamics
are discussedin the next section.

CASSCF(2,2) CASPT2(2,2) CASSCF(6,6) CASPT2(6,6) exp.
� E ES con�g. � E � E ES con�g. � E

1B2 5.92 � 3� 4 (1.00) 5.23 7.15 � 3� 4 (1.00) 5.04 4.96

2A1 9.97 � 2
4 (1.00) 6.86 6.54

� 2
4 (0.38)

� 2� 4(0.25)
� 3� 5 (0.15)

6.25 -

Table 4.1.: Vertical excitation energies to 1B2 and 2A1 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 denoted. The experimental
value corresponds to the maximum of the longest wavelength band from the
gas-phaseUV spectrum in ref. [238].

The ES MEP2 connectingthe FC points of CHD and HT is shown in �g. 4.2 (green
line). To check the quality of the MEP a comparisonof selectedgeometriesalong the
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 (C1-C6 distance of 1.56 Å) the FC point 1
 of

the 1B2 state is left by double-bond/single-bond rearrangment in the 4� butadiene
moiety, associated with a strong decreaseof energy(segment 1
 - 2
 ). The weakening
of the doublebondsfacilitates waggingdeformationsof the hydrogensattached to C2

2The MEP wasapproximated in a seriesof geometryoptimizations with a maximal stepsizeof 0.015
Bohr. The segments 1
 - 3
 and 7
 - 5
 were obtained through optimizations from the associated
FC points 1
 and 7
 . The transition states in the segments 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)
� ES0S1 � ES1 C1-C6 C2-C6 � ES0S1 � ES1 C1-C6 C2-C6

Min 1B2 2.86 -0.97 1.754 2.535 3.02 -0.87 1.727 -
Min 2A1 0.09 -1.49 2.092 2.375 0.001 -1.63 2.137 2.394

1 Global minimum coincides with the minimum energy CoIn.

Table 4.2.: Structural and energetic 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 C5. Thesedeformationsgradually induce interactions betweenthe � -electronsof
the butadienemoiety and the electronpair in the C1-C6 � -bond and start the electro-
cyclic ring-opening (segment 2
 - 3
 ). The � -bond elongateuntil a shallow minimum
3
 on the �rst ES PES with C2-symmetry is reachedat approx. 1.75Å. 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 C6-C2 distance,stabilizesthe 2A1 state below the 1B2 state.
The asymmetricdeformation allows the moleculeto circumvent the apex of the CoIn
betweenthe 2A1- and 1B2-states. It proceedson the lower PES towards the global
minimum of the �rst ES 4
 3 and towards the CoIn seam. The existence of an in-
termediate minimum 3
 is discussedcontroversially in literature and dependson the
quantum chemicalmethod usedto obtain the MEP[244]. In any case,dueto the large
potential energydecreasefrom the FC point of nearly 0.95 eV the barrier height of
solely 0.05eV is not expectedto impact the dynamics.
Starting at the FC point 7
 on the open-ring side (C1-C6 distanceof 3.47Å) double-
bond/single-bond rearrangment in the 6� hexatriene triggers immediately the ring-
closure. No asymmetric deformation is induced on crossing through the 1B2/2A 1

CoIn 6
 at 2.73 Å. Further relaxation on the 2A1-state leadsto a shallow minimum
5
 at 2.21 Å. An asymmetric deformation, shortening of the C2-C6-distance, drives
the system towards the global minimum 4
 and towards the CoIn seam. The cal-
culated barrier of 0.02 eV can be neglecteddue to the preceedingdecreaseof the
potential energyof nearly 2.10eV.
The C2-symmetry is preserved on the major part of the ES MEP in the segments
1
 - 3
 and 7
 - 5
 . Only in the region around the global minimum 4
 asymmetric dis-
tortion is observed. However, exactly this asymmetricdeformation drivesthe system
towards the seamand acceleratesthe isomerization dynamics by several orders of
magnitude.
Calculations at CASSCF(6,6) level predict energy gaps at the global minimum
of nearly 1.0 eV, demanding strong geometrical deformations to reach the CoIn
seam[47,240]. On MS-MR-CASPT2(2,2) the globalminimum exhibits a much smaller
energygap of solely0.09eV. Accordingly, only minimal deformationsare required to

3There exist two equivalent mirror-symmetric minima in whosevicinit y the C2-symmetric region
becomesa potential ridge[47, 240].
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Figure 4.3.: CoIns, predicted with the rules of thumb given in sec. 2.2 and opti-
mizedat CASSCF(6,6)/6-31G* level. Redarrowsdenotethe WH-coordinate (see
sec. 2.2). Motion along this coordinate ful�lls the resonance condition eq. 2.13
leading to the homosymmetricbiradicals (middle column). Blue arrows indicate
the subsequent deformations(pyramidalization, tilt), which ful�ll the heterosym-
metry condition (eq. 2.14) and lead to the individual CoIns (right column). For
each CoIn, dashedblue lines denotethe characteristic 1,3/1,5-kinks, blue arrows
denotethe center of pyramidalization.

accessthe CoIn seam. This is con�rmed by comparing the structure of the global
minimum 4
 to the CoInmin optimized on MS-MR-CASPT2(6,6) level (tab. 4.2).
The distancebetweenthe MEP and the CoIn seamis very sensitive to the dynamic
correlation. At CASSCF level they are further apart than at CASPT2 level.
Next, the CoIn seam,is characterized. It was optimized in a colaboration with the
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Figure 4.4.: Normal modes to the imaginary frequencies for the transition state
geometriesalong the CoIn seam.

group of Michael A. Robb using their algorithm implemented in a development ver-
sion of Gaussian[93]and described in ref. [92].
In the scope of the extendedtwo-electron two-orbital model (sec. 2.1.1) the lowest
point on the seamCoInmin can be rationalized (seesec. 2.4.1) by realizing that it
is connectedto the C2-symmetry conservingconrotatory rotation. Along this WH-
coordinate (sec. 2.2) the frontier orbitals degenerate(at the pericyclic minimum),
thus ful�lling the resonance condition (eq. 2.13), and localize at C1, C3, C5 and at
C2, C4, and C6, respectively (�g. 4.3, top). Theseorbitals are labeledA1;3;5 and B2;4;6.
Subsequently, a tilt of C6 towards C2 leads to an arrangement which enhancesthe
electronicrepulsionin orbital B2;4;6. Thereby the biradical GS

�
�
�A � B �

E
is destabilized

toward a CoIn with the
�
�
�A2

E
ES (�g. 4.3, top).

Starting from CoInmin seamextensionsin ring-closing and ring-opening directions
were optimized (red curve in �g. 4.2). In ring-closingdirection the formation of the
C1-C6 � -bond is accompaniedby a twist around the C2-C3 bond (�g. 4.2) and a
local minimum in the IS CoInbu emerges.Its structure can be also elucidated with
the rules of thumb given in sec. 2.2 (seesec. 2.4.1). CoInbu formation is associated
with a torsion around the C2-C3 doublebond of the ethylenesub-unit of CHD (WH-
coordinate) leadingto a homosymmetricbiradical with localizedorbitals A3;5 and B2

(�g. 4.3). Pyramidalization at C3 (denotedby a blue arrow in �g. 4.3) and tilt of C2

towards C4 forms a triangular arrangement betweenthe adjacent centers C2, C3, and
C4. The pyramidalization lowers the energyof orbtial A3;5 while the tilt raisesthe
energyof orbital B2. In the following, this arrangement is referred to as a 1,3-kink
(marked by a dashedblue line in �g. 4.3).
A transition state on the CoIn seamCoInTS1 connectingCoInbu to CoInmin was lo-
cated. Its stationary nature was veri�ed by a frequencyanalysis in the IS[59, 60],
revealing one imaginary mode (�g. 4.4). CoInTS1 has an interesting chemical rele-
vancesinceit resemblesa bond-breaking/making transition state along the seam.In
the region between CoInbu and CoInTS1 only relaxation towards CHD is possible,at
CoInTS1 a concurring channel towards HT opens. In the closed-ringregion the seam
was further extendedto a C2-symmetric CoInTS2 (�g. 4.2). Frequencyanalysis(�g.
4.4) revealedthat CoInTS2 is a transition state in the IS connecting two equivalent
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asymmetric minima CoInbu .
In ring-opening direction the CoIn seam extendsto a C2-symmetric CoInC2 (�g. 4.2)
which is also a transition state in the IS (�g. 4.4), connectingtwo equivalent asym-
metric minima CoInmin . In fact, the optimized CoIn seamconstitutes a closedloop
in the IS:

: : : -CoIn�
bu-CoInTS2-CoInbu-CoInTS1-CoInmin -CoInC2-CoIn�

min -CoIn�
TS1-CoIn�

bu-: : :

wherethe * denotesmirror-symmetry.
Symmetric CoIns (e.g. CoInTS2 and CoInC2) cannot be explainedwit h the extended
two-electron two-orbital theory (sec. 2.1.1) becausethey preserve the degeneracy of
the two localized active orbitals A and B, while ful�llmen t of the heterosymmetry
condition eq. 2.14 requires asymmetric deformations which lift the degeneracy. In
fact, formation of symmetric CoIns can be attributed to the interactions of A and
B with energeticallyhigher lying virtual orbitals. Theseinteractions are missing in
the extended two-electron two-orbital theory. Nevertheless,due to the additional
requirement of symmetry conservation symmetric CoIns lie typically energetically
higher than asymmetric CoIns (e.g. CoInmin and CoInbu).
Next, the geometrical relation between the MEP and the CoIn seamis addressed.
Fig. 4.2 visualizesthe absolute distance (y-axis) in space. Each point on the CoIn
seamis only related to its nearestpoint on the MEP. The result demonstratesthat
the MEP and the CoIn seamare not parallel in space.Rather, they are curved with
respect to each other. Partially di�ering motions can occur along both paths which
a�ect their absolutedistanceand di�er from regionto region. TheMEP and the CoIn
seamapproach each other in the vicinit y of the global minimum wherealso CoInmin

is found. In the region betweenCoInmin and CoInTS1 MEP and seam are dominated
by similar deformations, the shortening/elongation of the C1-C6 and C2-C6-distances.
In the closed-ringand open-ring regions the MEP and the seamdevelop di�er ent de-
formations. Strong torsions in the 4� moiety along the CoInTS1-CoInbu-segment and
shortening of the C1-C5-distance along the CoInmin -CoInC2-segment are observed,
which are essentially di�eren t from the motions along the MEP. Correspondingly,
the distancebetweenthe MEP and the CoIn seamis large in the FC-regions. This
complexrelationship is subsumedin the expressionquasi-parallel.
A consequenceof the quasi-parallelismis that there is no uniqueseamassociated with
the MEP. Rather, multiple CoIn seamsegments can arisein the 3N � 8 dimensional
IS. This idea initiated the search for further CoIns using the predictive power of the
rules of thumb, formulated in sec. 2.2[125]. SelectedCoIns are presented with their
localized orbitals in �g. 4.3. All CoIns have been obtained by starting either from
the closed-or the open-ring isomer, selecting 2� - or 4� -subunits and then following
the associated WH-coordinate (e.g. double bond torsions for 2� -subunits). By this
operation homosymmetricbiradical geometrieswere reached whereboth frontier or-
bitals becomedegenerate(�g. 4.3, middle column). Subsequent pyramidalization
and tilt at selectedcenters led to di�eren t geometricalarrangements, which served
as starting geometriesfor the actual quantum chemical optimization. Statical calcu-
lations render all located CoIns accessiblefrom the FC point. However, they have
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a di�eren t geometrical and energeticrelation to the MEP. It is therefore an open
question which CoIns actually play role in the photoisomerization. This question is
addressedby mixed quantum-classicalCASPT2 dynamics.

4.2.2. Absorption spectra

The MS-MR-CASPT2(2,2) calculations limits the description to the energetically
lowest two states wit h A1-symmetry and one state with B2-symmetry. While the
energeticpro�le of the 1B2 is correctly reproduced along the MEP, the energy of
the 2A1 state is underestimated in the FC-region (tab. 4.1). Therefore, one con-
cern is whether this inconsistencycould a�ect the simulations. It needsveri�cations,
whether low-frequency asymmetric vibrational modes induce oscillator strength in
the excitation to the 2A1-state, which is dark at the C2-symmetric GS equilibrium
geometryand whether this excitation is correctly described at CASPT2(2,2) level.
For this purposethe absorptionspectrum of CHD wascalculatedstarting from Wigner
distribution around the equilibrium geometryof the GS. A set of 1000sampleswas
usedand the calculated signalswere convoluted with Gaussiansof a Full Width at
Half Maximum (FWHM) of 2.5 nm. Figure 4.5a shows a referenceabsorption spec-
trum at MS-SR-CASPT2(6,6)/cc-pVDZ level averagingover the GS and lowest three
ES (1B2, 2A1 and 3A1), �gure 4.5b shows the spectrum at MS-SR-CASPT2(2,2)/6-
31+G* level (used for the subsequent dynamics simulations) averagingover the GS
and the lowest two ES (1B2 and 2A1). Vertical excitation 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 1B2-, 2A1- and 3A1-states are coded in red, blue and green,
respectively.
The referenceabsorption spectrum consistsof a low-energyband (290-210nm) from
the excitation to the 1B2 state, a high-energyband (180-130nm) from excitation
to the 3A1 state and a weak band from excitation to the 2A1 state (220-160nm).
The spectrum reproduceswell the steady state absorption spectra published in the
literature[238, 240, 247]. Apparently, the 1B2 transition dominates the low-energy
window. The absorption spectrum obtained with the smalleractive spacereproduces
well the low-energy absorption region. For comparison, the spectrum resulting by
omitting the perturbative correction (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 contribution of the excitation to the
2A1-state is underestimatedin the spectrum.
In summary, the experimental setup of Fuss et. al which use pulses around 270
nm[238] is best suited for comparisonwith the presented simulations. The incom-
plete description of the 2A1 state in the FC-region will not interfere with the initial
dynamics.
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Figure 4.6.: Time evolution of the averagepopulation in the electronic states in-
cluded in 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 accessibilit y of the conical
intersection seam

A setof 50tra jectorieswasrun with the modi�ed versionof Newton-X for 200fswith a
time stepof 0.5 fs starting in the �rst ES with 1B2-symmetry. The quantum chemical
calculations were performed at MS-SR-CASPT2(2,2)/6-31+G * level averaging over
three states. Hopping probabilities were obtained in each step by calculating the
projection of the non-adiabatic couplings onto the velocity vector (sec. 4.1.6). After
a successfulhopping event the velocity was adjusted along the gradient di�erence
vector. A comparative simulation over 50 tra jactories was run at CASSCF(2,2)/6-
31+G* level with analytical non-adiabatic couplings.

Figure 4.6, top gives the averageoccupation ajj (t) (eq. 4.19) of the individual
statesduring the CASPT2 simulation. In the beginningonly the �rst ES is occupied
(green line). Initial decay at approx. 5 fs is accompaniedby population increasein
the secondES which lastsuntil 35-40fs. Thereafter a slow decreaseof 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 quantitativ e.

Relying on the MEP (�g. 4.2) the following mechanism for the depopulation of
the ES is derived. After excitation to the bright 1B2-state initial relaxation occurs
within 5-6 fs (� 1) and drives the systemtowards the 1B2/2 A1-crossingregion. The
occupation increasein the secondES manifests the approching of the 1B2/2 A1 CoIn.
Approximately two-thirds of the moleculescircumvent the CoIn apex and evolve fur-
ther on the �rst ES, which hasnow adopteda 2A1 character. To obtain information
about the kinetics of this processthe evolution of the averagetransition dipole mo-
ment � 10 betweenthe GS and the �rst ES was tracked with time (�g. 4.7, middle).
Thereby the fact was utilized that the dipole moment � 10 decreasesrapidly with
enhancing2A1 character (�g. 4.7, top, approx. 2.5 units). Hence, it constitutes a
suitable observable to determinean approximate time constant for the ES character
change.By a monoexponential �t of the averagedipolemoment decay a time constant
� 2 = 17:5 � 0:3 fs was obtained. The moleculesthat go around the 1B2/2 A1 CoIn
quickly apporach the GS/ES CoIn 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 conservingmomentum along the C2-symmetric coordinate, i.e. going
through the 1B2/2 A1 CoIn. Their return to the �rst ES within the next 100fs is re-
sponsiblefor the slower occupation increaseat later t imes. An e�ectiv e time constant
� 3 = 45:5 � 0:9 fs wasobtained for the overall processby �tting the total occupation
decay of both ES a11 + a22. In the end, the overall time neededto return to the GS
is obtained as the sum of the three time constants asapprox. 5:5+ 17:5+ 45 = 68 fs.
The propposedmechanism agreeswith experimental �ndings. It con�rms the bal-
listic model proposedby Fusset al.[240] as two-thirds of all moleculesare found to
circumvent the 1B2/2 A1 CoIn and reach the GS/ES seaminstantaneuosly. The time
constants, associated with the individual processes, are, though, shorter than the con-
stants recordedexperimentally (� 1 = 21 fs, � 2 = 35 fs, � 3 = 80 fs)[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 majorit y of hops
occur for gaps between 0.1 and 0.5 eV 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 hops in a more limited energy
window (�g. 4.8 red bars) and, consequently, show a considerablyslower dynamics
(�g. 4.6, bottom). Thereby, the return to the GS takesapproximately twice as long
(125 fs) as obtained from the CASPT2 dynamics.

Next, the relaxation to the GS via the GS/ES CoIn seamis analyzed in detail.
A spatial correlation betweenhopping geometriesand the CoIn seamis established
and dynamically accessibleregions on the seamare extracted. Hopping events at
large energy gaps occur away from the CoIn seam and are not consideredin the
evaluation. They have no physical meaningand arise due to the stochastical nature
of the dynamics. For a total of 41 hopping geometries the spatial overlap with sta-
tionary CoIns from the seam(�g. 4.2) and the CoIns obtained with the extended
two-eletron two-orbital theory (�g. 4.3) was calculated. As all CoIns are available
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Figure 4.7.: (top) Evolution of the transition dipole moments � 10 (GS ! �rst ES)
and � 20 (GS ! secondES) along the MEP; (middle, bottom) Time evolution of
the transition dipole moment � 01 (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(2,2)/6-31+G* (bottom) simulations. Monoexpo-
nential �ts are alsoshown.
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4. Mixed quantum-classicaldynamics

Figure 4.8.: Hopping occurancesagainst the energy gap betweenthe GS (S0) and
the �rst ES (S1) 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 CASSCF(6,6)/6-31G* level it was approximated that the basic geometrical
features, characterizing each CoIn (1,3-, 1,5-kink, etc.) are independent of the dy-
namic correlation. It turns out that the hoppinggeometriesexhibit largeresemblance
to either CoInmin or CoInTS1 and two-thirds of the hoppingevents occur in the spatial
proximit y of CoInmin . Among the 41 samplesthere were no geometriescloseto any
of the stationary CoIns given in �g. 4.3. In �g. 4.9 the correlation between hops,
MEP and CoIn seamis visualizedin the reducedspaceof three reactive coordinates,
suitable for descriminating the deformations along the MEP and the seam. The C1-
C4-C3-C6 dihedral angle describes the symmetry conserving ring-opening and, thus,
the major part of the MEP, except for the region around the perycyclic minimum,
where asymmetric deformations towards the seam are initiated (�g. 4.2). These
asymmetricdeformationsare described by the C2-C6 coordinate. In addition a third
coordinate, the dihedral anglebetweenthe normalsthrough C2 and C3, perpendicular
to the �rst substituents of C2 and C3, respectiv ely, describes the wagging deforma-
tions of the hydrogen atoms along MEP and seam. They are essential for both the
coupling of the � -systemto the � -bond and for the formation of the 1,3-kink around
CoInbu (�g. 4.2).

In the reducedcoordinate spacethe MEP (greenline in �g. 4.9) and CoIn seam(red
line in �g. 4.9) exhibit regionswhich are spatially closeand others that are far apart,
in agreement with the representation in �g. 4.2. Hoppings(blue and magenta dots)
are con�ned to the regionbetweenthe MEP and the CoIn seam. Now, further details
can be addedto the isomerizationmechanism. The FC (CHD in �g. 4.9) point is left
by wagging deformationsin the butadienemoiety, leading to an increaseof the NC2 -
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Figure 4.10.: Hopping occuranceswith time during the CASPT2(2,2)/6-31+G*
simulations. Hopping geometriescloserto CoInTS1 aredenotedin green,hopping
geometriescloserto CoInmin aredenotedin red. Formation of CHD after hopping
is encoded with darker colors, formation of HT with lighter color.

ducesa bifurcation in the GS, which results in an isomerization quantum yield of
55%. This value, however, overratesthe experimentally measuredyield of 40%.
As already mentioned earlier, CoInC2 and CoInTS2 are not properly described at
CASPT2(2,2) level due to the limited size of the active space. Thus, relaxation
through these channels, as observed in the quantum dynamical simulations on
CASSCF(6,6) level, could have been underestimated in the quasi-classicalsimula-
tions in their current form. Simulations with larger active spacesare required to
addressthis question.

4.2.4. Summary and perspectives

Mixed quantum-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 package for Newtonian dynamics
Newton-X to the quantum chemistry packageMolpro was designedand a numerical
rountine for the e�cien t calculation of non-adiabatic couplingsat MS-MR-CASPT2
level was implemented.
The resultscon�rm the ballistic model, proposedby Fussand co-workers[240].About
two-thirds of all excited moleculesare found to circumvent the 1B2/2 A1 CoIn and
reach an extendedregionof the GS/ES seaminstantaneuosly. Consequently, the iso-
merization proceedson a femtosecondtimescale. It was demonstratedthat not the
entire low-energyseamis equiprobably reachable, rather, the accessibility depends
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on the energeticand spatial relation betweenMEP and CoIn seam,aswell ason the
momentum which is accumulated during relaxation on the ES PES. The possibility
to reach both isomers from each point on the accessibleCoIn seamis responsiblefor
the high quantum yield of � 50%.
Although the present study shedslight into the isomerization mechanism, a quan-
titativ e agreement with the experimental observations is still out of reach. An im-
provement is expected by increasingthe number of tra jectories and the size of the
active space.Including further � -orbitals in the active spacewill allow for a realistic
description of the 2A1-state in the FC-region and for an accuratedescription of the
relaxation through the symmetric CoIns CoInTS2 and CoInC2. This work is currently
in progress.
Several questions, which were not addressedin this work, but are subject to fu-
ture research, are: i) What is the role of the Rydberg states in the isomerization
dynamics[240,248]? ii) Can higher lying regionsof the seambe reached by exciting
CHD to higher vibrational levels of the ES? iii) It has been shown that complex
laserpulsesare required to control the isomerizationalprocess[154,249�253]. It is in-
triguing whether this complexity can be reducedby combining coherent control with
chemical modeling of the CoIn seam.
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5. Conclusion

The presented work exploredwith the help of state-of-the-art quantum chemicalcal-
culations and quasi-classicaldynamics simulations how the chemical composition in-
�uences the photoreactivity of molecules.A relation betweenthe molecularstructure
and the topography of the intersection space,the 3N-8 dimensionalspacewhere the
degeneracybetweenthe ground state and the excited state is preserved, was found.
By exploiting this relation a systematic analysis of the intersection spacebecomes
available. Bene�ts with regard to the optimization of conical intersections,molecular
modeling and deciphering complex excited state dynamics were discussed. In this
context quasi-classicaldynamics simulations were used to explore the accessibility
of the encountered energetically low lying regionsof the intersection space,thereby
providing detailed information about the spatial and temporal evolution of the pho-
toreactions.
In the �rst part of this thesisthe two-electrontwo-orbital theory introducedby Michl
and Bona£i¢-Koutecký to rationalize the structure of conical intersectionsin charged
polyenesystemswasextendedby including the interactions of the active pair of elec-
trons with the remainingclosed-shellelectronsthat arepresent in any realistic system.
A set of conditions, the resonance and the heterosymmetryconditions, 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 electrons in two localized active molecular orbitals. The molecu-
lar system is separatedinto basic units and units re�ecting the actual substitution
pattern. Calculations on this theoretical level were performed for the basic units
ethylene,cis-butadieneand 1,3-cyclohexadieneat various geometriesand functional-
izational patterns. The quantitativ e results demonstratedthat geometrical deforma-
tions and substituent e�ects constitute di� erent mechanismsfor achieving the same
goal, namely, the formation of conical intersections. Basedon this �nding rules of
thumb for their qualitativ e prediction in arbitrary polyeneswerederived. Essentially ,
no other information besidesthe chemicalcomposition of the systemis necessary. An
extension of the rules of thumb to conical intersection seamswas also formulated.
The general idea is to divide the intersection spaceinto subspacesaccording to the
following criteria:

(i) association with di�eren t Woodward-Ho�mann coordinates: for each basicunit
identi�ed in the system (e.g. di�eren t double bonds, cis-butadiene sub-units,
etc.) a plane, orthogonal to the corresponding Woodward-Ho�mann motion,
exists, which contains a fraction of the intersection space;
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(ii) electronic structure of the excited state: the heterosymmetry condition forbids
the changeof the electroniccon�guration along the seam;

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

(iv) connection to the reaction of interest: only subspacesare consideredwhich
contain conical intersectionsassociated with the Woodward-Ho�mann motion
of interest.

The dimensionality of the individual subspacesis reducedto a few degreesof free-
dom, which allows for the location of supporting points in each subspace.Individual
subspacesare then connected by a linear interpolation scheme, which provides the
initial guessfor the conical intersectionseam.This guessis then fed into a quantum
chemistry packageto �nalize the conical intersectionoptimization.
The strategy was demonstratedfor three polyenesystems: CHD/cZc-HT as a rep-
resentativ e of non-polar unfunctionalized polyenes,whereCoIns are formed through
geometricaldeformations, HTI as a representativ e of weakly polar polyenes,where
low-energyCoIns are formed by combining geometricaldeformationsand substituent
e�ects and tri�uorometh yl-pyrrolylfulgide as a representativ e of multi-functionalized
strongly polar polyenes,where the functional groups alone determine the structure
of the CoIns. The rules for optimizing single conical intersectionswere utilized to
systematically scanthe intersection spacefor minimum energyconical intersections
and di�eren tiate between high- and low-energy ones. Further, a seamconnecting
conical intersectionsassociated with the cis-trans isomerization(i.e. the Woodward-
Ho�mann motion) in hemithioindigo-hemistilbene was optimized. It was demon-
strated by comparison with the basic unit ethylene that a similar seam exists in
every compound capableof performing a cis-trans isomerization. The energeticsand
topography of the seamdependon the speci�c functionalization pattern. For pyrrolyl-
fulgide, parts of the seamthat either photostabilizethe systemor lead to by-prodcuts
were found to compete with the reactive parts of the seam.
Understanding the mechanismsand requirements for formation of conical intersec-
tions provides the foundation neededto derive control schemesfor quantum yield
enhancement basedon a combination of chemical synthesisand light control as pro-
posedin ref. [254]. Theperformanceof molecularswitchesand photostabilizerscould
be improved by opening or closing channelsselectively by suitable chemical substi-
tutions. The introduced rules of thumb provide already two strategies how this can
be achieved: by either hindering the motions neededfor the resonance condition or
by weakening the mesomerice�ects responsible for the formation of a distinct coni-
cal intersection. An intriguing perspectives lie in the utilization of polar solvents to
tune the accessibility of conical intersections[255]and in the coherent laser control
schemes[256]that addressspeci�c electronice�ects by vibrational mode coupling and
induce directed ultrafast decay 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 deepenedto obtain a detailed static picture
of the isomerizationalmechanisms. Experimentally determinedrate constants could
be assignedand processes,which cannot be distinguishedspectroscopicallywere re-
vealed. The proposedreaction mechanismsexplain the observed di�erences in the
dynamicsof the forward and the backward reactionsand are in good agreement with
the measuredquantum yields. Both the cis-trans isomerization in hemithioindigo-
hemistilbeneand the electrocyclic ring closure/opening in indolylfulgide are charac-
terized by the formation of a charge transfer in the excited state. The abilit y of each
system to stabilize this charge transfer is essential 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 charge
transfer by adjustment of the electrostatic interactions, rather then by geometrical
deformations. Consequently, broad degeneracyregionsbetweenthe ground and the
excited state emerge,which allow for a fast return to the ground state. However,
also losschannelsbecomeeasily accessibleand the selectivity of the isomerization is
lost. In hemithioindigo-hemistilbenepyramidalization and tilt orient the molecule 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 quantum-classicaldynamicssimulations at multi-
state multi-re ferencecomplete active spaceperturbation theory level, using Tully's
fewest switchessurfacehopping approach, wereperformedto study the ultrafast pho-
toreactivit y of 1,3-cyclohexadienein the gas-phase.The results con�rm the ballistic
model, proposedby Fussand co-workers, as the major part of the excited molecules
are found to circumvent the 1B2=2A1 conical intersectionand reach the conical inter-
sectionseambetweenthe excited state and the ground state instantaneuosly. Time
constants for the evolution of the wavepacket on the bright 1B2-state, the relaxation
into the 2A1-state and the return to the ground state could be extracted, resulting
in an overall reaction time of � 70 fs. It wasdemonstratedthat, e�ectiv ely, only the
part of the intersectionspace,facilitating relaxation to both the closedand the open
ring structures, is usedfor the return to the ground state. The accessibility depends
on the energeticand spatial relation between minimum energypath and accessible
conical intersectionseam,as well as on the momentum which is accumulated during
relaxation on the excited state potential energysurface.
The incorporation of multi-con�gurational perturbation theory into the mixed
quantum-classicaldynamics allows for a nearly quantitativ e description of the elec-
tronic correlation. Consequently, time-resolved spectroscopicdata can be reproduced
with high accuracyfrom �rst principles. Recently, promissingresults have beenpub-
lished for ethylene[257]. With the approach outlined in this thesis prototypical and
biologically relevant moleculeslike 1,3-cyclohexadieneand the DNA basesthymine
and cytosine are now within reach. Furthermore, by incorporating environmental
e�ects into the mixed quantum-classicaldynamicsscheme[258]this technique can be
usedas a powerful tool to test the applicability of the rules of thumb for molecular
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modelingby samplingthe accessibility of the designedconicalintersectionseamunder
realistic conditions. Finally, by comparingthe resultsof the mixed quantum-classical
dynamicsto multi-dimensional quantum dynamicssimulations (available for example
within the multi-con�gurational time-dependent Hartee formalism[259])the challeng-
ing question about the role of pure quantum e�ects in the molecular dynamics can
be addressed[260].
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A. Properties of the derivative
couplings

To derive the left expressionin eq. 1.11 we make useof the orthogonality of eigen-
functions of a hermitian operator
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As the overlap A.1 remainszero for all valuesof � the derivative with respect to the
nuclear coordinates is alsozero
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From the above relation it immediately follows that the derivative coupling matrix is
antihermitian, whosediagonalentries are zero
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The right expression in eq. 1.11 is obtained by di�eren tiating the electronic
Schrödinger equation1.4 with respect to each nuclearcoordinate � and subsequently
multiplying from left with 	 el

j and integrating over the electronic coordinates.
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�Ĥ el

�
�
�r � 	 el

i

E
= Vi

D
	 el

j

�
�
�r � 	 el

i

E

D
	 el

j

�
�
�r � Ĥ el
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In the last line the hermiticit y of the electronic hamiltonian was used. The above
equationstatesthat the derivative coupling betweenthe statesi and j is reciprocally
proportional to their energygap
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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 gradient
di�erence vector ~X 1 (eq. 1.18) can be expressedas

~X 1 = r R(V1 � V2) = r R(
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(B.1)

hence, ~X 1 can be represented as a linear combination of the ~g and ~h vectors1.17.
The scaledderivative coupling vector ~X 2 (eq. 1.18) can be expressedas

~X 2 = (V1 � V2)
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(B.2)

In the abovederivation eq. A.5 wasused. Further, asdiabatic functionschangeslowly
with the nuclear coordinates their derivativeswereneglected,i.e.
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C. Numb er 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 independent parameters,as the only condition it needsto satisfy is to
be normalized. The secondcolumn would have n � 2 independent paramenters, as
it must be orthogonalto the �rst column and normalizedas well. The third column
would have n � 3 independent paramenters, the fourth n � 4 and so on. The last
column would have no independent parameters,i.e. will be prede�ned by the entries
in the previous n � 1 columns. Therefore the number of independent coe�cien ts
equals:

# of parameters =
n� 1X

1

=
n � 1 + 1

2
� (n � 1) =

n(n � 1)
2

; (C.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 elelments (i.e. n).
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D. Rotational matrix as a
one-electron operator in second
quantization

By applying U on a trial wavefunction ~� 0 transforms a spin-orbital accordingto

� p =
X

q
Uqp� 0

q =
X

q
(eK )qp� 0

q; (D.1)

whereeq. 1.43was used. In secondquantization this transformation corresponds to
the action of a creation operator ~ay

p of the form

~ay
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X

q
Uqpay

q =
X

q
(eK )qpay

q (D.2)

on the vacuumstate
�
�
�
E
. Thereby, ay

q is the creationoperator which createsan electron
in the q-th orbital of the trial wavefunction. The new wavefunction is obtained by
applying a completeset of creation operators on the vacuum state
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Essentially , the above equation generatesthe new occupation number vector in the
basisof trial occupation number vectors(sec. 1.4.1).
Using eq. 1.43 eq. D.1 can be rewritten as
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(D.4)
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where kqp are the coe�cien ts of the rotational matrix K . It can be shown that the
above equation is equivalent to

~ay
p = ay

p +
X

q
(K )qpay

q +
1
2

X

q
(K 2)qpay

q

= ay
p + [ay

p; K̂ ] +
1
2

[[ay
p; K̂ ]; K̂ ] + : : :

= e� K̂ ay
peK̂ ;

(D.5)

where the Baker-Cambell-Hausdor� formula was used (seeAppendix E). K̂ 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
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In the last expressionthe fact that matrix exponential is unitary wasused. The action
of eK̂ on the vacuum state
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gives

eK̂
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= (1 + K̂ +
1
2
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�
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=
�
�
�
E

(D.7)

as the operator K̂ �rst annihilates an electron from the occupation number vector.
Eq. D.6 states that all MO coe�cie nts can be rotated/t ransformedsimultaneously
by applying the exponential operator e� K̂
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E. Baker-Campbell-Hausdor�
expansion of the MCSCF matrix
element

The Baker-Campbell-Hausdor� expansionreads:

eK Ĥ e� K =( 1 + K +
1
2

K 2 + � � � )Ĥ (1 � K +
1
2

K 2 : : : ) =

Ĥ + K Ĥ � Ĥ K +
1
2

K 2Ĥ � K Ĥ K +
1
2

Ĥ K 2 + � � � =

Ĥ + [K ; Ĥ ] +
1
2

[K ; [K ; Ĥ ]] + : : : ;

(E.1)

wherethe Taylor expansion1.43for the matrix exponential eK wasused. The above
expressionis correct up to secondorder. It can be usedto rewrite the operator in the
expectation value eq. 1.47

eP eK Ĥ e� K e� P = eP (Ĥ + [K ; Ĥ ] +
1
2

[K ; [K ; Ĥ ]] + : : : )e� P =

Ĥ + [K ; Ĥ ] +
1
2

[K ; [K ; Ĥ ]] + [P; Ĥ ] + [P; [K ; Ĥ ]] +
1
2

[P; [P; Ĥ ]] + : : : :
(E.2)

Again, this expressionis correctup to secondorder. It givesa perscript for calculating
the energygradients with respect to the rotation coe�cien ts ~k and ~p.
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F. Diastereomeric pairs of CoIns in
HTI

CoIn S CoIn S*

CoIn Et
CoIn Et *

7
4 3

7
4 3

3

8
3

8

4

4 4

5
3 4

5
3

CoIn HT
CoIn *HT

Figure F.1.: Diastereomeric pairs of CoIns: top) CoInS/CoIn S� : middle)
CoInEt /CoIn Et � ; bottom) CoInHT /CoIn HT � . The atoms essential for the forma-
tion of a particular CoIn are colored in red. The center of pyramidalization is
denotedby a blue circle.
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G. De�nition of the reactive
coordinates torsion,
pyramidalization and tilt in HTI

A set of reactive coordinates,well suited to describe the relaxation from the FC point
to the energeticallyreachabledegeneracyregion,consistsof torsion, pyramidalization
and tilt. Naturally, thesecoordinates ful�ll the resonance (torsion) and heterosym-
metry (pyramidalization, tilt) conditions for CoIn formation derived in sec.2.2. The
torsion of the hemistilbenewith respect to the hemithioindigo (�g. G.1, left) is the
main reaction coordinate (WH-coordinate). For the quantitativ e evaluation the GS
equilibrium structure of the Z-HTI isomer was chosenas reference geometry with
a torsional angle of 0°. With this de�nition the Z! E isomerization runs clockwise
(0°! 180°), the E! Z isomerizationcounterclockwise(180°! 0°). The pyramidaliza-
tion is de�ned as the 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 geometry with a torsional angleof 90° and pyramidalization of 60°. The purely
pyramidalized CoInS=Ac (�g. 2.8) is usedas a 0° referenceto determine the tilt.

Figure G.1.: Reactive coordinates for the Z/E isomerization. (left) Out-of-plane
torsion with Z-HTI as a zero-point referencein the range [0°:360°]; (middle)
Pyramidalization (shown for a torsional angle of 90°) in the range [-90°:90°];
(right) Tilt (shown for a torsional angleof 90°and pyramidalization of 60Â°) in
the range[-90°:90°].
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Accordingto this de�nition pyramidalization and tilt can be evaluated asshown in
the sketch G.2 for an arbitrary pyramidalizedand tilted geometry(given in black). To
simplify the visualization HTI was truncated to the central double bond ( 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
 , X2 and X1 (red-rimmed plane) dividesthe angle 3
 - 1
 - 4
 in half. With the help of
the dummy atoms the anglebetweenthe green-rimmedplane (de�ned via 2
 - 1
 -X2)
and the red plane is adjusted to 90°. When this is achieved, the pyramidalization
can be calculated by substracting the angle X1- 1
 -X2 from 90°. The tilt is given
through the angle 2
 - 1
 -X2, i.e. X2 is the projection of 2
 in the red-rimmed plane.
Furthermore, it is assumed,that the torsional angle at every CoIn is 90°. In the
sketch G.2 this assumptionimplies that centers 5
 and 6
 adjust in order to preserve
orthogonality betweenthe two part of the � -system.

Figure G.2.: Sketch of the constructionutilized to read-o� pyramidalization and tilt
from an arbitrar y geometry(given in black). For this purposetwo dummy atoms
are intr oduced (blue dots). The pyramidalization is calculated by substracting
the angle X1- 1
 -X2 from 90° and the tilt is given via the angle 2
 - 1
 -X2. The
center of pyramidalization is denotedby an blue circle.
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H. Localized molecular orbitals and
e�ects of the functional groups
for scenario 1. and 2. in
tri�uo romethyl -pyrrolylfulgide

Figure H.1.: Localized molecular orbitals at the [2/2] and [1/1] homosymmetric
biradicals in scenario1 (top) and scenario2 (bottom) (�g. 2.11 sec. 2.4.4).
Dashedred lines indicate the spatial separationof the � -system into subunits.
Red crossesmark atomic centers which do not contribute to the �nal molecular
orbitals.
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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
scenario1 (top) and for the [1/1] homosymmetricbiradical in scenario2 (bottom)
(�g. 2.11 in sec. 2.4.4). The alignment of the orbitals re�ects their energetic
order.
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I. Quantum chemical methods
utilized in the study of HTI

The quantum chemicalstudieswereperformedwith the softwarepackagesMolpro[71],
Molcas[261]and Gaussian[93].Excited state structural optimizations were done on
the CASSCF level including up to 10 electronsand nine orbitals in the active space.
For points of interestCASPT2 wascarriedout, utilizing 14electronsand 13orbitals in
the active space.Transition dipole moments wereobtained with the CASSCFState-
Interaction mathod (RASSI) method[262] as implemented in Molcas. Electrostatic
potentials[263]wereused to visualizethe chargedistribution along the reaction path
in the ES. For the ES calculations the nomenclatureSA-n and MS-n for averaging
over n states in CASSCF and in CASPT2, respectively.
The size of HTI does not allow the inclusion of all � -orbitals in the active space.
All �rst neighbors to the central double bond and one set of bonding and antib ond-
ing orbitals per benzenering were considered(�g. I.1). Critical is the role of the
oxygen lone pair, which can interact with the � -systemdepending on the structural
arrangement and in principle must be consideredin the active space.However, the si-
multaneousdescriptionof n� � and �� � statesleadsto problemsdueto the unbalanced
description of the electroncorrelation for both statesat CASSCFlevel (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
CoInAc, which is very sensitive to dynamic correlation e�ects due to the notable n� �

contribution to the ES wavefunction[183](seediscussionin sec. 3.1.2). As the char-
acter of the electronicstatesand thereby the amount of electronic correlation change
along the MEP CASSCF can often only provide a qualitativ e description of the ES
topography. 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 0.30 a.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, CoIns) were optimized on the
CASSCF 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 energyCoIns
wereoptimized with the projection method asimplemented in Molpro (seesec.1.2.3).
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Figure I.1.: (10 electrons/9 orbitals) active spaceof HTI plus the oxygen lone pair.
Exemplarily, the active orbitals of the Z-HTI are presented.
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J. Quantum chemical methods
utilized in the study of
tri�uo romethyl-indolylfulgide

The compound with a de-methylated nitrogen was used in the quantum chemical
calculations. Geometry optimizations were performed with the software packages
Molpro[71] and Gaussian[93]. CASSCF and the time-dependent density functional
theory[267,268] with the CAM-B3LYP functional[269] were utilized. The complete
� -spacesof 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 each
stationary point the missingdynamic correlation wasrecoveredusing multistate MS-
SR-CASPT2, correlating the three CASSCF states (denoted as MS-3-CASPT2) as
implemented in Molcas[261].Thereby, a default ionization potential-electronic a�nit y
(IPEA) shift of 0.25a.u.[264],aswell asa real shift of 0.1 a.u.[120,121]wereusedfor
the energycalculations. Transition dipole moments wereobtained with the CASSCF
State-Interaction (RASSI) method[262] as implemented in Molcas. Frequencycal-
culations at SS-CASSCFlevel were performed for ground state equilibrium geome-
tries, as well as for the excited state local minima in the vicinit y of the FC-regions.
Normal modes, frequenciesand IR-intensities were calculated from analytical �rst
derivativesand dipole moments obtained via a parallelizednumerical procedure. To
verify the CASSCFresults, IR-spectra werealsocalculatedat time-dependent density
functional theory level. For comparisonwith experimental 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] basisset was used for the atoms in-
cludedin the � -system,whereasthe 6-31G[265]basissetwasusedfor the methyl- and
tri�uorometh yl-groups. Ground state and excitedstate topologiesaround CoIns have
beenobtained by performing an unrelaxedscanin the two-dimensionalplanede�ned
by the gradient di�erence and derivative coupling vectors. They lift the degeneracy
betweenelectronic statesand de�ne the branching spacein a �rst order approxima-
tion (seesec. 1.2). The scan was performed at equidistant displacements (scaling
factors: 0.05, 0.10,0.15) from the CoIn alongthe orthonormalizedgradient 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) activespaceof tri�uorometh yl-indolylfulgide.
Exemplarily, the active orbitals of the C-form are presented.
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