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Kurzzusammenfassung

Durch Photoanregung induzierte Prozesse spielen eine grofie Rolle in zahlreichen
biologischen Systemen wie auch technischen Anwendungen. Uber die letzten
Jahre ist eine grofle Bandbreite an quantenchemischen Methoden zur Behand-
lung solcher angeregter Zustdnde entwickelt worden. Allerdings sind viele dieser
Methoden auf kleine bis mittelgroie Systeme beschrankt oder nur fiir bestimmte
Arten von elektronisch angeregten Zustdnden anwendbar. Daher stellt die Ent-
wicklung effizienter quantenchemischer Methoden fiir angeregte Zustande einen
zentralen Aspekt der modernen theoretischen Chemie dar.

In dieser Arbeit wurden verschiedene Verfahren zur Behandlung angereg-
ter Zustdnde innerhalb der auf algebraischer diagrammatischer Konstruktion
(ADC) basierenden Methoden hergeleitet und implementiert. Zunéchst wurde
die so genannte scaled-opposite spin Naherung verwendet um eine Variante der
erweiterten ADC(2)-Methode zu erhalten. Diese ermdglicht eine verbesserte
Beschreibung doppelt angeregter Zustande bei gleichzeitiger Reduzierung der
Rechenzeit. Auflerdem wurde die Berechnung von Spin-Bahn-Kopplungsele-
menten basierend auf einem atomaren mean-field Ansatz fiir die gesamte Hier-
archie von ADC-Methoden bis zur dritten Ordnung implementiert. Testrech-
nungen sowie Vergleich mit anderen bereits bestehenden Methoden ergaben
sehr gute Resultate. Abschlieflend wurde eine Skalierungsmethode zur Identi-
fizierung von Plasmonen in Molekiilen von TDDFT auf ADC-Methoden tiber-
tragen. Solche Plasmonen spielen in der organischen Elektronik eine wichtige
Rolle. Hier wurde gezeigt, dass dieser Ansatz fiir eine Reihe von linearen Polye-
nen zuverléssig funktioniert. Alle drei Methoden wurden in einer Entwicklerver-
sion des adcman Moduls des Q-Chem Programmpakets implementiert, wodurch
dessen Funktionalitdt weiter ausgebaut werden konnte. Schliellich wurden
ADC-Methoden in Kombination mit experimentellen Resultaten verwendet um
die photochemischen Relaxationsprozesse von Cumarinderivaten aufzukléaren.
Hierbei ergaben sich zwei parallele strahlungslose Relaxationsprozesse von Be-
deutung.
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Abstract

Processes initiated by photoexcitation play an important role in many biological
systems as well as in technical applications. A whole variety of quantum chem-
ical methods for the treatment of such excited states has been developed over
the past years. However, many are either restricted to small or medium-sized
systems or only applicable to certain types of electronic excitations. Therefore,
the development of efficient quantum chemical excited states methods is one of
the central aspects of modern theoretical chemistry.

In this work, different excited state approaches within the algebraic dia-
grammatic construction (ADC) family of methods were derived and imple-
mented. First, the scaled-opposite spin approximation was used to develop
a variant of the extended ADC(2) methods that allows for an improved treat-
ment of doubly excited states at reduced computational cost. Additionally, the
generation of spin-orbit coupling elements based on an atomic mean-field ap-
proach was implemented for the whole hierarchy of ADC methods up to third
order. Test calculations and comparison with existing methods revealed very
good results. Last but not least, a scaling approach for the identification of
plasmons in molecules previously introduced for TDDFT has been adopted to
the ADC methods. Such plasmons are of great importance in the field of or-
ganic electronics. Here, the scaling approach was shown to work efficiently for
a series of linear polyenes. All three theoretical methods were implemented in
a development version of the adcman module of the Q-Chem program package.
Thereby, the functionality of this module has been further extended making
it applicable to a wider range of molecular systems and photochemical prob-
lems. Finally, ADC methods were used in combination with experimental re-
sults to successfully unravel the photochemical relaxation network of coumarin
derivatives which turned out to incorporate two parallel radiationless relaxation
pathways.
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1. Introduction

In nature and biological systems photoinitiated processes play an important
role. Irradiation of molecules with visible or ultraviolet light can initiate the
formation of electronically excited states and thereby trigger a whole variety
of associated processes. Prominent examples are photosynthesis in plants, the
process of vision or the photodamage of DNA together with mechanisms to
revert or inhibit such photolesions.

However, excited states are of major importance for technical applications,
too. The field of organic electronics has emerged during the past few years as a
promising field of research and comprises, e. g., the development of organic pho-
tovoltaics or organic light-emitting diodes. In addition, light-induced processes
can be used for chemical sensors, photoswitches, and many other functional
molecules.

Upon interaction with light, molecules can absorb a photon and be trans-
ferred from the ground state into an optically allowed excited state. Usually,
organic molecules as considered during this work have a ground state electronic
structure with singlet spin symmetry, which is usually denoted as Sy. Because
no spin-flip processes are allowed during optical excitation the initially popu-
lated states have a singlet spin symmetry, too. They are typically referred to
as S,, n=1,2,..., depending on their energetic order.

As the motion of electrons is much faster than the one of the nuclei, the nu-
clear configuration does not change to a good approximation during the excita-
tion process (Franck-Condon principle) leading to so-called vertical excitations
(compare Figure 1.1). Once the excited state is reached, different processes can
follow!, the most important ones being illustrated in Figure 1.1. First of all,
the molecules usually relax to the lowest vibrational level of the excited state
surface. In the simplest case, the molecules can then decay back into a vibra-
tionally excited level of the ground state by emitting a photon. This process
is called fluorescence and occurs typically on time scales of 107 to 107 sec-
onds [2]. Again, the Franck-Condon principle can be applied and the nuclear
configuration stays almost constant during the emission. Because the minimum
of the excited state is shifted with respect to the minimum of the ground state,
the fluorescence energy is usually lower than the initial absorption energy. The
difference between the two energies is called Stokes shift.

In the presence of other singlet excited states internal conversion procedures
can occur. In this case the population is transferred from one electronic state to
another. The intersections between two electronic states are called conical inter-
sections [3,4]. Such radiationless processes can compete with fluorescence and
are often much faster. In some cases fluorescence is even completely quenched.

'For a general overview of the photochemistry of organic molecules see, €. g., [1,2].
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Figure 1.1.: Schematic representation of the potential energy surfaces and photophysical
relaxation pathways occurring after initial absorption of a photon in a hypothetical
molecule A-B. Sy refers to the singlet electronic ground state and S; and Sy to the first
two excited singlet states. T denotes the first triplet state. Singlet states are indicated
by black solid lines while gray dashed lines were chosen for triplet states. Horizontal
lines indicate vibrational sublevels of the respective electronic states.

Additionally, such internal conversion processes can mediate chemical transfor-
mations. In the example shown in Figure 1.1 the internal conversion would lead
to a dissociation of the molecule.

So far, the spin symmetry was kept constant during all processes. When
triplet states are close in energy, the molecules can undergo so-called inter-
system crossing (ISC) and be transferred to a potential energy surface of dif-
ferent spin symmetry. States of different spin symmetry are coupled by inter-
actions between the spin angular momenta and the spatial angular momenta of
the electrons in the system (referred to as spin-orbit coupling). Such spin-orbit
interactions gain strength with increasing nuclear charge. Additionally, the
coupling is especially strong when the orbital types change during the transi-
tion (El-Sayed’s rule) [5]. For example, between n7*- and nr*-states a stronger
coupling is expected than between two mr*-states?. Once in the triplet state,
the molecules can relax again into the vibrational lowest level of this state. The
radiative transition back into the singlet ground state of the molecule is called
phosphorescence. Depending on the strengths of the spin-orbit interactions and
other parameters as the energetic separation between the states and their shape,
ISC processes occur on time scales of 10711 to 1075 seconds [2]. The time scale
for phosphorescence lies typically in the region of 107% to 102 seconds [2].

The electronically excited states themselves can be classified with respect to

2In the case of a mm*-excitation, an electron is transferred from an occupied m-orbital into an
unoccupied one. The symbol n7™ denotes an excitation from a non-bonding orbital into
an unoccupied 7m-orbital.



different characteristics. For example, one can differentiate between singly and
doubly excited states. Another characteristic is the locality of the excitation. In
local excitations only minor changes to the total electron density are induced. In
the case of charge-transfer states this is not the case. Especially in systems that
incorporate both, an electron donor as well as an electron acceptor, electronic
density can be transferred from one part of the molecule to another. In the
case of Rydberg states electron density is moved to larger radii and the electron
density of the excited state is much more diffuse. Another differentiation, which
is usually used in solid state physics, is between singly excited states and so-
called plasmons. Plasmons are coherent oscillations of the electron density. As
will be discussed in detail in Chapter 6 they can be characterized by certain
linear combinations of single-particle excitations.

Depending on the symmetry and character of the excited states the direct
optical excitation can be forbidden. However, such states can be reached by
internal conversion processes. Their experimental detection is nevertheless com-
plicated because they do not show fluorescence. Therefore, they are often re-
ferred to as dark states.

Prominent experimental methods to follow relaxation processes dynamically
are transient absorption spectroscopy [6] or fluorescence upconversion [7,8].
Here, time resolutions in the sub-picosecond range can be achieved. However,
the resulting spectra can exhibit complex structures and time-dependencies.
In these cases, quantum chemical calculations can be used to facilitate the
evolution of the spectra and the assignment of states. Over the past years,
combined theoretical and experimental studies have been successfully conducted
for a vast variety of systems and photochemical problems.

To understand and predict the microscopic mechanisms that take place upon
photoexcitation on a theoretical level, a thorough quantum chemical knowledge
of the electronically excited states is necessary. This includes excitation ener-
gies as well as potential energy surfaces and properties of such states. Highly
accurate excited state methods exist. However, they are only feasible for small
molecular systems with only five to ten atoms from the second row of the pe-
riodic table. This is due to their steep scaling with molecular size. If larger
systems are to be considered, more severe approximations have to be made.
However, such approximations are usually not equally well suited for the dif-
ferent kinds of states. Often, even a priori knowledge of the excited states is
necessary to find an appropriate method. Extensive comparisons with exper-
imental results and other theoretical methods are indispensable in such cases.
Especially, the consistent treatment of charge-transfer, Rydberg as well as dou-
bly excited states is challenging [9-13].

The aim of the present work is twofold. On the one hand, new methods for the
treatment and analysis of excited states are introduced within the framework
of so-called algebraic diagrammatic construction scheme (ADC) methods. On
the other hand, a combined theoretical and experimental photophysical study is
presented. The chosen ADC approaches [14-18] are promising although largely
overseen methods. Here, they were mainly used in second-order perturbation
theory (ADC(2)). They have the advantage of including charge-transfer states



1. Introduction

as well as Rydberg states in a physically correct way. Depending on the vari-
ant used, doubly excited states are as well properly accounted for. An efficient
implementation of ADC methods up to third order including different proper-
ties like (transition) dipole moments or two-photon absorption cross sections
is given by the adcman module as part of the Q-Chem program package [19].
An overview is given in [20]. The newly derived methods were all incorporated
within this framework.

This thesis is organized as follows. First, Chapters 2 and 3 give an overview
of existing quantum chemical methods for ground and excited state calculations
including their strengths and deficiencies. In the subsequent chapter (Chapter
4) the so-called scaled-opposite spin approximation (SOS) [21] is discussed and
applied to the extended version of ADC(2). The newly derived SOS-ADC(2)-x
method aims at an improved inclusion of doubly excited states in second-order
ADC methods and a simultaneous reduction of computational time.

In Chapter 5 an implementation of spin-orbit coupling elements with ADC
methods up to third order in perturbation theory is introduced. For this purpose
the atomic mean-field integral program AMFI of B. Schimmelpfennig [22] was
incorporated into the adcman module of the Q-Chem program.

The final chapter of the theoretical part (Chapter 6) is concerned with the
identification of plasmons by ab initio methods. A scaling approach that was
previously established for the semi-empirical time-dependent density functional
theory is transferred to the ab initio ADC methods. Additionally, the theory
of plasmons from both, a classical as well as quantum theoretical point of view
is reviewed. The discussion is based on the free electron gas as an illustrative
example. Especially, characteristics are given for the classification of plasmons
on a microscopic level.

The second part of this work is devoted to applications of the previously
derived methods and to a joint theoretical and experimental investigation of
the photoinitiated processes in coumarin derivatives. Chapters 7 and 8 present
test calculations for the methods introduced in Chapters 5 and 6, respectively.
For the spin-orbit coupling elements the molecules thiophene, dithiin and two
coumarin derivatives were chosen. The approach for the identification of plas-
mons was applied to a series of linear polyenes. These molecules inhibit an elec-
tron system that is delocalized along the molecular chain and therefore allow
for a comparison with the results of the homogeneous electron gas in Chapter
6.

Finally, Chapter 9 is concerned with the photochemical relaxation pathways
in coumarin molecules. Mainly ADC methods have been used in combination
with experimental results from the group of M. Motzkus [23]. This thesis closes
with Chapter 10 where the achievements are summarized and an outlook on
future work is given.
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2. Basic Quantum Chemical Methods

The basic equation of quantum mechanics is the time-dependent Schrodinger
equation

HU(x,t) = ihaat\ll(x,t). (2.1)

The time-evolution of a system characterized by the Hamilton operator H is
given by the wave function ¥(x,¢) that depends on space x and time ¢. In the
case of no explicit time-dependence of the Hamilton operator the wave function
can be separated into a time-independent part ¢ (x) and a phase factor ¢(t)
describing the time-evolution:

U(x,t) = (x)o(t).

The time-independent, stationary wave functions v (x) are eigenfunctions of the
Hamilton operator with the energies F as eigenvalues:

Hi(x) = Ed(x). (2.2)

This eigenvalue equation is called the time-independent Schrodinger equation.
Then, from the time-dependent Schrodinger equation one gets

gf)(t) — e—iEt/h'

For a molecular system composed of M nuclei with nuclear charges {Z;}, masses
{M;}, and positions R = {R;} as well as N electrons located at positions
r = {r;} the Hamilton operator in atomic units! reads as

H= —§Z—v]—72v2

=
T X
M M
AVA
+;JZ:[| R;—Ry| 2;|r—RI|+;§|rl_% (2.3)
VNN Vive ng

The first two terms represent the kinetic energy of the nuclei (TN) and the
electrons (Te), respectively. The other three terms are the potentials of the
repulsions between the nuclei (Viyy), the attractions between electrons and
nuclei (V) and the repulsions of the electrons (V).

1me:e:h:47r60:1



2. Basic Quantum Chemical Methods

Unfortunately, the eigenvalue equation cannot be solved analytically for mol-
ecular systems with more than two particles, namely one-electron, hydrogen-
like systems. Finding approximate solutions to the Schrodinger equation for
many-electron systems is therefore the main goal of quantum chemistry. In the
following sections some of the most important concepts and approximations
will be introduced and discussed. While this chapter focuses primarily on the
description of the electronic ground state, Chapter 3 deals with electronically
excited states.

2.1. The Born-Oppenheimer Approximation

Usually, the first step to solve the molecular Schrodinger equation forms the
separation into an electronic and a nuclear eigenvalue problem, called the adi-
abatic or Born-Oppenheimer approximation [24]. This is motivated by the fact
that the light electrons move much faster than the heavy nuclei. Consequently,
the electrons can be, to a good approximation, regarded to move in the field
of fixed nuclei. The electronic Hamilton operator within this approximation is
given by:

I_}el = Te + VNe + Vvee-

The corresponding purely electronic energies E,;(R) and wave functions ¥ (r|R)
are obtained by solving the electronic Schrédinger equation

I:Iel\IJel(r|R) = Eel(R)\Ilel(ﬂR)
and depend parametrically on the coordinates of the nuclei R. The total energy
FEy for the system with fixed nuclei can be retrieved by including the potential
energy of the nuclear repulsions:

Etot(R) = Eel(R) + VNN(R).
Finally, the nuclear Hamiltonian
Hy =Ty + Eit(R)

describes the motion of the nuclei in the average field of electrons. By solv-
ing the respective nuclear Schrédinger equation information about vibrations,
rotations and translations of the molecule can be obtained. Thus, within the
Born-Oppenheimer approximation the total energy as a function of the nuclear
coordinates provides a potential energy surface (PES) on which the nuclei are
moving. It constitutes a good approximation as long as ¥, is a slowly varying
function with respect to the nuclear coordinates which is usually the case as
long as the PESs of the different electronic states under investigation are well
separated. Consequently, the Born-Oppenheimer approximation breaks down
close to avoided crossings and conical intersections.

Finally, the total wave function is given by the product of the electronic and
nuclear wave function

¥(r,R) = ¥q(r[R)¥N(R).

10



2.2. The Electron Spin

All methods introduced in the next sections will operate within the Born-
Oppenheimer approximation and seek for solutions of the electronic Schréodinger
equation only. Therefore, the subscript el will be omitted and all Hamiltonians
and wave functions will be considered electronic unless stated otherwise.

2.2. The Electron Spin

In this work, the spin-free molecular Hamiltonian and non-relativistic quantum
theory is considered. In this case, spin has to be postulated a posteriori. As
spin is an intrinsic property of the electron and has no classical analogue, the
correspondence principle cannot be used to derive the corresponding quantum
mechanical operators. Instead, the spin angular momentum operators S?, 5},
S'y, S, are postulated in analogy to the orbital angular momentum operators
as linear and Hermitian operators obeying the commutator relations [25,26]

Sz, 8,] = ihS.,  [S,,S.] =ihS,,  [S.,S.] =ihS,.

The non-relativistic Hamiltonian of equation 2.3 commutes with the total spin
S? and its z-component S.. Thus, its eigenfunctions are eigenfunctions to 52
and S, with eigenvalues S(S+1)h2 (S = 0,1/2,1,...) and M,h (M, = —S, —S+
1,...,8 = 1,5), respectively. Singlet states are characterized by S = 0 and
triplet states by S =1 (Mg = 0,+£1). Throughout this work capital letters will
be used to denote spin eigenvalues of many-electron systems while lower case
letters will be employed for one-electron systems.

For electrons (s = %) the two eigenfunctions to SZ with ms = —l—% and mg =
—3 are denoted as a(my) and 3(m;), respectively. The discrete variable m
represents a convenient choice for the spin coordinate and the form of the spin
functions is determined by

|1 for mg= —i—%
Mm”‘{Oﬂny%:_é
| 0 for mg= +1
Bms) = { 1 for mg= —g

The spin functions a(ms) and B(ms) form a complete basis of the spin space
and are orthonormal to each other:
1/2
(o|T) = Z 0" (ms)T(ms) = bo.r

ms=—1/2

where o and 7 refer to general spin functions (o, 7 € {«, 5}).

Finally, in non-relativistic theory one-electron functions (spin orbitals) y are
given by a product of a spatial function with the respective spin function. Given
K spatial orbitals ¢(r), 2K spin orbitals of the form

X2i—1(x) = ¢i(r)a(ms)
x2i(x) = ¢i(r)B(ms)

11



2. Basic Quantum Chemical Methods

with ¢ = 1,2,... K can be obtained. Here, x represents collectively spatial (r)
and spin coordinates (ms). As long as the spatial orbitals are orthonormal, the
spin orbitals are as well:

(i) = / X)X ()dx = 3 / XL () (r,my)dr = ;.

According to the spin-statistics theorem [25,27] an N-electron wave function
U(x1,X2,...,Xy) has to be antisymmetric with respect to interchange of any
two electrons:

ﬁij\Ij(XhXQ: v 7XN) = _\I/(Xl,XQ, A 7XN)7

where 7Sz‘j denotes the permutation operator. In the simplest case of a system
of N non-interacting electrons the total wave function is therefore given as the
antisymmetrized product of spin orbitals. Such an antisymmetrized product is
mathematically most easily expressed by a so-called Slater determinant (SD)

Ix1(x1)x2(x2) - - XN (%XN)) [25,27]:

. x1(‘X1) Xl(‘Xn)

ha(xa)xe(xe) - xw (x)) =~

Xn<X1) Xn('xn)

For later reference it will prove useful to define the ladder operators S+, S,
Sy as linear combinations of the Cartesian components Sy, Sy, S. of the spin
operator [26]:

$, =8 +i8, =9 S =8 -8,
Their effect on the spin functions o and 3 is given by

A 0 for o=«
S+O'{ o

for o=p
5 | p for o=«
SU_{O for oc=p

G oo +1/2ha for o=«
07= 9 —1/2h8 for o =75

Closely related are the tensor operators with the spherical components S+1,
S_1, Sy defined by [26]

Si1=——(8,+i8,) So=8. S1=—(8, —iS,) (2.4)

V2
The cartesian components with respect to these operators are then given by

1 R . .
Se = 72(5—1 —S541) Sz =50 Sy = —=(S-1+ 841)- (2:5)

7
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2.3. The Hartree-Fock Method

A general irreducible tensor operator 7 ®) of rank k is an operator whose com-
ponents transform among themselves under rotations. It has 2k + 1 components
fq(k) with ¢ = —k,—k + 1,...,k — 1,k that form a basis of the three dimen-
sional rotation group [26]. Tensor operators of rank zero are scalar operators
that contain only one component and are invariant with respect to rotations.
An example is the Hamilton operator (operator of the energy). The spin oper-
ators 5}1 and 5’0 are the components of the first-rank tensor or vector operator
S. The relation between spherical and Cartesian components is specified by
equations 2.4 and 2.5. The spatial angular momentum operator is of the same
type. The notion of irreducible tensor operators will become important when
discussing spin-orbit coupling elements in Chapter 5.

2.3. The Hartree-Fock Method

The Hartree-Fock method [25,27,28] is a fundamental approach to the approxi-
mate solution of the electronic Schrédinger equation given in Section 2.1 and its
solutions will serve as the starting point for the methods introduced in the next
section. Approximating the molecular N-electron wave function as a single SD
Ix1(x1)x2(x%2) ... x~n(xn)) forms the basis of this method. Here, x represents
again collectively spatial (r) and spin (ms) coordinates. By employing the vari-
ational theorem those orbitals are determined which minimize the expectation
value of the energy under the restriction that (x;|x;) = di; (orthonormality of
the orbitals). These are exactly those that satisfy the Fock equation (diagonal-
ize the Fock operator)

FX@'(X) = & xi(x)

with £ being the Fock operator:

1 Moz
; I HF
F=—-V*_ —— v
VR
I=1
Here, v"F represents the average potential acting on electron i and is generated

by the remaining N — 1 electrons. Thus, the N-electron problem is replaced by
a coupled set of N one-electron problems and the electron-electron interaction
is averaged. The potential v ¥ is given by

x 1 . .
=3 [ GO = P =3 =
J i

The operators jj and Ji}] are called Coulomb operator and exchange operator,
respectively, and are defined as
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2. Basic Quantum Chemical Methods

As v1F depends on all (occupied) spin-orbitals, the Hartree-Fock equations are
non-linear and need to be solved iteratively. Thus, this method is often called
self-consistent field (SCF) method. Once the N occupied spin-orbitals have
been determined, the Fock operator becomes a Hermitian operator with an —
principle — infinite number of solutions. In practical calculations, however, the
spin-orbitals are represented in a finite set of K atomic basis functions. In this
case, the SCF procedure yields a set of 2K spin orbitals {,} with energies {¢,}.
The ground state wave function within the Hartree-Fock approximation (within
this work always referred to as ®¢) is given by the SD over the N energetically
lowest occupied spin orbitals:

Py = [x1X2---XN)-

Consequently, the ground state energy is given by
=g Gl (2.6)

LT L

% i
with the orbital energies

S Oy 2 2 21
e = plhlp) + > (pjllpi),  h=--V2->
J

Here and throughout the rest of this work {1, j, k, ... } denote occupied orbitals,
{a,b,c,...} are used for unoccupied orbitals and {p,q,r,...} indicate general
spin orbitals without a specific occupation. Moreover, the following convenient
notation for two-electron integrals is employed:

(pql|rs) = (pqlrs) — (pq|sr)
. 1
with  (pg|rs) = / / X5 (30X (%) = (%) x5 (X ) dxdx’,

In the first term of the ground state energy expression 2.6 the orbital energy ¢;
describes the energy of the electron occupying the spin orbital y; and includes
the kinetic energies of this electron, its interactions with the nuclei and its
Coulomb and exchange interactions with the remaining N — 1 electrons. Here,
the integrals (ij|ij) = <z]/¢;|z> are expectation values of the local Coulomb
operator and describe the classical Coulomb interaction between the charge
clouds |x;(x)* and |x;(x')|?. Therefore, they are called Coulomb integrals.
On the other hand, the exchange integrals (ij|ji) = (z|</“i}]]z> are expectation
values of the non-local exchange operator and arises due to the antisymmetric
character of Slater determinants. They do not have any classical analogue.
Clearly, neither explicit interactions between the electrons nor dynamical
effects are included in this method. Only the exchange correlation due to the
antisymmetry restriction to the wave function is recovered. Consequently, the
probability to find two electrons with same spin at the same position in space
is zero while the respective probability for electrons with opposite spin is not.
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2.4. Electron Correlation

The difference to the exact ground state energy & is called the correlation
energy ECOTT

Ecorr = 80 - E(l)qF

Some of the methods to recover at least parts of the correlation energy will be
introduced during the next section. As they are based on a previous Hartree-
Fock theory (HF) calculation, such methods are often referred to as post-HF
methods. In most cases they make use of the fact that a HF calculation yields
more spin orbitals than are needed to construct the N-electron HF ground
state wave function. The remaining unoccupied or virtual orbitals are used to
construct excited determinants which are then employed to derive an improved
description of the ground state. This principle is used in most excited state
methods, as well.

2.4. Electron Correlation

2.4.1. Second Quantization

Before proceeding to the description of electron correlation it will prove useful
to introduce the concept of second quantization [28,29]. Within this formalism
not only observables are expressed as operators but also the wave functions.
Specifically, the wave functions as well as the operators from first quantization
are expressed in terms of creation and annilihation operators acting on the
vacuum state. The antisymmetry of the wave functions follows directly from
the anticommutation properties of these operators and the treatment of many-
electron systems is greatly simplified.

Given a basis of K orthonormal spin orbitals {x,(x)}, every SD can be as-
sociated with an occupation number (ON) vector |k) = |ki, ka,...,kx) with
k, = 11if x; is occupied and k, = 0 if x; is unoccupied. The ON vectors form a
linear vector space called the Fock space and by

K
(kjm) = dicm = [ ] 64,m,
p=1

an inner product between ON vectors |k) and |m) is defined. Thus, ON vectors
with different numbers of electrons have a well defined overlap. This is one of
the major advantages of this formalism and allows one to treat systems with
different number of electrons in a consistent manner. The ON vector containing
no electrons is called the vacuum state |vac) (k, = 0 Vp).

The creation c;[, and annihilation operators ¢, change the number of electrons
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2. Basic Quantum Chemical Methods

when acting on ON vectors and are defined as follows:

IXlky, ko, ... 1y, ... kg) for k, =0
t _ p 1, M2, s 1ps y VK P
ki, ko, ky, . k) {0 for &, —1
K|k, Koy .o, 0p, ..o ki) for Ky =1
— P 9 b y VP 9 P
Cp|/€1,k‘2,...,k‘p,...,k‘K> {0 for kpzo
p—1
with Tk = JJ(-1)".
q=1

Consequently, cz; increases the electron number by one and creates an electron
in a virtual orbital a while ¢; reduces the electron number by one and removes
an electron from an occupied orbital 3.

They fulfill the following anticommutation relations:

[C;[)v Cj]]Jr =0, [CP’C(J]_A,_ =0, [C;r)’ CQ]+ = 510!1'
These relations determine all other algebraic properties of the wave functions
and operators. Especially, the antisymmetry of the wave functions follows di-
rectly. Therefore, within the formalism of second quantization any antisym-
metrized N-electron wave function represented as an ON vector can be gener-
ated by simply applying a chain of creation operators to the vacuum state:

k) = [H(CL)'“”

p

|vac).

Similarly, operators can be expressed in terms of creation and annihilation
operators, too. Any one-electron operator O; = Zfil 0(x;) acting on an N-
electron system can be expressed within the basis of K orthonormal spin orbitals

{xp(x)} as

N
Ol = Z Z <Xp’é|Xq> ’Xp><Xq|-
=1 ra :Opq

With the restriction that the expectation values obtained within first or second
quantization must be equal, i. e., that the matrix elements of the operators have
to be the same, one-electron operators take on the following form in second
quantization:

Ol = ZOpqc;r,cq.
pq
Similarly, two-electron operators Oy = Z%:L# j 0(xi,x;) are represented by

Oy = Z Opqrsc};cj]cscr

pgrs

with Opgrs ://X;(Xl)xz(xg)a(){l,XQ)XT(Xl)XS(XQ)dX1dX2.
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2.4. Electron Correlation

Finally, the molecular Hamiltonian has the following form in second quantiza-
tion:

H= Zh qc cq+ = Z (pq|rs) c cf 4CsCrs
quS

where hy, are the matrix elements of the one-particle terms of the electronic
Hamiltonian according to:

hpe = (plhlg)  with  h= —fv2 Z - Rz\

2.4.2. Mgller-Plesset Perturbation Theory

Mpgller-Plesset perturbation theory [27,30] constitutes a special case of Rayleigh-
Schrodinger perturbation theory [31]. Therefore the more general case will be
presented before proceeding to Mgller-Plesset perturbation theory itself.

Within perturbation theory (PT), the Hamiltonian is partitioned into two
parts where the solutions to the first, dominating part f[g are known and the
influence of the second part W is treated as a perturbation:

ﬁ:ﬁo+m

where the solutions to fI0|\I’Z(-O)> = EZ-(O) |\IIEO)> are known. As long as the pertur-
bation is small the eigenvalues and eigenfunctions of Hy should lie close to those

of H (denoted as & and ;). PT seeks for a way to systematically improve EZ-(O)

and \IIZ(-O) to approach the exact solutions & and W;.
First, an ordering parameter A (later, A = 1 will be chosen) is introduced

ﬁ:ﬁo—i-)\w

and the exact eigenfunctions and eigenvalues are expanded in a Taylor series in

Al
& =E f’+AE<)+A2 @4 . (2.7a)
v, =09 1 ael 4 2e §)+.... (2.7b)
Additionally, the intermediate normalization <\IJ§O) |¥;) =1 is chosen leading to
@y =0 for n=1,2,3,... .

By inserting the expansions 2.7 and equating coefficients of A" the eigenvalue
equation (Hy + W)W, = &P, can be separated into multiple equations:

Holw!”) = By (2.8a)

Holwi) + wiw®) = e 1w) + EMw”)  (2.80)
ooy +wiw) = BV + BV + BY ) (280)
(2.8d)
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2. Basic Quantum Chemical Methods

Multiplication from left with <W£0)| leads to the following expressions for the
energy corrections up to second order:

To obtain the first-order correction to the wave function, it is expanded in the
complete orthonormal set of unperturbed eigenfunctions {\II%O)}:

=3 W) with a, = (TO[E). (2.10)

Then the set of coefficients {a, } can be determined by multiplication of equation

2.8b with (\II%O)|, n # i from the left. This results in the following expression
for the first-order correction to the wave function:

|\If(1)>:2<(o)mo|‘1’ffo>
P T o

2

[wP).

n

The corrections for higher orders can be obtained similarly.
Finally, Mgller-Plesset PT consists of a special choice of the unperturbed
Hamiltonian, namely the Hartree-Fock operator [27,30]:

Hy = E epc;)cp,
P

where {¢,} are the Hartree-Fock orbital energies. The remaining part of the
correlation energy is treated pertubatively:

W =— ZZ (pk||qk)c cq+ Z (pq|rs)ct ¢y qcscr

pq'rs

For convenience, the second quantized form of the operators was chosen.

Given this form of the Hamiltonian, the expressions for corrections to the
ground state HF energy Fy and wave function ®g can be easily derived using
equations 2.9 and 2.10:

-

a1 o

By’ =5 > iillif)
i

EY = N tijalijllab)

1<j,a<b

(1)
E twabc cbczc] | Do)
1<j,a<b
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2.4. Electron Correlation

Here, t;;4p are the so-called T-amplitudes and are defined as

(abl|if)

€q + €p — € — €

tijab = (2.11)
The sum E(go) + E(gl) just gives the Hartree-Fock energy. Therefore, the first
improvement over HF is given by the second-order correction. The resulting
MP2 method, whose computational effort scales with N° (N being the number
of basis functions), offers a good compromise between cost and accuracy. As the
MP perturbation series is not guaranteed to converge and due to the increasing
computational cost, it is rarely employed in orders higher than third or fourth.

2.4.3. Configuration Interaction

In configuration interaction (CI) [27,28], the wave function is expanded in a
linear combination of N-electron excited Slater determinants:

Co +ZC]C'[
I

Cr = {cjlci; clclcicj,a < b,i < 7; clczcicicjck,a <b<ci<j<k;..}

) = |®o) (2.12)

The expansion coefficients ¢y and ¢y are obtained by applying the variational
principle. This is equivalent to representing the Hamilton operator within the
basis of the excited Slater determinants |®;) = C7|®g) and solving the eigen-
value equation

HC = CE“’.

By diagonalization, the ground state energy as well as the excited state energies
can be obtained. The matrix C contains the eigenvectors of H and therefore
the coefficients ¢;. The matrix E¢7 is diagonal and gives the energies of the
various excited states.

If all possible excitation classes are considered, the method is referred to as
full-CI (FCI). It yields the exact results within the chosen basis. However, given
an N-electron system and M basis functions, the dimension of the resulting
2M

N
for systems that comprise more than a few atoms.

By truncation after certain excitation classes approximate CI methods are
obtained. Truncation after the single excitations leads to CIS, after doubles to
CISD (or CID) and so on. Due to Brillouin’s theorem [27] the ground state
energy is not improved by singly excited determinants and the first corrections
of the ground state are introduced by double excitations. Consequently, CIS is
only an excited states method and will be discussed in detail in Section 3.1.

The major drawback of CI methods is that size-consistency is lost for all
truncated methods apart from CIS. By contrast, the coupled-cluster ansatz
presented in the next chapter allows for a truncation associated with excita-
tion orders but conserves size-consistency. However, it is conceptually more
demanding.

eigenvalue problem amounts to < > This is computationally not feasible

19



2. Basic Quantum Chemical Methods

2.4.4. Coupled-Cluster Theory

The linear parametrization of the CI wave function is the cause for the loss of
size-consistency when the CI expansion is truncated after a certain excitation
class. In coupled-cluster (CC) a product form is chosen instead [28]:

|wCCy = [Ha +t;C7)

1

|®). (2.13)

The expansion coefficients ¢; are called coupled-cluster amplitudes. If all orders
are included, the same result as with FCI is obtained and only the parametriza-
tion is changed. However, if this expansion is truncated after a certain class of
excitations, the size-consistency is preserved.

In order to make algebraic manipulations more convenient, 2.13 is usually re-
placed by the following exponential ansatz (l—i—C’I = exp(é'[) due to C’Iéf\¢>0> =
0):

[0CC) = exp(T)| Do),

where 7 is the cluster operator defined by
ik
. T
exp(T') = &l
k=0
T:T1+T2+T3—|—...
Ty = th’aclcz', Tp = Z tiabclepeics,
ia a>b,i>j
Unlike the previous methods, the solution is not obtained by a variational
method, which would be cumbersome and applicable only for small systems,
but by projection of

H|®o) = E°C|dy)

to (Po| and the excited Slater determinants (P;| = (CDO\CA‘}. This yields the
following set of coupled equations

(®o| H|®o) = ECC (2.14a)
(@] H|®o) = 0. (2.14b)
Here, H denotes the similarity-transformed Hamilton operator
= exp(=T)H exp(T).

As they are coupled, the CC equations 2.14 have to be solved iteratively. Apart
from being size consistent at all truncation levels the hierarchy of CC meth-
ods converges faster with increasing truncation level than the respective CI
methods because of the efficient parametrization. Therefore, CC methods are
very popular methods and widely used. Nevertheless, the obtained energies are
no longer an upper bound for the exact ground state energy due to the non-
variational character. Because of the high accuracy, this does not, however,
impose a serious restriction.
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2.4. Electron Correlation

2.4.5. Complete Active Space Methods

The methods introduced so far are all so-called single-reference methods as they
employ only one set of orbitals obtained during an initial HF calculation. The
orbitals are, however, not well-suited for situations including strong correlation
effects or when more than one SD is necessary for an adequate description.
Thus, all these methods become problematic when the electronic states are not
well separated. In such cases multi-configurational approaches are necessary
in which the expansion coefficients of a full-CI expansion and the ones of the
molecular orbitals are simultaneously optimized. However, this treatment has to
be limited to a specific set of orbitals in order to guarantee numerical feasibility.

In complete active space self-consistent field (CASSCF) [11] a small subspace
is selected from the Hartree-Fock orbitals in which a full-CI calculation is per-
formed. This active space contains occupied as well as virtual orbitals. For
all other orbitals the occupation numbers are left constant and only the orbital
expansions with respect to the basis functions are re-optimized. To further save
computational effort, the lowest occupied and maybe the highest unoccupied
orbitals can be frozen as electron correlation is expected to have only little effect
on them. In this case they are neither considered during the CI calculation nor
are their expansion coefficients changed.

However, the choice of relevant orbitals for the active space is not a trivial
task and usually requires a priori knowledge of the system under consideration.
The fact that close lying orbitals may change their order when the molecular
geometry is varied or even during the re-optimization of their coefficients hinders
the selection furthermore. An additional limitation is given by the size of the
active space. Usually not more than ten to twelve electrons in twelve to fourteen
orbitals can be considered with reasonable computational effort.

Moreover, the state for which the optimal orbitals are determined is crucial.
For instance, for excited state calculations it is recommended to use state-
averaged orbitals which are optimized to simultaneously represent a certain
number of excited states in addition to the ground state. With that approach
one can avoid running a CASSCF calculation for every state of interest sepa-
rately.

Despite the fact that it is definitely no black-box method and that the active
space as well as the number of states during the state averaging have to be
chosen with great care, CASSCF provides an efficient and reliable approach in
cases where the multi-configurational character of the wave-function has to be
considered as, e. g., close to conical intersections or at large bond distances.

In the CASSCF wave function only static correlation due to long-range effects
is included. The effects due to dynamical correlation or, in other words, short-
ranged and instantaneous electron-electron interaction are still not considered.
One way to incorporate such effects is to use perturbation theory on top of the
CASSCF wave function resulting in the popular complete active space second-
order perturbation theory (CASPT2) [11] method. The multi-state CASPT2
approach offers an extension to conventional CASPT2 for situations in which
more than one reference state is required for an appropriate assessment of the
problem. Such calculations are usually performed on top of state-averaged

21



2. Basic Quantum Chemical Methods

CASSCF and the coupling up to second order in dynamical correlation energy
is considered. Apart from accounting appropriately for dynamical correlation
effects, the obtained states are orthonormal to each other which is not guaran-
teed during single-state CASPT2 but highly desirable when the final states are
to be used for further calculations like spin-orbit coupling effects.

2.5. Density Functional Theory

Density Functional Theory (DFT) [32] is a widely applied and efficient semi-
empirical method. Its basic variable is given by the electron density. While
the complexity of a wave-function based method increases exponentially with
the number of electrons, the electron density of an N-electron system depends
solely on the three spacial coordinates. This difference explains the efficiency
of density functional methods.

Modern density functional theory is based on the Hohenberg-Kohn theorems
[33]:

1. The electron density uniquely determines the Hamilton operator and all
properties of the system.

2. Validity of the variational principle.

On the basis of these theorems the ground state energy Fp can be written as a
functional of the ground state density pg:

Eo[po] = T'[po] + Eeelpo] + Ene[po] = /PO(F)VNedI‘ + Fr(po)
and

Frk(pol = Tpo] + Eee[po]

is called the Hohenberg-Kohn functional. Here, En¢[po] describes the interac-
tion between nuclei and electrons and can be calculated. Unfortunately, neither
the functional of the kinetic energy T'[pp] nor the functional for the electron-
electron interaction Ee[po] are known.

For the electron-electron interaction at least the classical Coulomb part J[p]
can be determined. The non-classical contribution E,.[po] remains unknown
and contains the correction for the self-interaction, exchange and Coulomb cor-
relation.

Beclpo) = Tlpo) + Bualpn) = 5 [ [P0 o+ .

Although the functional in this form is generally valid, the fact that the
form of the kinetic energy and the non-classical contributions to the electron-
electron interaction are unknown prevents any application. The breakthrough
was achieved 1965 by means of the Kohn-Sham ansatz [34] that uses the reintro-
duction of single-particle functions (orbitals) ¢; as a mathematical trick. Here,
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2.5. Density Functional Theory

; is used instead of x; in order to distinguish them from Hartree-Fock spin
orbitals and in order to stress their purely mathematical character.

First of all, a non-interacting reference system S consisting of N particles is
defined and the ground state represented by a Slater determinant. The related
density ps is constructed to be equal to the exact density p. This trick makes the
calculation of the exact kinetic energy of the non-interacting reference system
T[p] possible:

N

1 2
Ti=—35 > (@il Vi)

i=1

Even though this term does not give the whole kinetic energy the difference is
small. The general density functional can be written as:

Eprprlpl = Enelp] + Ts[p] + J[p] + Exclp]- (2.15)

The exchange-correlation functional Ex¢|[p] contains the non-classical contribu-
tions to the electron-electron interaction E,, as well as that part of the kinetic
energy T¢[p] that is not included in T}[p]:

Exclp] = (T[p] — Ts[pl) + (Eee[p] — J[p]) = Telp] + Enclp)-

As in HF theory, the optimal orbitals are determined by employing the varia-
tional principle and minimizing the energy expression 2.15 under the constraint
(pilpj) = 0i;. Finally, a set of equations is obtained that has to be solved
iteratively:

FKS(Pz’ = €Y

with the Kohn-Sham operator

~ 1 1 p(r’
FES = —§V2 + vs(r) = —=V? +/ ( ),|

Z1
L e S .
5 r—r r d |r_RI|+UXC[P](I')

The external potential vs contains the potential for the interaction between
electrons and nuclei, a mean-field Coulomb interaction and the potential origi-
nating from the unknown exchange-correlation energy Exc defined by

vxclpl(r) = (SE(;;((igp]

Then, the ground state density is given by
po(r) = ps(r) =D > lpi(r,my)|*.
i Mg

Evaluating the energy expression 2.15 by using this density yields the ground
state energy.

If the exact form of the exchange-correlation functional Exc was known,
DFT would give an exact description of the system. The approximations start
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2. Basic Quantum Chemical Methods

by assuming an explicit form for Exc and the search for better functionals
is consequently an important field of research. However, it is not possible to
improve the exchange and correlation functionals systematically. A whole va-
riety of different exchange-correlation functionals have been developed, e.g.,
BLYP [35,36], BP86 [35,37], BSLYP [38], PBEO [39], BHLYP [40]. Depend-
ing on the system under consideration they provide good approximations for
the electronic ground state. It has to be stressed, however, that the obtained
ground state energy is only an upper bound to the exact energy of the model
Hamiltonian characterized by the chosen exchange-correlation functional but
not to the exact ground state energy.
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3. Quantum Chemical Methods for the
Description of Electronic Excitations

One of the greatest challenges in computational chemistry is the accurate de-
scription of excited states of large molecular systems and their properties [9-13].
Widely used methods are, among others, time-dependent density functional
theory (TDDFT) [10, 41, 42], configuration interaction (CI) methods as CI
singles (CIS) [43] or CIS with a perturbation correction for connected dou-
ble excitations (CIS(D)) [44], complete active space second-order perturbation
theory (CASPT2) [45,46], approximate linear response coupled-cluster (CC)
theory of second order (ri-CC2) [47,48], and a combination of density func-
tional theory (DFT) with multi-reference configuration interaction methods
(DFT/MRCI) [49]. If applied appropriately and with caution, they all can
provide valuable insight, however, “black-box” methods applicable to a broad
range of photochemical and -physical processes are still lacking and the descrip-
tion of charge-transfer and Rydberg states as well as of states with high double
excitation character have proven to be especially challenging [9-13]. In this
chapter, the most important excited state methods are presented.

A less known but nevertheless promising method for the calculation of excited
states is the algebraic diagrammatic construction (ADC) scheme [14-18]. It
constitutes a hermitian eigenvalue problem, like configuration interaction, and
is size-consistent as coupled-cluster theory. The elements of the corresponding
secular matrix are obtained by perturbation theory. Although originally ob-
tained using propagator theory [14], an alternative derivation via the so-called
intermediate state representation (ISR) has been introduced making the excited
state wave function accessible and thereby enabling the calculation of excited
state properties [15]. As this method will be extensively used throughout this
work it will be introduced in Section 3.3.

3.1. Configuration Interaction Singles (CIS)

As mentioned in Section 2.4.3, CI singles (CIS) is a truncation of the full-CI
expansion after the single excitations [11,27]. It does not give an improved
description of the HF ground state but can be used to calculate excited states.
In addition, it is the only truncated CI method that is size-consistent. Both
properties are consequences of Brillouin’s theorem [27] which states that the
HF ground state does not couple to singly excited SDs |®¢) = CILCZ-\(I)0>:

(@|H|®o) = (®o| H|®F) = 0.

Within the CIS approximation the excitation energies are given by the eigen-
values of the shifted Hamiltonian H — Eéq F represented in the basis of singly
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3. Quantum Chemical Methods for the Description of Electronic Excitations

excited SDs:
Hiq o = (DF|H — EJ'F|00) = (eq — €)0ij0a — (aj||bi)

The shifted Hamiltonian is used in order to obtain directly excitation energies
instead of absolute energies.

In dependence of the system and type of excited state that is considered,
the quality of the results varies strongly. The resulting excitation energies can
lie up to 2eV too high in energy [10]. This is a consequence of the fact that
the excitation energies are dominated by the orbital energy differences. The
occupied and virtual orbital energies, however, correspond to ionization and
electron attachment energies of the N-particle system, respectively. However,
an excitation process is better described by ionization and subsequent electron
attachment to the resulting N — 1-particle system. The Coulomb-exchange
integrals —(aj||bi) can only partially correct for this unbalanced treatment.
Therefore, CIS is nowadays rarely used despite its high efficiency.

However, there are extensions using perturbation theory that yield more ac-
curate and still size-consistent methods like CIS(D) [44] or CIS(Doo) [50].

3.2. The Approximate Coupled-Cluster Method CC2

The CC2 method [47] can be viewed as an approximation to CCSD in which
the doubles amplitudes are included in first order only. It can be derived from
the CC singles and doubles (CCSD) equations by neglecting all terms in which
products of double excitation operators occur. Historically, however, CC2 has
been introduced as a modification to MP2 in order to make the use of linear
response and the calculation of excited states possible. For linear response being
applicable corrections from single excitations have to be present. Therefore, the
singles of CCSD were taken and added to MP2.
The final ground state CC2 amplitude equations are given by:

(@71 + |1, T3 |@6) = 0

@\ + [, T3] |9g) = 0

where H denotes the T similarity transformed Hamiltonian

H = exp(—T1)H exp(T)

and |®¢) = clc,-\<1>0> and |<I>;1]l?> = cjlc;gcicj@g) are singly and doubly excited
SDs, respectively. The cluster operators Ty and Ty were already defined in
Section 2.4.4. When the ¢;-amplitudes are set to zero (Tl = 0), the MP2 results
are recovered. However, due to the artificial introduction of singly excited
configurations, some of the consistency of the MP2 method is lost and in general
MP2 should be preferred for ground state calculations.

Starting from this coupled-cluster equations a method for excited states can
be obtained by using linear response theory. Finally, the excitation energies are
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obtained by determining the eigenvalues of the Jacobian (A-matrix):

~

(@] [+ [A.8]). 78] |20} | (@¢] [ 7] |0)

ACC2 _ e ; — (3.1)
@@ [i7] 100) | (@l [B, 7] |0)
with 7o =cle and %fjb = cjlc;;cicj.

Here, F' denotes the Fock operator. CC2 has the advantage that it scales only
with fifth order and not like CCSD with sixth order with respect to the num-
ber of basis functions. However, it incorporates the same disadvantage as all
coupled-cluster methods. The eigenvalue problem is not hermitian and in prin-
ciple complex eigenvalues can occur. Close to the ground state minimum this
is usually not a problem but at large distances or close to conical intersections
it can become crucial.

When the t;-amplitudes are set to zero, the eigenvalue equation of CIS with
quasidegenerate second-order perturbation corrections (CIS(Ds)) [50,51] re-
sults:

@) (A + [,D]), 7] 1@0) | (@21 [A, 7] 120)

@@ [m 5] 100) | (@] [F, 7] 120)
This secular matrix is closely related to the ADC(2)-s secular matrix introduced
in the next section. Therefore, all three methods, CC2, CIS(Dy,) and ADC(2)-

s, vield similar excitation energies in most cases and scale with N°, N being
the number of basis functions.

ACIS(De) —

(3.2)

3.3. Algebraic Diagrammatic Construction

The algebraic diagrammatic construction (ADC) [14-18, 52] scheme has origi-
nally been derived within the framework of Green’s function theory by employ-
ing diagrammatic perturbation theory to the polarization propagator and using
the typical Mgller-Plesset partitioned Hamilton operator [14]. Here, we present
an alternative and conceptually less demanding route based on the intermediate
state representation (ISR) approach [15].

Within the ISR, the exact excited states |¥ ;) are expanded using a complete
set of intermediate states |¥ ;). These are constructed from the exact ground
state |Wp) by applying excitation operators Cr (compare equation 2.12) and
subsequent Gram-Schmidt orthonormalization. Orthogonalization with respect
to the ground state leads the so-called precursor states |\IJ?&>

(W) = Cy|Wo) — |Wo) (To|Cr|Wo)

In a second step the precursor states are orthonormalized among each other
according to

W) Z\‘I’# S,
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3. Quantum Chemical Methods for the Description of Electronic Excitations

where S is the overlap between two precursor states:
Sia = (WFWF) = (Wo|CICy|Wo) — (Wl CFWo) (Wo|Cy | Wo)

Then, the excitation energies can be obtained by representing the subtracted
Hamiltonian H — &y (& being the exact ground state energy) within the basis
of these intermediate states

M]J = <¢1]‘ﬁ — go"ij)
and solving the corresponding eigenvalue problem
MX = XQ.

Here, € denotes the eigenvalue matrix and X the matrix of eigenvectors.

Obviously, neither the exact ground state wave function nor the exact ground
state energy are known. In the ADC class of models explicit expressions for the
correlated excited states are derived by starting from the respective quantities
in Mgller-Plesset perturbation theory [30]. The resulting matrix M is called
the ADC-Matrix and given as an explicit perturbation expansion:

M=MO® +r M® + M® .

Truncation after the n-th order in perturbation theory yields ADC(n). Thus,
if MP2 is used for the ground state, ADC(2) is obtained while MP3 leads to
ADC(3). Figure 3.1 summarizes the structure of the ADC(n) secular matrix
up to third order. In second order, which has been extensively used in this
work, it spans the single (particle-hole, ph) and double excitation (2p2h) man-
ifold. Singly excited states (ph/ph block) are treated through second order of
perturbation theory and their coupling to doubly excited states (ph/2p2h and
2p2h/ph blocks) in first order. In its strict variant, denoted ADC(2)-s, doubly
excited states are included in zeroth order and the 2p2h/2p2h block is diagonal
containing only the orbital energy differences. Its computational cost scales as
CC2 with N°, N being the number of basis functions.

For further reference, the explicit expressions for the ADC(2)-s matrix ele-
ments are given below [53]:

ph/ph block: Mia,jb K, gb T Cz(a)]b + Cz(a)jb

with Kia,jb = (Ea - Ei)(sab(sij
. — —(aj||bi)

ia,jb —
2 2
Cz(a)]b - Cz(a)]b + Cz(a)j Cl(a)jb
2 *
e = 5” [thtac (KLIIbe) + Eype (ac] 1))
ckl
oD = faab S [tikealklled) + tigegcd||ik)]
cdk
2)C 1 . N .
O = =5 2 [tinactikllbe) + tippelac[ik)
ck
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3.3. Algebraic Diagrammatic Construction

ph 2p2h
ph (0,1,2,3 --1,2
2p2h | -,-1,2 --0,1

Figure 3.1.: Structure of the ADC(n) matrix up to third order. The four numbers
indicate in which order of perturbation theory the respective blocks are included in
ADC(n) with n=0,1,2,3.

. 1 1
Coupling blocks: M;q kela = Ci(a,)kcld and M;ajb ke = Ci(a])'b,kc

with Oy = (kll[id)0ac — (kl|]ic)Saq — (all|cd)dy, + (ak|led)sy

CD = (kb||i5)0ac — (kallif)pe — (abl|ci)bin + (abl|ci)é

iajb,kc
2p2h/2p2h block: Miajb,kcld = Kiajb,k:cld

with  Kigjp ketd = (€a + €6 — € — €j)0acOpadind;i

The same secular matrix results from symmetrizing the CIS(D,) Jacobian that
is obtained from CC2 by setting the t1-amplitudes to zero (compare equations
3.1 and 3.2), according to [51]

_ L[ crsineg) c15(Ds)\ T
M= (A + (A ) .

This explains the close resemblance between the results from these three meth-
ods.

By adding the first-order correction terms from ADC(3) to the 2p2h/2p2h
block, the so-called extended ADC(2) (ADC(2)-x) method is obtained. It in-
corporates doubly excited states in first-order perturbation theory and scales
in sixth order with respect to the number of basis functions. However, the in-
fluence of doubly excited states is overestimated leading to excitation energies
that are too low [54]. Nevertheless, it proofs useful for the determination of
states with significant double excitation character as they are stronger shifted
than singly excited states when switching from ADC(2)-s to ADC(2)-x.

The matrix elements of the 2p2h/2p2h block in ADC(2)-x are:

(1)
Miajb ket = Kiagvkeld + Cig b kela

29



3. Quantum Chemical Methods for the Description of Electronic Excitations

Cz'(ij)‘b,kcld = (ab||cd)dir0;1 +
— [ak||ci)dpadsi + (al||ci)dpadin + (bk||di)dacdji + (bl]|dj)dacdik
+ [(al|ci)dpadjn +

[ {

[ akHcy)ébdéd + <blHdi>(5ac5jk + <bk‘”dj>(5ac5il
[ ( (

[

—~

El]]i7)0acOba

o~ T~~~

+ (ak”di>5b05jl + alHdg)ébC zk+ bk"ci>5ad(5jl + bchj>5ad5ik
— [(al||di)dpedjk + (ak||dj)dpedin 4 (bl]|ci)daadsn + (DEl|cT)daddi

The ADC(n) hierarchy of methods comprises the advantages of both, configura-
tion interaction and coupled-cluster, as containing an hermitian secular matrix
as well as being size-consistent in all orders. For a detailed comparison between
ADC, CI, and CC methods see, e.g., [18,52,55].

Once the eigenvectors Y, have been determined, the excited state wave func-

tion is given by
= Y[¥).
I

Thus, the knowledge of the intermediate states allows the calculation of arbi-
trary one-particle properties O,, or one-particle transition properties O, where
the respective one-particle operator Oy is given by O, = qu OpgCpcy:

]
]
]
]

Onm = (Un|O1|W0) =) Opgppa™  with  pp™ = (W cfeg [ W)
Op = (U,|01|%,) = Z Opgpp,  with — pll = pl.

The quantities pp;"" and Ppq are the one-particle reduced transition density ma-
trix between states n and m and the one-particle reduced density matrix of state
n, respectively. Examples for such one-particle properties are transition dipole
moments, which allow the calculation of oscillator strengths, dipole moments
or spin-orbit coupling elements.

Consequently, the determination of the transition density matrices is of great
importance. The ADC one-particle reduced transition density between the
ground and an excited state |¥,,) is given by

p;LZJO = <\Iln]c;',cq\\1’0> = ZYn,I <\i}l|c;r)cq’l1’0>7
—_——
! qu,I

where fp, 1 are the so-called spectroscopic amplitudes within the intermediate
state basis. Like the ADC secular matrix the vector f,, can be expressed as a
perturbation series

— ¢(0 1 2
fog = £0) + £ +£2 + ...

Depending on the truncation, corrections to the transition density of different
order can be derived. Similarly, perturbation expansions can be deduced for the
transition densities between excited states. Up to second order the following
correction terms contribute to the transition densities:

PO = pr0(0) 4 (1) 4 n0(2)

P = P+ .
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The explicit expressions for obtaining transition densities can be found in [20].
Within the present ADC code, the same order of perturbation theory is used for
the secular matrices as well as the transition density for ADC(1) and ADC(2)
methods. However, in the case of ADC(3) the expansions are truncated af-
ter second order and the transition density matrices are calculated from the
same expressions as in the case of ADC(2) but using the ADC(3) eigenvec-
tors [56]. This approach is chosen for all properties and the calculation of os-
cillator strengths because the number of terms to consider increases immensely
when going from ADC(2) to ADC(3). Nevertheless, it has been shown that this
approach (usually referred to as ADC(3/2)) yields excellent results [15].

An efficient implementation of ADC methods up to third order including
different properties like (transition) dipole moments or two-photon absorption
cross sections is given by the adcman module as part of the Q-Chem program
package. An overview is given in [20]. The methods developed within this work
were implemented within this framework, as well.

3.4. Time-Dependent DFT

The time-dependent density functional theory (TDDFT) [10,41,42] is an ex-
tension of conventional density functional theory (DFT) to include the time-
dependence of a system. It relies on the Runge-Gross theorem that establishes
a one-to-one mapping between the time-dependent density p(r,t) and the time-
dependent external potential vz (r,t). Thus, the time-dependent density de-
termines all physical observables.

Instead of the total energy as in the case of DFT, the action integral A[p] is
introduced as an unique functional of the density. Its stationary points

3A[p]

5 0
with Al = [ Dl o~ (1) ] (1)) .

yield the exact time-dependent density of the system.
Like in time-independent DFT (compare Section 2.5) a non-interacting Kohn-
Sham system with the same density as the interacting system is introduced:

p(r,t) = ps(r,t) = Z lpj(x, )%

The auxiliary single-particle functions ¢;(r,¢) fulfill the time-dependent Kohn-
Sham equations

0 1
zh&@j(r,t) = <—2V2 + vs(r,t)> p;(r,t)
. p(rlat) 5AXC[p]
with vs(T, 1) = Vegt(r, 1) + / F— dr’ + 5y
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3. Quantum Chemical Methods for the Description of Electronic Excitations

Apart from the fact that the exact exchange-correlation action integral func-
tional Axc[p] is not known and approximations have to be employed, it has
been shown lately that the proofs of the Runge-Gross theorems are erroneous
and that the action-integral is not suitable to construct equations of motion
for the time evaluation of the system [57,58]. Moreover, it is not a predictive
method and the knowledge of the exact time-dependent exchange-correlation
potential is necessary to reproduce the evaluation of the system.

However, within the framework of linear response theory, TDDFT can be
considered as an ad hoc extension of DFT and used for the calculation of excited
states. Usually, exchange correlation functionals from DFT are used.

Employing time-independent Kohn-Sham orbitals and energies from a ground
state calculation, the excitation energies can be obtained from the following
pseudo-eigenvalue problem:

A BY/(X) (1 o0 X
B* A* Yy )" %“lo -1 Y
with  Ajqjp = (€a — €)0ij0ap + (ajlib) + foiiy,
Biajb = (ablij) + fapij-

The exchange-correlation kernel fcf]‘?ib is given by

v (ajldunelib)  with  Suselpl(r.r) = < Leelll g5

e - e dp(r)op(r')’ '
For locally excited states TDDFT usually leads to reasonable results with er-
rors of 0.1-0.5eV. However, for Rydberg states, charge-transfer states or states
with a significant double excitation character TDDFT fails completely [10].
In the case of the former two, the respective states tend to lie far too low in
energy. This can even lead to artificial minima on the potential energy sur-
face [59]. Several approaches have been suggested to improve the description
of CT-states (e.g., [60-70]). Nevertheless, this hinders the application to, e.g.,
donor-acceptor systems, systems with a largely delocalized electron system or
transition metal complexes. Owing to its efficiency, TDDFT is still one of the
most popular excited state methods for medium to large molecules.
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4. Scaled-Opposite-Spin-(SOS)-
ADC(2)-x

With the concept of scaled opposite-spin (SOS), a pragmatic semi-empirical
approximation has been introduced to the ADC(2)-x method that leads to a
significant saving in computational effort. The parameters included were fitted
with respect to a benchmark set of electronically excited states in standard
organic molecules that include some doubly excited states, as well. Like the
original, unscaled ADC(2)-x scheme it can be used to identify electronically
excited states with high double excitation character, however, at reduced com-
putational cost. At the same time, it is possible to reduce the overestimation
of doubly excited configurations that is inherent to ADC(2)-x (compare Sec-
tion 3.3). Additionally, a scheme for the strict variant (ADC(2)-s) was derived
directly from SOS-MP2 by application of the intermediate state formalism and
compared to an existing version of SOS-ADC(2)-s

4.1. Theoretical Background

In 2003, Grimme suggested an improved Mgller-Plesset perturbation theory in
second order (MP2) method, termed spin-component-scaled MP2 (SCS-MP2)
[71], which is based upon the general observation that low-level methods as,
e.g., MP2 underestimate those contributions to the correlation energy arising
from electrons with opposite spin while those from electrons with same spin are
overestimated. Introduction of two scaling parameters for the two contributions
led to an improved description of the correlation energy

(2) _ (2) (2)ss
Esos—mp2 = CEypa + ¢ Ejpy,

with E](\j)lg; and E](\?;; being the contributions to the total correlation energy
by opposite-spin (0s) and same-spin (ss) terms:

2
EJ(\J)Ig; == th]ab zy\ab

abij
2 1 . —_—
Eips = =5 2 tijan((ijlab) — (ijlba)) Ztmb (ij|ab) — (.ij|ba))
abij abij

Parts of this chapter have already been published in
C. M. Krauter, M. Pernpointner, and A. Dreuw
Application of the scaled opposite-spin approximation to algebraic diagrammatic construc-
tion schemes of second order
J. Chem. Phys. 138, 044107 (2013)
Copyright 2013, American Institute of Physics.
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4. Scaled-Opposite-Spin-(SOS)-ADC(2)-x

Here, spatial orbitals have been used and a bar indicates 8-spin. The parameters
c®® and ¢** were fitted to high-quality ab initio data leading to ¢** = 6/5 and
¢*® = 1/3 as optimal values. Later, Fink employed rigorous perturbation theory
to derive a method that incorporates analogously defined scaling parameters
and can be improved systematically [72].

The resulting SCS-MP2 method preserves two important properties: It is
size-extensive and the correlation energy is invariant to unitary transformations
among the occupied or virtual orbitals. By now, several variants of the original
SCS-MP2 exist [73].

In principle, the size of the parameters was motivated from theoretical con-
siderations: In two-electron systems (only one opposite-spin interaction) about
80-85 % of the correlation energy is recovered by MP2. From this c,s = 6/5 was
chosen. Using the constraint that the total correlation energy of the unmodified
MP2 should be recovered the following expression has to be fulfilled:

(2)os
S =1— 21(\/2[)]2( os_l)
MP2

However, the ratio EJ(\Z);;; /E](\j)lf,; varies in dependence of the importance of

electron correlation (usually between 3 and 4). Therefore ¢** was obtained
empirically.

The scaling mostly affects parallel-spin pair energies that are mainly due to
electron pairs in distant orbitals [71]. Consequently, this term accounts mostly
for long-range, non-dynamical correlation. The opposite is true for the opposite-
spin part. Therefore, SCS-MP2 increases short-range, dynamical correlation
(¢** > 1) and reduces the influence of long-range, non-dynamical correlation
(¢ < 1). Tt fails if electrons in spatially close lying orbitals have a large effect
on the correlation energy [71].

It is worthwhile to mention at this point that the two parts of the correla-
tion energy show a different behavior when convergence to full basis set limit is
examined [21,74]. While the same-spin correlation energy converges with X —°
the opposite-spin correlation energy shows a convergence of X 3 where X is
the cardinal number of Dunnings cc-pVXZ basis sets [75]. Although the numer-
ically larger part is given by Ej(é)gg, the main problems regarding an efficient
implementation are caused by the same-spin part [21].

Jung et al. [21] further simplified the SCS approach by neglecting the same-
spin contributions as a whole and scaling the opposite-spin part accordingly:

Esos—mp2 = ¢ EYjpo, c®® =1.3.

It was implemented within a framework in which the computational cost has
been reduced by one order [21] through the combined application of the resolu-
tion of the identity (ri) approach [76,77] and Laplace-transformations [78] for
the evaluation of energy denominators.

These basic ideas have been adopted to many methods, e. g., CIS(D) [79,80]
as well as to two variants of CIS with quasidegenerate second-order perturbation
corrections (CIS(Dg) and CIS(Dy)) [50,81-83]. Fourth-order scaling schemes of
these methods were implemented into the Q-Chem program package [19].

34



4.2. Derivation of SOS-ADC(2)

The concept of SOS was applied to the ri-CC2 method [84], as well, and
has been implemented into the TURBOMOLE program package [85]. Again,
the scaling of the computational cost has been reduced from fifth to fourth or-
der [86] by a combination of the ri-approximation and Laplace-transformations.
Derived formulations of SOS-ADC(2)-s and single excitation configuration in-
teraction with quasidegenerate second-order perturbation corrections (SOS-
CIS(Dw)) [50] have been included [86].

In the present work, the concept of scaled opposite-spin is applied to the
extended version of ADC(2). For this purpose, we started by closely exam-
ining two different approaches for the derivation of SOS-ADC(2)-s. The first
approach comprises the ISR in the SOS-MP2 framework, while the second one
starts from SOS-CC2 similar to the variant previously implemented in TURBO-
MOLE [84-86]. It will be shown that only the latter one leads to a reduction
of computational effort. The dependence of the results on the choice of scal-
ing parameters is investigated. Based on SOS-ADC(2)-s a new SOS-ADC(2)-x
method is suggested that reduces the computational cost significantly and, at
the same time, reduces the overestimation of doubly excited configurations,
which is inherent to the unscaled ADC(2)-x method.

4.2. Derivation of SOS-ADC(2)

Considering the derivation of ADC(2)-s from MP2 wia ISR outlined in Section
3.3, the most intuitive way to apply the concept of scaled opposite-spin to
ADC(2) is to use the ISR to derive SOS-ADC(2) from the SOS-MP2 wave
function and energy. For this purpose, we will first examine the changes to
MP2 introduced in SOS-MP2 a bit more closely.

Given the Mgller-Plesset partitioning H = H® + W of the Hamiltonian with
H? being the Hartree-Fock Hamiltonian and W representing the electron cor-
relation like in Section 2.4.2, the MP2 correlation energy is obtained as

Epy = (@0 W05 Ztmb ij]|ab).

z]ab

Accordingly, the following relation has to be fulfilled in the case of SOS-MP2
(using spatial orbitals):

2 8 08 1)°s8
Eg())sfMPQ = EMP2 = thab ijlab) = <‘I’0\W\‘I’(() ) )-

abij

It follows from comparison that the SOS-MP2 model is fully defined by replacing
the original T-amplitudes in the first-order correction to the wave function by
their scaled analogs (employing again spin orbitals):
tabij = tijap = ¢ty = tijan(1 — do(i)o(s))- (4.1)
Here, o(p) indicates the spin of the electron occupying orbital p.
Using this modified wave function in the ISR, a corresponding SOS-ADC(2)-s
method can be deduced that is consistent with SOS-MP2. In order to avoid
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4. Scaled-Opposite-Spin-(SOS)-ADC(2)-x

confusion with the method introduced below this will be termed ISR-SOS-
ADC(2)-s. As the only change in SOS-MP2 concerns the T-amplitudes, ISR-
SOS-ADC(2)-s differs from the original ADC(2)-s only by replacing the T-
amplitudes which occur in the second-order correction to elements of the ph/ph
block.

This substitution leads to a systematic shift of the excitation energies by
about 0.02-0.3 eV to lower but not improved values (compare Section 4.4.2).
At the same time, no significant saving in computational effort can be achieved
as no entries of the ADC(2)-matrix vanish.

Alternatively, SOS-ADC(2)-s can be obtained from SOS-CC2 using the re-
lations between ADC(2)-s and CC2 introduced in Section 3.3 (compare as
well [51]). The SOS-CC2 matrix is given by (the superscript os implies that
only opposite-spin doubly excited configurations are considered and same-spin
contributions are set to zero; compare tffab in equation 4.1)

(@2 [+ e [11,79°)), 7] 1@0) | (@] [, 748" o)

ASOS-CC2 _ - |
@™ [H. 7] [@0) [ (@™ [ @)

Putting the ¢;-amplitudes to zero (yielding SOS-CIS(Dy,)), evaluation of the
different blocks

(@ [(fﬂcos (B, 15°]), 7] 1@0) = (e — €)3udi; — (ajibi)

+ 5@] Dtk [be) + 5abztfé’z§d (Jklled) — th&ic (Jkl[be)
ckl cdk

(@¢le [ A, 7" | |90) =

¢ {(kllid) 8o — (kUllic)daa — {allled)di + (akled)du} (1 = oiayorn)
(@™ [, 7] |@0) =

{40bl[i)8ac — {al i) — (ablle)din + (abllei) S5t (1= 8yiya()

<(I)ab05’ |:F7 kldos} ‘q)0> _
{(ea + e — € — €j)0acOpadirdji} (1 = O (i)o(j)) (1 = do(k)o(r))

and symmetrization yields the following changes that have to be applied to
arrive at SOS-ADC(2)-s (for a detailed derivation see appendix A):

e Replace all T-amplitudes by their scaled opposite-spin analogs as in SOS-
MP2 (and ISR-SOS-ADC(2)-s).

e Delete all entries from same-spin contributions in the double excitation
manifold meaning all configurations (ijab) with (aaaa) or (8585) (com-
pare Figure 4.1).

e Scale all remaining entries in the coupling (ph/2p2h and 2p2h/ph) blocks
by a factor of

08
08 1+
coupling — 9

=1.15.

C

36



4.2. Derivation of SOS-ADC(2)

ph 2p2h (ss) 2p2h (os)

h 2p2h
ph p p2h (os)
ph
2p2h
(ss) : ——
2p2h
(0s)
2p2h
(os)

Figure 4.1.: Schematic representation of the effect of the SOS approximation on the
dimensionality of the ADC(2)-s matrix.

This has been previously done by Hellweg et al. [84] and implemented into
the ricc2 [48] module of the TURBOMOLE program suite [85], however, without
symmetrizing the full CIS(Dy,) matrix but only the ph/ph block. The non-
hermiticity of the coupling blocks was retained and only the elements in the
ph/2p2h block multiplied by a factor of ¢®® = 1.3 but not in the 2p2h/ph block.
Nevertheless, this non-hermitian matrix can be similarity transformed to give
a hermitian matrix with the same eigenvalues. This differs from our secular
matrix in having ¢gg, 0 = Vcos = 1.14 instead of Cooupling = 1+c¢*/3 = 1.15
as scaling parameter for the coupling blocks. The differences in the excitation
energies are only small as ¢®® has a value close to unity. However, it should
be borne in mind that to exactly reproduce excitation energies obtained by
specifying a certain value for ¢°® in TURBOMOLE with our method it is necessary
to choose nguplin gina different manner.

In contrast to ISR-SOS-ADC(2)-s, the deletion of same-spin components in
the 2p2h configurations allows for a significant reduction of the dimensionality
of the ADC matrix and a concomitant reduction of the computational cost.
The scaling of the method itself is not affected but the prefactor is reduced.
Compared to ISR-SOS-ADC(2)-s, this is an additional ad hoc approximation
stemming from SOS-CC2. Both methods were implemented into a development
version of the Q-Chem program package [19] and the results are discussed in
Section 4.4.2. For the sake of clarity, the explicit expressions for the ADC
matrices of the different approaches discussed so far are given in appendix A.

Finally, the concept of scaling with respect to spin components was applied to
the ADC(2)-x method. For this purpose, the first-order correction terms have
been added to the 2p2h/2p2h block and an additional scaling parameter has
been introduced in order to reduce the overestimation of doubly excited config-
urations in ADC(2)-x. Because a reduction of computational cost is even more
desirable here, this procedure was applied only to SOS-ADC(2)-s with already
reduced dimensionality and not to the more “rigorous” ISR-SOS-ADC(2)-s.
These results constitute the main achievement of this chapter and will be ana-
lyzed in detail in Section 4.4.2.

For correcting the overestimation of doubly excited configurations in the case
of ADC(2)-x another method was tested additionally, namely the application
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of a constant shift to the diagonal elements of the 2p2h/2p2h block. However,
in first tests the definition of a constant shift parameter for a wide range of
states and molecules does not seem not possible. Therefore, we concentrate on
multiplicative scaling of certain matrix elements.

4.3. Implementation

The methods derived in Section 4.2 were implemented in a development version
of Q-Chem [19]. In a first step, the same-spin blocks of the T-amplitudes are
set to zero and the other ones scaled appropriately by the factor ¢*® = 1.3.
These scaled T-amplitudes are then used for the subsequent MP2 and ADC(2)
calculations.

In order to arrive at SOS-ADC(2)-s/x the coupling blocks of the ADC matrix
have to be scaled. This is done by using scaled versions of the integrals of type
(oolov) and (ov|vv) where o stands for occupied and v for virtual. Setting all
(aaaar) and (BBSF) blocks to zero and scaling the others by Cooupling 1€2ds to
SOS-ADC(2)-s/x.

For SOS-ADC(2)-x, the first-order contributions to the satellite block have
to be scaled additionally. This block includes integrals of the types (oo|oo),
(vv|vv), as well as (ov|ov). For the correct scaling, the (caaa) and (B85503)
blocks of the (0oloo) and of the (vv|vv) integrals as well as the (afS«a) and
(Baaf) blocks of the (ov|ov) integrals are set to zero. All other integrals are
scaled by ¢2°.

The SOS-calculations can be controlled by the following input parameters:
ADC_SOS

Controls whether the SOS approximation is used.
TYPE:

LOGICAL
DEFAULT:

FALSE

OPTIONS:
TRUE  Activate the SOS approximation.

FALSE Do not use the SOS approximation.
RECOMMENDATTON:

None

ADC.C.T

Controls the scaling parameter for the T-amplitudes.
TYPE:

INTEGER
DEFAULT:

1300
OPTIONS:

n  Equals the desired scaling parameter times 1000.
RECOMMENDATTON:

Use default.
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ADC_C.C

Controls the scaling parameter for the coupling blocks.
TYPE:

INTEGER

DEFAULT:
1170 in the case of ADC(2)-s

1000 in the case of ADC(2)-x
OPTIONS:

n  Equals the desired scaling parameter times 1000.
RECOMMENDATTON:

Use default.

ADC_CX
Controls the scaling parameter for the satellite block in the case of an

ADC(2)-x calculation.
TYPE:
INTEGER
DEFAULT:
900
OPTIONS:
n  Equals the desired scaling parameter times 1000.
RECOMMENDATION:
Use default.

4.4. Parameter Fitting

4.4.1. Computational Methods

In all cases the resolution of the identity (ri) approximation for four-center inte-
grals [76,77,87] was employed. For the parameter determination and evaluation
of the numerical accuracy the benchmark set of organic molecules developed by
Schreiber et al. [88] and Silva-Junior et al. [89] was used. The structures had
been optimized at MP2/6-31G* level and were taken from the supporting infor-
mation of [88]. The numbering scheme of the states was chosen in accordance
with the original benchmark set which neglects Rydberg states.

As basis set the augmented correlation consistent double-¢ basis set aug-cc-
pVDZ [75] was chosen and the resulting basis set error has been included in
the fitting of the scaling parameters. We have chosen to use this basis set
since diffuse functions are crucial for the determination of electronically excited
states while the step from aug-cc-pVDZ to the corresponding triple-( basis aug-
cc-pVTZ [75] introduces only minor changes (compare Table 4.1). As can be
seen from comparison with values obtained from the non-augmented basis set
cc-pVTZ [75], the reduction of basis set size by neglecting augmentation leads
to significant deviations. Consequently, aug-cc-pVDZ offers a good compromise
between accuracy and basis set size. In all cases the corresponding auxiliary
basis sets according to [90] were used.
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4. Scaled-Opposite-Spin-(SOS)-ADC(2)-x

Altogether, three scaling parameters were introduced. One for the T-ampli-
tudes (c”%), one for the coupling blocks (g, ;n,) and one for the first-order
contributions to the 2p2h/2p2h block (%) in the case of extended ADC(2).
The first parameter was chosen in accordance with SOS-MP2 as ¢®® = 1.3
and was not subject to any changes. The other two parameters were fitted to
theoretical best estimates (TBE-2) obtained by Silva-Junior et al. [89].

In the case of ADC(2)-s all states with significant double excitation character
(more than 20% in CC3, compare [88]) were excluded from the fitting procedure.
In the case of some states no clear assignment could be made. They were
omitted, too.

Reference values with the aug-cc-pVDZ basis set using the implementation of
SOS-ADC(2)-s by Hellweg et al. [84] were obtained with TURBOMOLE V6.3 [85].

4.4.2. Results and Discussion

As explained above, the ISR-SOS-ADC(2)-s method has been obtained via the
ISR from SOS-MP2 while SOS-ADC(2)-s as derived from SOS-CC2 includes an
additional ad hoc approximation by neglecting all same-spin contributions to
the 2p2h configurations. As such an ISR-SOS-ADC(2)-s method has not been
previously implemented, we first compare the performance of this scheme with
our SOS-ADC(2)-s method derived from SOS-CC2. The scaling parameter for
the T-amplitudes was kept as ¢°®* = 1.3 and nguplin g = COS2+1 = 1.15 was chosen
in analogy. The results are shown in Tables B.2 (singlet excitations) and B.3
(triplet excitations) of the appendix. The statistical evaluation of the error
with respect to the TBE-2 [89] is given in Table 4.1. The ADC(2)-s values
are included for reference. Interestingly, in ISR-SOS-ADC(2)-s the excitation
energies are systematically shifted to lower energies (by up to 0.36 eV) while
in SOS-ADC(2)-s the opposite can be observed in most (but not all) cases.
Nevertheless, the mean absolute errors (MAE) and standard deviations (std.
dev.) are similar for the two methods, the one for ISR-SOS-ADC(2)-s being
slightly smaller in the case of singlet states and wvice versa for triplet states.
However, compared to unscaled ADC(2)-s, no improvement can be observed
and the MAE is raised by 0.07 eV and the std. dev. by 0.02-0.04 eV for singlet
states. This effect is less pronounced for triplet states.

Although exhibiting a better predictable and systematic behavior the ISR-
SOS-ADC(2)-s method does not have a significantly reduced computational cost
which is the main motivation for applying the SOS approximation. Therefore,
as standard method and basis for the development of SOS-ADC(2)-x we have
adopted the SOS-ADC(2)-s scheme as derived from SOS-CC2 in Section 4.2. As
discussed, this differs from the previous implementation in TURBOMOLE [84-86]
and the values obtained by choosing ¢®® = 1.3 there are given for comparison
in Tables B.2 and B.3. However, the results obtained with our method are in
better agreement with the TBE-2.

Before proceeding to SOS-ADC(2)-x, we set out to investigate the depen-
dency of the excitation energies in SOS-ADC(2)-s on the second scaling pa-
rameter c2° and sought for an optimization of it. By increasing its value

coupling
to copupiing = 1-17 slightly improved values could be obtained and the MAE is

40



4.4. Parameter Fitting

Table 4.1.: Maximum error, minimum error, mean error, mean absolute error, and
standard deviation for the test sets of Tables B.2 and B.3 with respect to TBE-2. All
values in eV. Unless stated otherwise aug-cc-pVDZ was employed. TBE-2 and CC3
values taken from [89]. For corresponding ADC values see supplementary material B.

. . o5
The numbers in brackets give the value of ¢77, 1, g

Method max. err. min. err. mean err. mean abs. err. std. dev.
Singlet states (74)
ADC(2)-s (aug-cc-pVTZ) 0.42 028 0.01 0.11 0.08
ADC(2)-s (cc-pVTZ) 0.56 0.12 0.14 0.18 0.15
ADC(2)-s (aug-cc-pVDZ) 0.46 0.28 0.03 0.12 0.09
ISR-SOS-ADC(2)-s 0.19 0.45 0.17 0.19 0.11
SOS-ADC(2)-s (Turbomole) 0.72 -0.21 0.19 0.22 0.15
SOS-ADC(2)-s (1.15) 0.65 0.26 0.13 0.19 0.13
SOS-ADC(2)-s (1.16) 0.59 -0.31 0.06 0.16 0.12
SOS-ADC(2)-s (1.17) 0.52 -0.39 0.00 0.15 0.12
SOS-ADC(2)-s (1.18) 0.45 047 0.07 0.16 0.13
SOS-ADC(2)-s (1.19) 0.38 -0.56 0.14 0.19 0.15
CC3 0.36 -0.31 0.02 0.04 0.09
ADC(2)-x (only 66 states) -0.21 -1.52 -0.82 0.82 0.23
Triplet states (63)
ADC(2)s (aug-cc-pVTZ) 0.42 70.26 0.11 0.17 0.10
ADC(2)-s (cc-pVTZ) 0.55 -0.15 0.17 0.20 0.10
ADC(2)-s (aug-cc-pVDZ) 0.45 0.28 0.12 0.18 0.11
ISR-SOS-ADC(2)-s 0.19 -0.53 -0.19 0.20 0.11
SOS-ADC(2)-s (Turbomole) 0.61 -0.09 0.20 0.21 0.15
SOS-ADC(2)-s (1.15) 0.48 0.14 0.15 0.17 0.12
SOS-ADC(2)-s (1.16) 0.45 0.19 0.11 0.14 0.11
SOS-ADC(2)-s (1.17) 0.41 0.24 0.06 0.12 0.10
SOS-ADC(2)-s (1.18) 0.38 -0.30 -0.30 0.11 0.09
SOS-ADC(2)-s (1.19) 0.34 -0.35 -0.04 0.11 0.09
CC3 0.31 -0.10 0.02 0.03 0.06
All states (187)
ADC(2)s (aug-cc-pVTZ) 0.42 0.28 0.06 0.14 0.09
ADC(2)-s (cc-pVTZ) 0.55 0.15 0.16 0.19 0.14
ADC(2)-s (aug-cc-pVDZ) 0.46 -0.28 0.07 0.15 0.10
ISR-SOS-ADC(2)-s 0.39 -0.53 0.17 0.20 0.11
SOS-ADC(2)-s (Turbomole) 0.72 0.21 0.19 0.22 0.15
SOS-ADC(2)-s (1.15) 0.65 0.26 0.14 0.18 0.13
SOS-ADC(2)-s (1.16) 0.59 -0.31 0.08 0.15 0.11
SOS-ADC(2)-s (1.17) 0.52 -0.39 0.02 0.14 0.11
SOS-ADC(2)-s (1.18) 0.45 047 -0.03 0.13 0.12
SOS-ADC(2)-s (1.19) 0.38 -0.56 -0.09 0.15 0.13
CC3 0.36 -0.31 0.02 0.04 0.08

reduced by 0.04 eV (regarding singlet states). It is worthwhile to mention that
the transition dipole moments and consequently the oscillator strengths were
not severely affected by this approximation (see appendix B.2 for the corre-
sponding values). This method was additionally benchmarked with respect to
triplet states showing that in those cases even larger values (1.18-1.19) would
be optimal. Interestingly, triplet states seem to be improved by applying the
SOS approximation while singlet states are not.

0S

Therefore, we chose Ceoupling

= 1.17 as the standard parameter and starting
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4. Scaled-Opposite-Spin-(SOS)-ADC(2)-x

point for SOS-ADC(2)-x although the improvement compared to cgfmplmg =
1.15 is only small. For the rest of this work, the term SOS-ADC(2)-s will refer
to this method with ¢®®* = 1.3 and Cooupling = 1-17 unless stated otherwise.

At this point it might prove useful to discuss the differences between CIS(Dy ),
CIS(Dg), CIS(D;) and ADC(2)-s in a bit more detail. The CIS(D,,) class
of methods [50] is obtained from CIS(D4) through inversion of the diagonal
2p2h/2p2h block to eliminate the doubles from explicit consideration and bino-
mial expansion up to order n. Solution of the corresponding (energy dependent)
dressed singles response matrix follows. Considering the expansion up to in-
finite order is equivalent to diagonalizing the SOS-CIS(D.,) matrix given in
equation A.1 of the appendix. The advantage of such a partitioning is that
the eigenvalue problem is solved in the single excitations space only. However,
apart from CIS(Dg) a generalized, energy dependent eigenvalue problem has
to be iteratively solved. While ADC(2)-s and CIS(Dy) lead to very similar
excitation energies, these differ more strongly for CIS(Dg) and CIS(D;) due to
the additional approximation (for some illustrative examples see [50, 51, 81]).
Regarding the application of the SOS concept, extensive parameter optimiza-
tions were performed for SOS-CIS(Dg) and SOS-CIS(D;) [81]. As in our case,
different scaling parameters were allowed for the T-amplitudes in the main
block and the elements of the coupling blocks. Interestingly, almost the same
parameter as for our SOS-ADC(2)-s for the coupling blocks (in our notation:
Cooupling = V'1.38 = 1.175) was obtained for SOS-CIS(Dy) [81].

As explained above, ADC(2)-x tends to overestimate contributions from dou-
bly excited states leading to an exaggerated lowering of the energetic levels [54].
Singlet states are affected as well and lowered, however, to a smaller extent
(compare Table 4.1). Consequently, ADC(2)-x serves as a valuable method to
identify states with high double excitation character. We were therefore espe-
cially concerned about the performance of SOS-ADC(2)-x in the description of
predominantly doubly excited states.

In a first test, the SOS-ADC(2)-s matrix was augmented with the correspond-
ing first-order correlation elements in the 2p2h/2p2h block and the scaling pa-
rameters were kept constant. As a small test set the linear polyenes ethene,
butadiene and octatetraene together with cyclopentadiene were chosen and only
singlet states considered. The results are displayed in Table 4.2. Compared to
unscaled ADC(2)-x the states are shifted even more strongly to lower energies.

It follows that the SOS-ADC(2)-x method in which no additional scaling
parameters have been included can be used as efficiently as the unscaled version
in order to distinguish between singly and doubly excited states. However, the
question arises whether the strong overestimation of doubly excited states can
be reduced. There are two possible remedies: On the one hand, the coupling of
the doubly excited states to the singly excited states can be reduced (lowering
the value of ¢Z5, ., g) and, on the other hand, a new scaling parameter (c¢° <
1.0) can be applied to the first-order correction terms in the 2p2h/2p2h block.
In the latter case either diagonal, non-diagonal elements, or both can be scaled.
Testing these two possibilities, the following observations were made:
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Table 4.2.: Vertical excitation energies for a small test set of singlet excited states with
either high single or double excitation character obtained with different SOS-ADC(2)-x
schemes in eV. SOS-ADC(2)-s and ADC(2)-x values are given for comparison. TBE-2
from [89] and DFT/MRCI from [91]. The values in brackets give the net weight of
doubly excited configurations in the expansion of the final states.

state | TBE-2 DFT/ SOS- ADC(2) SOS- SOS- SOS-
MRCI ADC(2) -X ADC(2) ADC(2) ADC(2)
-s -X -X -X
€O upting 1.17 - 1.17 1.0 1.0
fond - - - 0.85 0.9
singlet states with high double excitation character
Butadiene 244 6.55 6.18 7.17 5.12 4.71 6.39 6.19
(0.08) (0.55) (0.50) (0.40) (0.47)
Hexatriene 24, 5.09 4.92 6.65 4.06 3.77 5.40 5.16
(0.10) (0.58) (0.58) (0.55) (0.60)
Octatetraene | 24, 4.47 4.01 6.04 3.36 3.12 4.69 4.45
(0.12) (0.61) (0.61) (0.60) (0.66)
Cyclo- 24, 6.28 6.15 6.93 5.10 4.60 6.20 6.05
pentadiene (0.10) (0.49) (0.43) (0.37) (0.42)
singlet states with high single excitation character
Butadiene 1B, 6.18 6.02 6.16 5.56 5.26 6.21 6.19
(0.06) (0.10) (0.12) (0.09) (0.09)
Hexatriene 1B, 5.10 4.95 5.24 4.60 4.29 5.34 5.33
(0.07) (0.14) (0.13) (0.10) (0.10)
Octatetraene | 1B, 4.66 4.25 4.62 3.96 3.65 4.77 4.75
(0.08) | (0.12)  (0.14)  (0.11)  (0.11)
Cyclo- 1B, 5.55 5.42 5.48 4.91 4.56 5.55 5.54
pentadiene (0.06) (0.09) (0.09) (0.08) (0.10)
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e Reducing ngsmplmg influences both singly and doubly excited states to

a similar extent. Therefore, once the doubly excited states have been
adjusted to the right energy range the singly excited states lie far too
high in energy.

e Scaling the first-order correction terms to the non-diagonal elements of
the 2p2h/2p2h block leads to a strong influence on the doubly excited
states but leaves the singly excited ones untouched. (Table 4.2).

e Scaling the first-order correction terms to the diagonal elements of the
2p2h/2p2h block influences both singly and doubly excited states strongly
but in a less consistent and predictable way than scaling the off-diagonal
terms.

Therefore, we decided to introduce only one additional scaling parameter for
the off-diagonal elements of the 2p2h/2p2h block (termed ¢2°) and adjust it
together with Cooupling: From a rough screening (modifying both parameters
in steps of 0.1 and using only the small set of singlet states defined in Table
4.2) ¢2* = 0.8 and C(c)gupling = 1.0 were identified as promising starting values
for a further refinement. In the course of this, cggupling can be used to adjust
the singly excited states (using the full set of 74 singly excited singlet states)
and then ¢’ has to be chosen in order to shift the doubly excited states to the
right energy range leaving the singly excited states almost unchanged. By this
procedure ¢2®° = 1.0 (i.e., no scaling) was confirmed as a value that leads to
similar errors as in SOS-ADC(2)-s (mean absolute errors of 0.15-0.17 eV if ¢2°
is kept in the range of 0.85 to 0.90). Detailed statistical analysis is given in
Table 4.3.

However, high quality reference data for doubly excited states is lacking. In
the benchmark set used so far 17 states with high double excitation character
are included. For seven of those TBE-2 and for twelve DFT/MRCI values exist.
At the same time, we believe that TBE-2 are probably too high in energy while
DFT/MRCI might be too low. Keeping Cooupling = 1-0 constant, fitting with
respect to TBE-2 yields ¢2° = 0.87, to DFT/MRCI ¢2° = 0.92 as optimal values
(Table 4.3). However, the number of states considered is very small making a
proper statistical evaluation impossible for the time being.

Nevertheless, we suggest ¢g® = 0.90 and ¢z, ;. = 1.0 (i.e., no scaling) as
a preliminary parameter set which leads to a reasonable description of singly
excited states (mean absolute error of 0.17 e€V) and shifts the doubly excited
states approximately into the correct energy region (with respect to both, TBE-
2 and DFT/MRCI) at reduced computational cost. The values obtained for the
full set of 74 singly and 17 doubly excited singlet states are displayed in Table
B.1. When applied to the set of 63 triplet states of Table B.3, similar errors with
respect to TBE-2 are obtained as with SOS-ADC(2)-s, i.e., an improvement
compared to ADC(2)-s (Table 4.3 and appendix B.3). The oscillator strengths
are not severely affected by the scaling as was already the case for SOS-ADC(2)-
s (appendix B.3).

An important question regarding SOS-ADC(2)-s/-x is whether the spin sym-
metry of the final solutions is conserved. From the six primitive spin-configura-
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Table 4.3.: Maximum error, minimum error, mean error, mean absolute error, and
standard deviation for the test set of Table B.1 obtained with SOS-ADC(2)-x and
different values for cfj, ;.. and ¢g°. Errors with respect to TBE-2 from [89] in the
case of states with high single excitation character. In the case of states with high
double excitation character comparison to either TBE-2 [89] or DFT/MRCI from [91].
For corresponding ADC values see supplementary material B. The numbers in the first

. 0s 0s . .
column give the value of ¢, ., and ¢Z*, respectively.

0s

coupling) Co. max. err. min. err. mean err. mean abs. err. std. dev.

singlet states with high single excitation character (74)
reference TBE-2

1.0, 0.85 0.42 -0.63 -0.08 0.15 0.15

1.0, 0.90 0.38 -0.65 -0.11 0.17 0.16

singlet states with high double excitation character (7)
reference TBE-2

C,

1.0, 0.85 0.31 -0.46 0.01 0.23 0.15
1.0, 0.87 0.26 -0.48 -0.05 0.22 0.14
1.0, 0.89 0.20 -0.51 -0.11 0.21 0.16
1.0, 0.90 0.17 -0.52 -0.14 0.21 0.18
1.0, 0.92 0.10 -0.53 -0.21 0.23 0.20
1.0, 0.94 0.02 -0.56 -0.28 0.29 0.21

singlet states with high double excitation character (12)
reference DFT/MRCI

1.0, 0.85 0.68 -0.18 0.16 0.22 0.19
1.0, 0.87 0.59 -0.25 0.11 0.19 0.17
1.0, 0.89 0.49 -0.32 0.06 0.18 0.13
1.0, 0.90 0.44 -0.36 0.04 0.17 0.12
1.0, 0.92 0.34 -0.44 -0.02 0.18 0.11
1.0, 0.94 0.22 -0.52 -0.08 0.18 0.13
triplet states (63), reference TBE-2
1.0, 0.90 0.31 -0.74 -0.04 0.11 0.12
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tions (PSC) of (ijab) without spin-flips (AMg = 0) two singlet, three triplet
and one quintet state can be constructed. When two (specifically (aaaa) and
(8BBB)) of those PSCs are discarded in the SOS framework, only one of the
two singlet states is retained and the other one has quintet admixtures. The
triplet states remain orthogonal to the singlet/quintet states but one of them
is lost. The contamination of singlet states with quintet ones was obtained for
SOS-MP2, as well [72]. Therefore, some caution is recommended in cases where
the double excitation contribution to the final wave function approaches unity.

4.5. Conclusion

The presented SOS-ADC(2)-x is a pragmatic semi-empirical approximation to
ADC(2)-x that reduces its computational cost substantially. It can be used in
order to identify excited states for which double excitations are important and
in principle it is possible to tune the scaling parameters in a way that both
singly and doubly excited states are in the correct energy range. However,
appropriate reference data for doubly excited states is still lacking rendering
a determination of the parameters for the doubly excited states problematic.
Nevertheless, with the given parameter set singly excited states seem to be well
described for standard organic molecules as incorporated in the benchmark set
used and similar errors are obtained as with SOS-ADC(2)-s while doubly excited
states are expected to lie approximately in the correct energy range.

As basis for the development of SOS-ADC(2)-x, also two variants of SOS-
ADC(2)-s were implemented into Q-Chem and tested. On the one hand, ISR
was used to “rigorously” derive a new SOS-ADC(2)-s method (termed ISR-
SOS-ADC(2)-s) that is fully consistent with the approximations introduced
in SOS-MP2. Although the changes obtained are more systematic, no signif-
icant saving in computational cost can be obtained. On the other hand, a
SOS-ADC(2)-s scheme was derived from SOS-CC2 that is similar to the one
implemented by Hellweg et al. in TURBOMOLE [84-86]. The mean absolute
error and standard deviations obtained with the two implemented methods are
similar. Reoptimization of the scaling parameter in the coupling blocks of our
SOS-ADC(2)-s method led to slightly improved results.

Regardless of the desirable computational gain of the presented methods,
larger deviations can occur in certain cases not well represented by this bench-
mark set of organic molecules and the applicability of the suggested methods
for the given systems should be always carefully checked beforehand.
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It follows from special relativity [92] that all physical equations, including those
of quantum mechanics, have to be invariant under Lorentz transformations.
However, the time-dependent Schrodinger equation 2.1 does not fulfill this re-
quirement as derivations with respect to time and space occur in different order.

A Lorentz invariant equation of motion for electrons is given by the Dirac
equation [93,94]. Within this fully relativistic description the electron spin
arises naturally. The chemically most important effects introduced by a rela-
tivistic description are scalar relativistic effects (contraction of s-shells as well
as expansion of d- and f-shells) and the energetic splitting of states with an
orbital angular momentum L > 0 due to spin-orbit coupling (SOC).

Because of the coupling between them, the orbital angular momentum L
as well as the spin angular momentum S are no good quantum numbers any
more and only the total angular momentum J and its z-component are appli-
cable [25,95-97]. For organic molecules, which are composed of light elements,
scalar relativistic effects do not play a significant role. Spin-orbit coupling ef-
fects, however, lead to an interaction between states of different spin symmetry
(typically singlet and triplet states) and enable inter-system crossing processes
(compare Section 1). Therefore, their consideration is of importance to fully
grasp photochemical relaxation pathways.

While the Dirac equation offers a Lorentz invariant description for one-
electron systems, a fully relativistic many-electron Hamiltonian is still missing
and instead approximate ones have to be used [96,97]. One frequently employed
example is the Dirac-Coulomb-Breit Hamiltonian which includes the Breit oper-
ator [98] in addition to the Coulomb operator. However, full-relativistic calcula-
tions are numerically very expensive. Consequently, methods have been derived
that allow one to include spin-orbit coupling effects on top of a non-relativistic
quantum chemical calculation (for an overview see, e. g., [26,99])

The inclusion of spin-orbit coupling effects on the results of a non-relativistic
calculation will be topic of this section. After discussing the used spin-orbit
Hamiltonian, the Wigner-Eckart theorem [26,100] will be introduced as it sim-
plifies the respective calculations greatly. In Section 5.4 the implementation
of SOC elements within the framework of Q-Chem and the ADC(n) family of
methods will be presented. Finally, test calculations on the molecules thio-
phene, dithiin, and coumarin will be presented in Section 7.
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5.1. Spin-Orbit Hamiltonians and the Atomic
Mean-Field Approximation

Within the standard representation, the wave functions from the Dirac equation
have four components [96,97]

vy

Y | Yy
i I < Vg )
Wy

that can be combined to give two two-component wave functions called the large
W and small component Wg. Electronic solutions to the Dirac equation are
dominated by the large component and within the non-relativistic limit (£ <<
mc?) they are even given by it. The opposite is true for positronic solutions.
The two components of ¥ can be interpreted as the two spin components.

As we are interested in electronic solutions only, it would be desirable to split
of the small component and restrict the calculation to the large component. A
variety of methods has been developed for this goal [96,97,101].

In addition, spin-independent and spin-dependent terms can be separated. In
this case the non-relativistic energies and wave functions are first obtained and
then spin-orbit coupling effects are considered perturbatively [26,97,99,101]:

A~

H = I:Inon—rel + }AISOa

with f[non_,,el corresponding to the non-relativistic molecular Hamiltonian of
equation 2.3. A very popular spin-orbit Hamiltonian is given by the Breit-Pauli
operator [102]:

( R
(0 () <o)
|

Here, c is the speed of light, e is the electron charge, and m, is the electron
mass. The operators p; and §; denote the momentum and spin operator acting
on electron i, respectively. This operator was originally derived by Pauli who
considered an electron in an external electric and magnetic field. However, this
spin-orbit operator can be obtained from the four-component Dirac-Coulomb-
Breit Hamiltonian, as well [26,97]. The first two terms describe spin-same-
orbit interactions while the second two refer to spin-other-orbit interactions.
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Specifically, the first term corresponds to the interaction of the spin-magnetic
moment of electron ¢ with the magnetic moment from rotating in the field of
the nucleus I while the second term arises from the motion of electron ¢ in the
field of electron j. Finally, the last two terms give the coupling between the spin
magnetic moment of electron ¢ with the orbital magnetic moment of electron j
and vice versa.

The Breit-Pauli operator can be recast in a more compact way [26]

HES = 2m202 Z {ZZI (|1'z R1|3 X AZ) Si
_r] R N “
_ ) 19§,
Z(‘rz_r]’?’ Xpl) (Sl+ S])

i#j

However, the Breit-Pauli operator has the problem of being unbound from below
as it contains terms that couple the electronic solutions to the positronic ones.
Consequently, it cannot be used safely beyond first-order perturbation theory.
Although this is rarely a problem in practical examples including mainly light
elements [101], it can be solved by the no-pair approximation where electron-
positron pair creation is not allowed to occur [26,96,97]. The corresponding
variationally stable no-pair Hamiltonian (also called Douglas-Kroll Hamilto-
nian) has the following form [26]:

~

A, r, — R; A;
HEX = ¢%he Zr— ! ( : X A-) §
5o zz: {ZI: E; + mec \|ri — Ry[? P "B + mec?

r; —r; . . . A A
z#E—Fmec i — 1 E;

with the relativistic kinetic energy operator

Ei =/ f)icz + mgc‘l
and

Ai _ E + mecz
2E

For both, the Breit-Pauli as well as the no-pair Hamiltonian, the computation-
ally most cumbersome part is given by the two-electron terms. Moreover, in
heavy elements the one-electron term is dominating and the two-electron terms
contribute with only about 5-10% [99, 101]. Therefore, it is advantageous to
introduce effective one-electron operators that include the two-electron parts
only in the form of screening effects and do not calculate them explicitly.

The mean-field approximation [103] is one of the most rigorous methods to
obtain an effective one-electron spin-orbit Hamiltonian and can be applied with
all molecular spin-orbit coupling Hamiltonians, including the Breit-Pauli as well
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5. Spin-Orbit Coupling

as the no-pair Hamiltonian introduced above. Denoting the one-electron part
of the chosen Hamiltonian as hgo(1) and the two-electron part as Hgo(1,2), a
matrix element of the mean-field spin-orbit Hamiltonian within a certain orbital
basis {i} is given by

(A1) = (ilhso(Dl) + 5 S ome {20k Hso(L 2K (5.1)
k
— 3(kil Hso (1, 2) k) - 3(ik| Hso(1,2) kj) } (5.2)

The summation runs over all spatial molecular orbitals and njy refers to the
occupation number of these orbitals (0 < ng < 2). By considering occupation
numbers smaller than two, partially filled orbitals are considered, too, and their
spin-orbit interactions are averaged over « and § spin orientations.

Benchmarks have revealed that this approximate Hamiltonian constitutes a
good approximation and for heavy elements the error lies below 0.1 % [26,103].
Even in lighter elements, where contributions from the two-electron terms can
contribute up to 50 % of the total spin-orbit interaction, the errors introduced
by the mean-field approximation did not exceed 1% [99,104].

The numerical effort can be further reduced if only an atomic mean-field is
considered [103]. In this case all multicenter integrals are neglected. The mean-
field summation now runs over a certain set of atom-centered orbitals which
are usually either given by the atomic orbital basis or obtained via an atomic
Hartree-Fock calculation [105]. The motivation for this approach is given by the
1/r3 dependence of the spin-orbit Hamiltonian. Moreover, the most significant
contributions are due to molecular core orbitals which are usually very similar
to atomic orbitals and mainly localized at one center. Finally, the full symmetry
of the Doy, point group can now be used to further reduce the numerical cost.

The errors for the atomic mean-field approach are higher than for a molecular
mean-field and can be up to 5% in molecules composed of light elements [104,
106]. Nevertheless, this approach allows for a very efficient evaluation of spin-
orbit coupling elements with reasonable accuracy.

5.2. Wigner-Eckart Theorem

Very useful for the evaluation of spin-orbit coupling elements is the Wigner-
Eckart theorem (WET) [26,100]. This theorem states that the matrix ele-
ment (AJ' M’ ]jq(k)\B J"M") over the components jq(k) of an irreducible tensor

operator can be written as a product between a 3j-symbol and the so-called
Wigner-Eckart reduced matrix element (AJ'||.7®)||BJ"):

J ok J

1t o (k) i\ ¢ q\J' =M’
(AJ'M'|ZP|BI"M") = (-1) (M, . M

><AJ’I9(k)I\BJ”>

3j-symbol

Here, J’(J”) and M’(M”) represent the angular momentum and its orientation
associated with state A(B). The Wigner-Eckart reduced matrix element is in-
dependent of the orientation of the angular momenta M’ and M”. Thus, by
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5.2. Wigner-Eckart Theorem

knowing the Wigner-Eckart reduced matrix element all possible combinations
of M" and M" can be easily obtained. This can be used to greatly simplify the
calculation of spin-orbit coupling elements.

The 3j-symbols are obtained from the Clebsch-Gordon coefficients [107]

J/ k J// -1 J'—k—M .
< YT > = (\/;JT <J'k‘M’q|j'k:JM>J

Clebsch-Gordon coefficient

They impose some selection rules on the matrix elements. The elements are
only nonzero if

M'=M+q and J+J">k>|J"-J].

Thus, for tensor operators of rank one, like the spin or spatial angular momen-
tum operators, the matrix elements are zero unless the conditions

AJ=0,£1 AM=0,+1 J'+J >1

are fulfilled.
The phenomenological spin-orbit operator

ﬁso = Aso<r)f; . S (5.3&)
= Aso(r) (iogo — LS - ﬁ_1S+1) (5.3b)
= Aso(r) (-i/xgz + L,S, + ﬁZS‘Z) (5.3¢)

is a compound tensor operator of rank zero while the two components L and
S are first-rank tensors (compare Section 2.2). Ago is the so-called spin-orbit
parameter [26]. The phenomenological spin-orbit operator can easily be applied
for the derivation of selection rules although it should not be used for actual
computations of spin-orbit coupling elements [26]. It will prove useful to con-
tract the spatial parts Ago(r) and I:p, p = x,vy, 2, to give new operators defined
by Zp = Ago(r)ﬁp. The spin-orbit operator is then given by

HSO = leSA'x + lAySy + ZZSZ

In principle, the Wigner-Eckart theorem can be applied to calculate both, the
spatial as well as the spin part of the matrix elements. However, due to the
coupling the orbital angular momentum L is no good quantum number of the
system anymore. Theoretically, this applies to the spin angular momentum,
too, but in the usually used Russel-Saunders (LS) coupling scheme [25,96], S
is assumed to still be a good quantum number. Within this work, we therefore
employ the usual procedure and apply the Wigner-Eckart theorem to the spin
part of the matrix elements only (compare [26]).

In the Q-Chem program package, where the spin-orbit coupling elements
were implemented as part of this thesis, only one of the three components of
a triplet state is obtained as a result of an ADC(n) calculation, namely the
M = 0 component. Due to the selection rules for non-zero 3j-symbols one has
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5. Spin-Orbit Coupling

to choose the actual element from which the Wigner-Eckart reduced element is
calculated with great care. To calculate the coupling between a singlet (M’ = 0)
state and the M” = 0 component of a triplet state, only the Sy component of
the spin operator can be used due to the restriction M"” = M’ +q. To calculate
couplings between triplet states, the M = 0 components cannot be used at all

as
J ok J 1 11

Thus, for the implemented coupling elements between singlet and triplet states
the elements (A, 0,0[7,5| B, 1,0), (4,0,0]1,5|B,1,0), and (A,0,0|l.5y|B,1,0)
are calculated. Using the Wigner-Eckart theorem the spin-orbit coupling ele-
ments to the three triplet components are given by

(A,0,0|Hso|B,1,0) = (A4,0,0],5.|B,1,0) = (A,0,0[.5|B,1,0)  (5.4a)
(A,0,0|Hso|B,1,1) = (A,0,0[1,5:|B,1,1) 4 (4,0,0[1,5,|B,1,1)

1 7 A ~ A
-5 (¢4,0,008:5-1]B,1,1) + (4,0,001,8 1|B,1,1))

1
CV2V3
1 . .
= ((A,O,O]leO|B, 1,0) +i(A, 0,0/, 5| B, 1,0>>
(5.4b)

(A,0,0|Hso|B,1,—1) = (A,0,0],5.|B, 1, 1) + (A,0,0(,S,| B, 1, —1)

(¢4, 011811, 1) + (A, 0][£,8] B, 1))

1 PN
=7 (—(4,0,000,841/B,1,-1)
+i(A,0,0]i,8.1]B, 1, —1))
1 .. ..
= (¢4, 0,008/ B,1,0) ~ i(4,0,001, 5| B, 1,0) ) .

(5.4c)

In addition to the usually used spherical components of a triplet state with
eigenvalues M = 0,+1, Cartesian components can be formed according to
equation 2.4. Because they can be helpful in deriving selection rules (com-
pare next Section) the matrix elements with respect to these Cartesian triplet
components are given here:

(A,0,0|Hso|B,1,X) = (A,0,0]1,5,|B,1,X) = (A,0,0l,5| B, 1,0)
(A4,0,0|Hso|B,1,Y) = (A,0,0[i,Sy|B,1,Y) = (A,0,0|l,S0| B, 1, 0)
(A,0,0|Hso|B,1,Z) = (A,0,0|l.5.|B,1, Z) = (A,0,0l.5| B, 1,0).

The effective one-electron operator within the atomic mean-field approxima-

tion can be written as well as a sum over Cartesian components which are
given as products between a spatial part and a spin part as in the case of the
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5.3. Selection Rules for Spin-Orbit Coupling Elements

phenomenological operator 5.3:

A3 =3"1080) = . S h()S,6) = A%, + HS + HES .

i pP=x,Y,2 1

where l;,(z') denotes the spatial part of the operator acting on electron ¢ and
§p(i) the respective spin part. Therefore, the spin-orbit coupling elements
(A, S, M’|I§Tgngyp\B, S” M") can be written as products between a spatial and a
spin integral [108]. The AMFI code of B. Schimmelpfennig [22], which was incor-
porated into the Q-Chem package to enable the calculation of spin-orbit cou-
pling elements, yields these spatial components represented within the atomic
basis. When multiplied by the spin part corresponding to §0, equations 5.4
can be used to calculate the final coupling elements as well in the case of the
effective one-electron operator.

5.3. Selection Rules for Spin-Orbit Coupling Elements

In the previous section selection rules based on the Wigner-Eckart theorem and
the 3j-symbols were introduced. A second set of rules is imposed by molecu-
lar symmetry (for an introduction to molecular group theory see, e.g., [109]).
As the spin-orbit operator transforms with respect to the totally symmetric
irreducible representation (irrep) of a certain symmetry group, a matrix element

(A,S,M|Hso|B, S, M')

is non-zero if the direct product of the irreps of the two spatial (I'(A),I'(B)) and
the two spin parts (I'(S, M),['(S’, M')) contains the totally symmetric irrep I'y,
i.e.,

I el(A) (S, M) (B)®T(S", M.

Within this work, we only consider systems with an even number of electrons.
In this case both, the spin and spatial part of the wave functions, transform
according to boson irreps of the usual molecular point groups. In the case of
an odd number of electrons the spin part transforms however with respect to
fermion irreps and double groups need to be used. Further details can be found
in, e. g., [26,97].

In the case of an even number of electrons, the spin part of singlet wave func-
tions transform like the totally symmetric irrep I';y whereas the Cartesian com-
ponents of the triplet spin functions transform according to rotations around
the corresponding axis [26]. The irreps associated with such rotations can be
determined from the respective character tables. For the point groups of the
molecules used in the test calculations (Section 7) these tables are given in
appendix C.

As an example, we will consider here a molecule with C5, symmetry and
analyze the coupling between a singlet state of B; symmetry and a triplet state
whose spatial part transforms according to Bs symmetry. The three spherical
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5. Spin-Orbit Coupling

components of the triplet state are given by linear combinations of the Carte-
sian components according to 2.4. Finally, the three Cartesian components x, y
and z of the latter transform with respect to the irreps By, By and A,. Thus, a
singlet ! By state couples only to the M = 0 component of a 3By state. Accord-
ing to the selection rules derived in the previous section, the only contribution
to this element stems from the L..S, term of the spin-orbit operator. Similarly,
a 1 A; state couples to the = and, consequently, M = +1 components of a 3B
state through the LS, term of Hgo.

5.4. Implementation

The calculation of spin-orbit coupling elements was included into a development
version of the program package Q-Chem. For this purpose the AMFI program
of B. Schimmelpfennig [22] was incorporated. Based on the nuclear charge
and the atomic basis functions it calculates the atomic mean-field integrals in
Dy, symmetry and returns the Cartesian components of the spatial part (here
denoted as l,, p = x,y,2) of the spin-orbit coupling operator in the atomic
basis. The basis functions are sorted according to the irreps to which the basis
functions belong. In the mean-field summation the atomic orbitals are used.
The occupation numbers are determined from an internally stored table which
returns the ground state electron configurations for atoms with a nuclear charge
of up to 103. The matrix representation of the spin-orbit coupling operator
itself is then obtained by multiplying the spatial parts with the respective spin
part (compare Section 5.2) and summation over the three resulting Cartesian
components according to equation 5.4.

Like explained in Section 3.3, every matrix element of a general one-particle
operator O with respect to two states A and B can be obtained by representing
the operator in the atomic or molecular basis and summation over the elemen-

twise products with the transition density matrix pA< 5 between states A and
B:

(A|O|B) = ZOZ],O”

This approach is used here to obtain the desired spin-orbit coupling elements,
as well, and the respective transition density matrices and operators are repre-
sented within the atomic basis. The individual steps that have to be taken are
explained in detail below.

The newly implemented interface to the AMFI program writes an input file
with the relevant information which is then read by the AMFI code upon calling
the master subroutine. Additionally, pointers to arrays of appropriate length
are passed to the AMFI code in which the resulting matrix elements are given
as lower triangular matrices. The AMFI code returns, as well, arrays containing
the L and M values of the atomic basis function in the order used to express
the matrix elements.

In the Q-Chem program package the atomic basis functions are, however,
for each atom sorted by ascending L values. For a certain value of L the
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5.4. Implementation

basis functions are arranged with respect to M and according to the sequence
—L,—L+1,...,L—1,L. The groups of functions for each atom appear in the
same order as given in the molecular structure. Special care has to be taken to
the use of augmented basis functions. In these basis sets, a set of diffuse basis
functions is added at the end of the basis set sorted in ascending order with
respect to L and M.

In adcman, operators given within a certain atomic basis are stored as two-
dimensional block tensors. This means that the matrix is divided into several
smaller matrices in order to allow for an efficient shared memory parallelization
[20]. Operations on the individual blocks can then be performed independently
of each other and simultaneously. To save memory, only the blocks determining
the triangular part of the matrix are stored. It should be stressed that all the
blocks stored are given completely. More specifically, the blocks on the diagonal
of the matrix are fully stored and not only their triangular elements.

When given the matrix elements of the angular momentum operator from
the AMFI code, the interface rearranges the basis functions to the correct order
in Q-Chem and inserts them into the respective block tensor at the correct
position for the atom under consideration. Here, it has to be considered that
the resulting matrix has to be antisymmetric. When the AMFI code has been
executed for each atom of the molecule, three block tensors are obtained; one
for each Cartesian component.

In the next step, the correct products with the M = 0 component of the spin
operator (compare Section 5.2) have to be formed. It has to be considered that
the AMFI code assumes the spin operators to be expressed in terms of the Pauli
spin matrices o, (p = 0, %) which differ from our definitions by a factor of one
half: S'p = 1/20,. Consequently, the operator products 1,S¢ for p = z,y, z are
given by matrices of the following structure:

a f
_a (P 0
LS = ¢ <0 _P)

where P is the matrix of spatial integrals within the basis of atomic basis
functions as given by the AMFI code for a certain p. These matrices are stored
for further use by the adcman library that performs the actual ADC calculation.
During the ADC(n) calculation, transition density matrices between the
ground state and the excited states p"<* as well as among the excited states it-
self (p™<™) are calculated, if requested. So far only between states of same spin
symmetry transition densities were calculated. This has been changed within
the current implementation to include those between singlet and triplet states
in addition. After transformation from the molecular to the atomic basis, the
spin-orbit coupling elements (A, 0, O|ip5’0]B, 1,0) can be obtained by

(A,0,0/,5B,1,0) =Y "(1,S0)ijpls™  with  p=um,y,z.
]
Finally, forming linear combinations according to equations 5.4 yields the de-
sired spin-orbit coupling elements. In the output, in addition to the three
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5. Spin-Orbit Coupling

spin-orbit coupling elements their Euclidean norm is given as it constitutes a
constant of the rotation and can be used to calculate further properties like
inter-system crossing rates via Fermi’s golden rule.

For the calculation of the spin-orbit coupling elements both, the Breit-Pauli
as well as the Douglas-Kroll Hamiltonian, can be employed and are chosen by
the following parameter:

ADC_AMFI_NOPAIR

Controls the spin-orbit operator used in the AMFI code
TYPE:

LOGICAL
DEFAULT:

TRUE

OPTIONS:
TRUE  Use the no-pair (Douglas-Kroll) Hamiltonian.

FALSE Use the Breit-Pauli Hamiltonian.
RECOMMENDATION:
Use default.

The transition densities between the ground state and several excited states
are given by default. However, if elements between excited states are desired,
the parameter “ADC_PROP_ES2ES” has to be set to “TRUE” in order to
guarantee the calculation of state to state transition density matrices.
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6. Plasmons in Molecules

The term plasmons stems from solid state physics and originally refers to col-
lective oscillations of the electron gas in metals [110]. They can occur as either
volume or surface (Mie) plasmons and can be observed, e.g., by inelastic elec-
tron scattering on thin metal films or in photoionization spectra. Typically, the
excitation energies lie in the region of 10eV. Surface plasmons are accessible by
optical excitation, as well, and exhibit very high absorption cross sections.

Plasmons have already been used for a very long time to color materials. For
example, in medieval times, metallic nanoparticles (often gold or silver) were
incorporated into church windows. Depending on their size and shape, the
absorption wave lengths of the surface plasmons vary strongly thereby making
a wide range of colors accessible. The phenomenon of ruby-red colloidal gold
was also studied by Faraday [111].

Modern applications focus on the field of plasmonics. The high absorption
cross sections and efficient energy and information transport make plasmons
interesting targets for the field of electronics, e.g., as chemical or biological
sensors [112-114], photovoltaic devices [115,116], metamaterials [117-120] or
high frequency computer chips [121-124]. The efficient energy or information
transfer is due to the fact that after local excitation the plasmons propagate
as electron waves along the material similar to wave propagation on a water
surface initiated by a water droplet.

In solid state physics, electronic excitations in metals and metallic nanoclus-
ters are often classified as single-particle excitations and plasmons (e. g., [110],
[125], and [126]). In large extended systems the plasmon frequencies are well
described by classical electrodynamics. Plasmons have, however, also been dis-
cussed for smaller clusters showing molecular-like electronic structures, e.g.,
for alkali metal, silver or gold clusters with dimensions of about 2nm or even
less [127]. Within this regime, quantum mechanical treatments become neces-
sary for an appropriate description. The question arises how the macroscopic
coherent density oscillations can be correlated with the discrete electronic ex-
citations addressed in microscopic quantum theoretical treatments.

Many theoretical studies have been performed concerning the optical proper-
ties of small metal clusters, mainly employing TDDFT or random-phase approx-
imation (RPA) methods [128-144]. Special attention has been given to the size
dependence of the plasmon excitations in metal clusters. It should be noted that
in small clusters the applicability of the plasmon concept is a matter of dispute.
Bonaci¢-Koutecky et al. argued that there are no plasmon-type excitations in
small clusters and molecules [129]. They used a similar approach as will be
presented in this section to analyze plamons on a microscopic level but parts of
their conclusions are questionable. By contrast, Kiimmel et al. have used quan-
tum fluid dynamics and TDDF'T to show that microscopic electronic excitations
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can indeed be correlated with density oscillations even in very small systems
like Nag [134,135]. Yasuike et al. used a so-called collectivity index [145,146],
corresponding to the effective number of single-particle replacements contribut-
ing to an excitation, to analyze plasmons in small sodium clusters [142]. They
attribute the term plasmon only to such states for which the collectivity index
is maximal and equal to the number of occupied orbitals.

With respect to molecular systems, plasmons have been mainly discussed
for fullerenes. The occurrence of a plasmon resonance in the region of 20—
30eV was theoretically proposed by Bertsch et al. for Cgp using a tight-binding
model and linear response theory [147]. A plasmon excitation within the same
energy range was experimentally observed by Hertel et al. using photoioniza-
tion measurements shortly afterward [148]. This excitation lies well above
the ionization limit of Cgy. However, additional plasmonic states below the
ionization limit at approximately 6 eV were proposed by electron energy loss
spectroscopy [149-152] as well as theoretical studies using again a tight-binging
model and linear response theory [153,154]. Since then, many other experimen-
tal and theoretical studies of the (optical) absorption properties of fullerenes
were performed, e. g., [155-166]. Although microscopic theories like the random-
phase approximation or TDDFT were used in many of the theoretical studies,
no clear definition of plasmons on a microscopical level was given. In some
studies on the optical properties of fullerenes the notion of a plasmon is not
even mentioned (e.g., [156,161]). Moreover, Bauernschmitt et al. state that
due to the restriction to single excitations the TDDFT approach is not able to
detect plasmons.

Bernadotte et al. recently showed that the notion of a plasmon can indeed
be transferred to molecular systems [167]. In the following section the main
aspects of their analysis will be reviewed. Additionally, a thorough review of
the quantum theoretical treatment of plasmons at the level of RPA will be given
which allows for a clear characterization of plasmon excitations.

Based on their theoretical findings, Bernadotte et al. [167] suggested a scal-
ing approach for the electron-electron correlation in TDDFT that allows for
an efficient distinction between single-particle excitations and plasmons. This
approach will be transferred to ab initio, Hartree-Fock based methods, namely
CIS and ADC(2) in section 6.4. Due to the lack of electron correlation in
the Hartree-Fock reference state the scaling has to be adapted to the present
situation.

6.1. Classical Treatment

As mentioned above, plasmons are well described by classical electrodynamics
in large and extended systems [29,110,167]. For this purpose one considers a
uniform electron gas of particle density ng and a positive uniform background
with the same density enclosed in volume V. An external electric field induces
a shift in the electron density dn(x,t) and leads to the new density

n(x,t) = ng + dn(x,t).
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This, on the other hand, induces an electric field £ and the corresponding
restoring force

F = —4me’ngdn(x, t),

where e is the electronic charge. Thus, the system behaves like a driven har-
monic oscillator with the frequency

Ame’n

2 0

wi = , 6.1
pl M (6.1)

where m, the electron mass. This classical plasmon frequency agrees well to
the observed frequency in metallic systems like, e. g., aluminum or manganese
but fails for nanoclusters or molecular systems.

6.2. Quantum Chemical Treatment

In this section the collective modes of the electron gas will be described within
the framework of quantum theory. As in the previous section we will be inter-
ested in the response of the electron gas to an external perturbation for which
linear response theory and the RPA will be employed. Finally, the respective
equations will be solved for a small model system that allows one to analyze
the microscopic properties of plasmons as opposed to single-particle excitations
of the free electron gas in more detail.

The homogeneous electron gas

Analogously to the previous section, we consider a homogeneous electron gas
enclosed in volume V with periodic boundary conditions as a model for a metal
and assume a uniform positively charged background. Neglecting any interac-
tion between the electrons, the single-particle states (spin orbitals) are charac-
terized by plane-waves

Xko (X, ms) = P (x)o(ms) = \%eikxa(ms), o€ {a,B}.

Here, x denotes the Cartesian coordinates and o(ms) the spin function of the
electron. Using the periodic boundary conditions, the components of the wave
vector are given by:

2mn;
ki = —
%
The wave vectors are also referred to as momentum vectors. The single-particle
(orbital) energies are

(i=wz,y,2, ny=0,£1,£2,...).

2k2
o K

2me

For V' — oo the wave vectors can be treated as being continuous.
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In the ground state of a system containing N electrons, the IV energetically
lowest orbitals are occupied. The energy of the highest orbital is called Fermi
energy ep. The corresponding Fermi wave number (also called Fermi momen-
tum) kg can be used to define occupation numbers ny:

0, |k| > kif

As the free non-interacting electron gas will be used as a reference system
within the RPA, it will be useful for the further discussion to analyze the
two-electron integrals Vi, o koooksoskios = (Xkion Xkaos | Xksos Xkaou) With respect
to these single-particle states. In order to guarantee that all expressions are
mathematically well defined an exponential convergence factor (e~#*i=%il) has
to be inserted into the interaction potential between electrons ¢ and j. Taking
the limit p — 0 then recovers the original potential:

Vk101k202k303k404 - Xk101Xk202‘Xk303Xk404> <¢k1¢k2‘¢k3¢k4> 01703502704

e HIx1—x2| .
<¢k1¢k2‘¢)k5¢k4 — hm// —ikix) —Zk2x2 zk3x1ezk4x2d3xld3x2

Jx1 — x|

e —plx1—x2| il
72 hm k3 —ki1)x i(ka—ka)x2 d3$1d3$2
V2 u—0 |X1 - Xg’

With the substitutions x = x; — X9 and y = x5 this can be further evaluated:

(¢ e li i(ks—kl)XLMlx'd?) —i(kitka—kz—ka)y j3
ki Ok [0k Pa) = 773 Jim ] e ] 90/6 Y
e? 47
= Vv }}L% 5k1+k2,k3+k4 (k; — k3)2
e? a7

= V(skl +ko,ka+ky m .

The Kronecker delta reflects the fact that the momentum has to be conserved
when two electrons interact. Finally, with inclusion of spin this yields:

e2 47

Viioikoooksosksos = V5k1+k2,k3+k4501,03502,04 (ky — k3)?’

Linear response to an external perturbation and the polarization
propagator

In linear response theory the density change 6(n(x,t)) induced by an external
potential is described by the time-space integral over the product of the den-
sity correlation function or polarization propagator II(xt,x't') and the external
potential ®...(x,t) [29,167]. The poles of II(xt,x't") determine the excita-
tion energies of the states that are coupled to the ground state by the density
operator. Fourier-transformation from the space domain into the momentum
domain and from the time domain to the frequency domain as well as inser-
tion of a complete set of eigenstates of H leads to the well-known spectral or
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Lehmann representation of the polarization propagator [29]:

(Wolclep|Wom) (Un el e Bo)
w— (Em — Eo) +1in

Wpr i (W) = Z

m#0

1_I;)LTJ)/,,/ (w)

(Dol ey | W) (T chep| Vo)
w+(Em_E0)_i77

2

m#0

(@)

p.mp/r/
Here, the indexes p and r denote spin-orbitals:
p=jT and r = ko.

The factors +in guarantee convergence of the Fourier-transformations. The
two terms of the matrix IT(w), denoted as IT"(w) and IT (w), both contain
the whole physical information. However, the poles of the first term IT"(w)
correspond to excitation energies (ph states) while those of II™ (w) belong to
deexcitations (hp states). They are connected by [14]

M (—w) =T (w).

To derive approximate expressions for the polarization propagator, we will use
the homogeneous electron gas from above to define a non-interacting reference
system and describe the electron-electron interaction approximately within the
RPA.

Random-phase approximation (RPA)

Originally, the RPA has been derived by Pines and Bohm [168-171]. They used
an effective screened Coulomb force, among other approximations, to sepa-
rate collective modes (plasmons) from single-particle excitations. The resulting
quantum mechanical description of plasmons constitutes one of the greatest
successes of the RPA. Later, the RPA has been derived by other methods, as
well. Among them is the ring-approximation which analyzes the interaction po-
tential within diagrammatic perturbation theory and retains only certain (ring)
diagrams [29].

Here, we refrain from deriving the RPA and just state that it is equivalent
to describing the interaction approximately as the Coulomb-exchange integral
over the single-particle states of the reference system [14]:

RPA
Upr,p/r’ = _V;)'r'[p"r} = —<pr']|p’7“).

At this point a word of caution is appropriate. The RPA as used in solid
state physics differs slightly from this approach, which is more common in
quantum chemistry. In solid state physics, the Coulomb part (—(pr’[p'r)) of the
antisymmetrized integral is neglected as an additional approximation [29,167].
This will be discussed below in more detail.
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6. Plasmons in Molecules

Such two-electron integrals have already been evaluated above yielding (with
p=jr and r = ko):

471'62 (57—7./ (50-70./ (57—70—67—/70./
_‘/;)T/[p/r] - _‘/;77""1)’7" + ‘/]77"7"]2’ - _?5j+k/,j’+k <(j _j/)2 — (. — k)? >

However, due to momentum conservation there are only three independent in-
dexes. By defining the momentum transfer q = j—k = j’ — k’ and subsequently
writing j = k + q as well as j/ = k/ + q the following expressions are obtained:

Vi (d) = =Vt q)oklo’ (K +q)o'ko]
dme? 1 dme? 1
= g+ ——==-V(k-K)o+V(q).
V (k—K)2 7 + V ( )b0,00 + V(a)
N———— ———
V(k—k’) V(a)

Consequently, the Coulomb-part of the antisymmetrized two-electron integral
is only dependent on the momentum difference k — k’ while the exchange part
is solely determined by the momentum transfer q.

With this approximate electron-electron interaction the polarization propa-
gator can be written as

774 (W) = M(w) + T (w) URPATTRP A ().
Alternatively, one can write for the individual matrix elements:

RPA 0 0 RPA
Hprp /! ( ) Hp'r‘p ! ( + Hp?“ pT‘ Z Uprp T‘”Hp”r” o ((U)

The matrix IT°(w) is the zeroth order polarization propagator and with the
non-interacting homogeneous electron gas as a reference its matrix elements
are given by:

1 — s (1 —
HOT r( ): ( nJ)nk. - nJ( nk), Oprt 0,
prp/ wHex—€+in  wex — € —in

The matrix elements of the polarization propagator are now given by

HfﬁA(qa (.U) :Hg,r’ (qa (.U) + Hgﬂ"(q’ (A.)) Z {_V(k _ k/,)éa’a'// + V } HRPA (.U)

/r.// /r./
7"”

:H%r/(q,w) ZV k” O-O-//H ", /( q, )

direct term

+11,(q,w)V (@) Y I (g, w).

T//

These equations can be largely simplified if the direct term is additionally ne-
glected and only the exchange part of the interaction potential considered:

HﬁﬁA( w):Hrr( )+HO ZH” \q, W
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6.2. Quantum Chemical Treatment

This is the type of RPA that is usually used in solid state physics and that
will be used in the further discussion, as well. This approximation is justified
by the fact that V(q) becomes the dominating term for small q. It has to
be emphasized, however, that in quantum chemical applications usually both
terms are considered.

This RPA equations can be written in the form of a pseudo-eigenvalue equa-

tion, as well:
A B X X

with Apr,p’r’ = (6j — Ek)(sp’p/(;,«,rr + V}nﬂ’rp’
Boprrip = Voprrr-
As the resulting matrices are extremely large (if not even infinite) it is de-
sirable to replace such matrix equations by analytical expressions. This can

be achieved by summing over all matrix elements and defining IT*74(q,w) =
>, TEEA(q,w). Analogously, we define 1%(q,w) = 3", 1% ,(q,w) and get

P4 (q, w) = T%(q, w) + TI°(q, w)V (q)IT*F4(q, w)
= (1-1"q,w)V(q) 'T(q,w),

P4 (qw)

where ¢/*P4(q,w) is the dielectric function within the RPA. It describes the
modification to the lowest order interaction by the polarization of the medium
and can be used to determine several properties like the plasma oscillations or
screening effects [29,110]. Determining the poles of the polarization propagator
is equivalent to finding the roots of the dielectric function and the following
dispersion relation has to be solved:

1=11"q,w)V(q) (6.3)
with  Tqw)=3 (1 —niiq)ne  Miiq(l — )
’ WA ek —€qik T wF ek — €xrq—in]

ko

The solutions to equation 6.3 in the complex w plane determine the frequencies
and live times of the collective modes. If the damping of the plasmon oscillations
is small (given at long wave lengths), the real and imaginary parts can be
approximately separated. The real part gives the frequencies and from the
imaginary part an explicit formula for the damping constant can be deduced.
When ReIlI? is expanded in a Taylor series for ¢ — 0 and terms up to fourth
order in g are considered, the following expression for the plasmon frequency is
obtained [29]:

wpl

5 Adme’ng 3 (T’Lk:p )2
= +-|l—q) .
Me 5\ m

The first term is just the classical result from equation 6.1. The second can
be seen as a quantum kinetic-energy correction. In the limit of ¢ — 0 and up
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r.h.s.

I 1/A

S— 1 S—
ah

Figure 6.1.: Exemplary graphical solution of the dispersion relation 6.4. Based on
[29,172]

to this order of corrections the plasmon oscillations are undamped and com-
pletely decoupled from the single-particle states. For higher order corrections
the plasma frequencies are damped at all wavelengths. For a more detailed
discussion see, e.g., [29].

Graphical solution of the RPA equations

The dispersion relation 6.3 can be solved graphically by recasting it in the
following form [29,172]:

L _ Z [(1 - nk—l—q)nk _ nk-Hl(l - nk):| (6.4)

= W+ ek —€qik Wt €k — €kiqg

_ 22 [ — Nktq)Mk  Nkiq(l — nk)] ‘

W+ €k —€qrk Wt €k — €kiq

The complex factors +in have been dropped because they are of no importance
here. The excitation energies are given by the intersection points between the
right hand side (r.h.s.) of equation 6.4 plotted in dependence of the frequency
w and the line given by the constant function f(w) = ﬁ This is shown
schematically for an example where there are n = 3 single-particle replacements
k — k + q for a specific value of q and the interaction strength V(q) = A in
Figure 6.1.

As expected, to each positive excitation energy there is a negative counterpart
that corresponds to a deexcitation with the same energy. Altogether, there are
n excitation and deexcitation energies each. Here, we consider only excitations.
From these n energies, n—1 correspond to ordinary single-particle energies while
the nth and by absolute value highest one is the plasmon energy. The ordinary
states are enclosed between two successive poles of the r.h.s. (corresponding
to orbital energy differences) while the plasmon frequency is located above the
highest pole and is strongly dependent on the interaction strength A. Evaluation
of the plasmon frequency wy; reveals that w l x A [29,167,172].

Further simplification by the assumption that the orbital energies are equally
distanced (with €; — ex = Ae Vj, k), allows one to analyze the eigenvectors
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6.2. Quantum Chemical Treatment

of the three possible excitations in more detail. Using the pseudo-eigenvalue
equation 6.2, the eigenvector v, of the plasmon excitation is now given by (N
being a normalization factor)

1 1
. 1 Wy — Ae 1
with Xp =N : and Yol = —hN
1 1
while the ones for the (n — 1) single-particle states are (m =1,...,n—1)

Vi = ( X(;” > with Xm L xp and  |xp,| =1
In contrast to the single-particle excitations, the plasmon is a linear combination
of all n possible single-particle replacements with the momentum transfer q. In
other words, it is a coherent superposition of certain single-particle states [125].
This expresses the collective character of this state. Further evaluation of the
dipole transition moments yields that only the plasmonic excitation shows some
intensity [29,172]. In a sense, the plasmon gathers the intensity of all the
underlying single-particle replacements explaining the high absorption cross
sections observed in experiments. These results finally explain how a plasmon
differs microscopically from ordinary single-particle excitations. Moreover, this
applies independent of the number of electrons present in the system.

The different behavior of the plasmon and single-particle frequencies on the
interaction A was also recognized by Bernadotte et al. using a slightly different
approach [167]. They used it to establish a scaling approach for the identifica-
tion of plasmon excitations which will be explained below.

These characteristics of a plasmon differ from the ones given by Bonacié¢-
Koutecky et al. [129] and Yasuike et al. [142] with respect to the number of
single-particle replacements present in the linear combinations because they did
not recognize the separability with respect to the momentum transfer q. While
Yasuike et al. call only excitations with the maximum number of single-particle
replacements a plasmon [142], Bonac¢i¢-Koutecky et al. even assume that a large
if not infinite number of such transitions has to contribute independent of the
size of the molecular system [129].

From the electron gas to molecular systems

Bernadotte et al. analyzed the behavior of the plasmon frequency as well as
of the single-particle states with increasing q for different systems [167]. They
compared a three dimensional electron gas with periodic boundary conditions,
a one dimensional electron gas as well with periodic boundary conditions and
finally a one dimensional electron gas of finite length. In all cases (including the
finite model system) the plasmon energy is for small values of the momentum
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6. Plasmons in Molecules

transfer q well separated from the (continuous) band of single-particle excita-
tions. Above a certain value of q the two types of states start to mix and the
differentiation is no longer possible.

Finally, they compared the results of the one dimensional system with fi-
nite length with results obtained for a chain of twenty sodium atoms by using
TDDFT. First, they assigned wave vectors to the frontier orbitals, which are
mainly linear combinations of the 3s orbitals of the individual sodium atoms,
based on their nodal structure. In a second step the excitation energies were
plotted in dependence of the momentum transfer q associated with the dominat-
ing contribution. The results matched the ones obtained for a one dimensional
model system of an electron gas with the same dimension and particle density
almost perfectly. This shows that it is indeed possible to transfer the notion of
a plasmon to at least some types of molecular systems.

During their analysis they encountered another interesting property that sets
plasmons apart from single-particle excitations. The transition densities of the
plasmons exhibit a distinct nodal structure. When the plasmon frequencies are
enumerated with respect to ascending excitation energies, the number of nodes
of the transition densities corresponds to the number of the plasmon. No such
nodal structure can be observed for the single-particle transitions.

Plasmons within the CIS approximation

Within CIS the secular matrix is given by (compare Section 3.1)

Mprpryr = (€5 = €1)0p,pr Ot = Virrpre + Vprrnyr

or with the neglect of the direct Coulomb type term by
Mprpryr = (€5 = €10)0p,p Orpr + Vprirp

It corresponds to the submatrix A of the RPA secular matrix in equation 6.2.
Considering only this reduced eigenvalue problem is also called Tamm-Dancoff
approximation (TDA).

Carrying out a similar graphical analysis as above for RPA, reveals qualita-
tively the same results. The plasmon state is the highest in energy, gathers all
the intensity and is a linear combination of all single-particle replacements with

the correct value of q. However, wy,; is proportional to A instead of wgl as in the
case of the RPA [29,172].

6.3. Scaling Approach in TDDFT

As already mentioned above, Bernadotte et al. have used the different effect
of electron correlation on single-particle and plasmon excitations to suggest a
scaling parameter A in the TDDFT pseudo-eigenvalue equation [167]

A B X\ 1 0 X

B* A* Yy )7 %lo -1 Y

with  Ajgjp = (eq — €)0i0a + A ({(ajlib) + f25,)
Bia,jo = A ({(ablij) + f5;) »
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where Lfﬁ
to one and analyzing the squared excitation energies in dependence of A\, some
states remain almost constant in energy while others are shifted strongly. The
latter type can be characterized as plasmons while the former type corresponds
to single-particle states as long as the coupling between them is not too strong.
This scheme has been applied to a variety of molecular systems (small metal

clusters, a linear polyene and fullerene).

, as defined in equation 3.3. When varying the parameter A from zero

6.4. Scaling Approach Applied to ADC Methods

In this section, the scaling approach introduced above for TDDFT will be trans-
ferred to the ab initio ADC methods. The ground state orbitals and their ener-
gies obtained by Hartree-Fock (HF) differ significantly from the ones calculated
with density functional theory (DFT). Firstly, electron-correlation effects are
already included in the ground state of DFT which is not the case in HF. More-
over, the orbital energies in HF correspond, according to Koopman’s theorem, to
ionization potentials and electron affinities. Again, this is not the case in DFT.
Consequently, the differences between HF orbital energies are much higher in
energy than the final excitation energies. By contrast, the energetic separation
between DFT orbitals resembles the excitation energies better. Consequently,
when all the electron-correlation terms in ab initio based excited state methods
are scaled (as was the case in TDDFT) all states drop strongly in energy and
behave in the same way independent of the plasmonic character. Therefore, the
scaling approach had to be adjusted for ab initio methods.

To derive an appropriate scaling scheme we will first consider the CIS (or
ADC(1)) eigenvalue equations:

Azr =wA
with  Ajg b = (€a — €)0ab0ij — (aj|bi) + (aj|ib) .
—_—— S——
Coulomb  exchange

The electron correlation has two contributions; the first term is of Coulomb
type and can be seen as a correction to the orbital energies. The second term,
however, is of exchange type and corresponds to the term included in the RPA
approach as used in the graphical analysis in Section 6.2. This is the term
that has to be scaled in order to arrive at a scaling approach analogous to
the one suggested for TDDFT. Therefore, we suggest the following scaled CIS
eigenvalue equations:

Aia,jb = (Ea - Ei)(sab(sij - <a]‘b’t> + )\(G]|Zb>

While in the case of TDDF'T the squared excitation energies have to be plotted
in dependence of A, the excitation energies themselves have to be considered
due to wy; o< A in the case of CIS (compare Section 6.2). This approach has been
successfully tested for a series of linear polyenes and the results are presented
in Section 8.

In ADC(2), the ph/ph block of the secular matrix contains additionally the
three second-order correction terms (compare Section 3.3). When analyzing the
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6. Plasmons in Molecules

diagrams corresponding to these terms, it can be seen that only one of them is
of exchange type. However, the overall influence of the second-order terms is
only small. Scaling only the exchange part of the first-order contribution did
not yield significantly different results than scaling that exchange type second-
order contribution additionally. Therefore, we refrain from scaling more than
the exchange part of the first-order terms. The same approach can be chosen
for ADC(3). However, because plasmons are important for extended systems
and because ADC(3) is restricted to relatively small systems, we do not present
any results at this level of theory within this work. As in the case of CIS,
the ADC(2) approaches (strict and extended as well as with and without the
SOS approximation) have been applied to polyenes and the results are shown
in Section 8, too.
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7. Test Calculations for Spin-Orbit
Coupling Elements

7.1. Introduction

In this section test calculations for the implementation of spin-orbit coupling
elements as presented in Section 5.4 are discussed. Recently, M. Pabst has
implemented a procedure [173] in which spin-orbit integrals generated with the
ORcA program package [174] are used to calculate spin-orbit coupling elements
between states obtained with the CC2 and ADC(2)-s methods in TURBOMOLE
[85]. However, he has used a molecular and not an atomic mean-field as in
this work. The method was tested with respect to the two molecules thiophene
and 1,2-dithiin (compare Figure 7.1). In the case of thiophene the values were
compared to results obtained with DFT/MRCI [49] in combination with the
AMFI program [175]. Therefore, we chose these two molecules as test systems,
too. To the best of our knowledge, ADC(2)-s is the only ADC method for which
a previous implementation of spin-orbit coupling elements exists.

Additionally, we present results for coumarin in comparison to values from
MS-CASPT2 (in combination with AMFI) as implemented in the MOLCAS pro-
gram package [176]. These results will be of importance for the photochemical
relaxation pathways of coumarin derivatives discussed in Chapter 9.

Figure 7.1.: Structures of thiophene (left) and 1,2-dithiin (right).

7.2. Results
7.2.1. Thiophene

In the case of thiophene the same experimental structure [177] was used as
in [173,175]. The molecule is planar and has Cs,, symmetry. The wave functions
transform with respect to one of the four irreducible representations Ay, As,
Bj, and By (compare Table C.4). The Cartesian spin components of the triplet
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7. Test Calculations for Spin-Orbit Coupling Elements

states transform as By, By, and As. Therefore, the spin-orbit coupling elements
between singlet states and triplet states of the same spatial symmetry are zero
(compare Section 5.3).

In [173] CC2 was used in combination with the cc-pVDZ [75] basis set as
well as the triple-¢ basis set TZVPP+R [178]. The latter basis set results from
the TZVPP basis [179] by inclusion of three diffuse functions (1slpld) with
the exponents 0.011253, 0.009988 and 0.014204 for the sulfur atom. This basis
has also used in the DFT/MRCI calculations from which the reference values
were taken [175]. ADC(2)-s values are, however, only given for the cc-pVDZ
basis set. Therefore, we give first a detailed comparison of our different ADC(n)
approaches in combination with the cc-pVDZ basis to ADC(2)-s and CC2 values
from [173]. Then, we switch the basis set to TZVPP+R and compare with CC2
values from [173] and DFT/MRCI results from [175].

Table 7.1 shows spin-orbit coupling elements with ADC(2)-s obtained with
both, the Breit-Pauli operator and the variationally stable no-pair (Douglas-
Kroll) operator. They are compared to values from the ADC(2)-s approach
in combination with a molecular mean-field and the Breit-Pauli operator from
[173].

As expected for a molecule with no truly heavy atoms, the differences be-
tween the two operators are only marginal. When comparing to the results
with the molecular mean-field, larger deviations occur. However, it has to
be considered that in TURBOMOLE transition properties are only consistent in
first-order perturbation theory [173]. To establish a better comparison with
the values from [173] we have combined the second-order eigenvectors from
ADC(2)-s with first-order transition densities instead of the full second-order
quantities. In the case of transition densities between excited states the first-
order contributions are zero and only contributions from zeroth or second order
are relevant (compare Section 3.3 and [20]). Therefore, we give first-order values
only for couplings to the electronic ground state. For the sake of completeness,
values using the zeroth order transition densities are given, as well. These can
be obtained for all transition densities. The resulting methods are referred to
as ADC(2/1)-s or ADC(2/0)-s where the second number in brackets gives the
order in which the transition densities have been calculated.

In all cases, the values with the first-order transition density matrices lie closer
to the values from [173] than the ones with second-order transition matrices.
The deviations are now in the expected region of about 5% for using only an
atomic mean-field (absolute errors of up to 5 %, [104,106]) instead of a molecular
mean-field (absolute errors smaller than 1%, [99,104]). The only exception is
given by the coupling element between 1>B; and 1'A; which is, however, very
small. The influence of second-order terms in the transition density matrices
on the couplings between excited singlet and triplet states is smaller than on
the ones between the (singlet) ground state and the triplet manifold.
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7. Test Calculations for Spin-Orbit Coupling Elements

Summarized, the results from all presented methods agree well. The devi-
ations of the ADC(2)-s values from [173] are due to using the one-center ap-
proximation and to using consistent second-order perturbation theory for the
transition densities instead of obtaining transition properties only in first order.
However, no systematic deviation to higher or lower values can be observed.

In Table 7.2 results from ADC(1) (CIS), (SOS)-ADC(2)-s, (SOS)-ADC(2)-x,
and ADC(3) are displayed. In some cases significant deviations occur which
is not surprising given the differences in the eigenvectors obtained with the
different approaches. Nevertheless, they all give qualitatively the same results
and the coupling elements lie in the same order of magnitude for the different
methods.

Of special interest is the effect of the SOS approximation on the results of
ADC(2)-s/x. In the case of the strict variant only minor shifts in the excitation
energies are introduced. However, the overestimation of doubly excited states
is effectively reduced by the SOS approximation in the case of the extended
method and the excitation energies lie in the same region as with ADC(3).
The spin-orbit coupling elements themselves are for both versions affected in
a similar way. While the coupling elements between the ground state and the
triplet states are only slightly shifted, the couplings involving excited singlet
states are often reduced significantly in size (e.g., 13B; — 1'By, 13By — 1'B;
or 22By — 2'A;). Nevertheless, the order of magnitude does not change and
large contributions are given by the same elements as without the SOS approx-
imation. The use of quantitative conclusions with the SOS approach should,
however, be carefully checked.

Last but not least, we compare the results of our method with DFT/MRCI.
For this purpose we use the TZVPP+R basis set and additionally the frozen core
approximation. The results for (SOS)-ADC(2)-s, SOS-ADC(2)-x and ADC(3)
are shown in Table 7.3. Values for ADC(1) are not given because the characters
of the states differ strongly making a comparison meaningless.

Like above, the values agree well. The only exception is given by the coupling
elements with ADC(3) and SOS-ADC(2)-s/x involving the A, states. With
respect to DFT/MRCI as well as the ADC(2)-s the order between the first
and second state of this symmetry is reversed in ADC(3) and SOS-ADC(2)-
s. Additionally, these two states mix to a certain extent. While the coupling
elements for the 23 A, (according to the energetic order in ADC(2)-s) are very
close to the DFT/MRCI values, the ones for the 13 A, differ significantly due
to the different character of the state.

In all other cases, the values obtained with ADC(2)-s and ADC(3) are of the
same order of magnitude and agree well with both, CC2 and DFT/MRCI values.
However, in most cases the ADC(3) values lie closer to the ones obtained with
DFT/MRCI than to the ones obtained with CC2 or ADC(2)-s. On the other
hand, ADC(2)-s values are in better agreement with CC2 than with DFT/MRCI
or ADC(3). This is not surprising when the close relationship between ADC(2)-
s and CC2 as well as the usually higher accuracy of ADC(3) and DFT/MRCI

calculations are considered.

76



7.2. Results

€8T ¥I'0  G¥0 0SS0  §L0 9¢'T 110 ¥60 610 vSC €60 g1+ gt
4] TeE0 690 VS0 STO LT'T LT0  LET 9F'0  LL0 .90 YT gt
L0 e €60  LLO0 190 60°0 90°'T eg0 et 860 €60 'WiC<¢ 'geC
62°€ IT6  GL9  ¢F9 1€°9 G669 6€9  TOIT 199 €96 L9 W T+ 'g.g
136V 00€y  LT'C  ST9F  1G%- 6608  LE€T- SOCT 16T 6VEE  FET- Tl 'del
¥1'9 STV €61 vo'e  geT-  Tev  1¢e-  SV'S Ve~ 9TF 000 OVl 'gel
ce0 YT 69T €0 96'T- L0  THI-  TI€0  8S'T- 80  ¥9T-  WiT < gel
L0°0 LT0 €TV 110  89°€ oyl 6¢ 9l 16€ 120 BTV Wil & gl
650 19°0 100 84S 1g0- €€  8T'0- 08F  0€0- 08T 610 g+ %Vl
gz'sT 8¢'I¢  ¢I'0  IF6T  OT'0 6891 00 6V9T LT'0 9861 €00 'l %VC
9T TV 68°26  LVO  ¥EOF  €€°0  0€98  LL0  SVOF  ¥9°0 162  TF0 W T <4 VT
1L76 SU'PIT 629 16T6  L6G  OT60T OT'9 STEIT  GSI'9 O0LTIT 619 T'Wil< %Vl
€9°g L&V 8¢0 86T  020- ¥8E  610- 90T  TE0- 99V  STO- TG I < TVl
99°G 6%  FI0 606 I1°0 ¥6°0 90°0 ¢z0  ¥10 84'G 900~ 'Gql ¢ Vel
€C'1 VLT 160  ¥6'8¢ ge0 68V 9.0 179 19°0 sv'e 2€0 WG Vel
121 €6'T €09 699 T6S  €0ET 609 GFLI  SI9 9T'S 019 MWl < Vgl
LG 8’9 €00  L6€  9¢0- S9T  S00- I€T  ST0-  9LT 800~ Gl 'WC
€00 16T LT0  ¥E0 500 820 020 €70 2T 0 90  FI0 Gl 'Wet
€0°0 620 Lg0 SO0  IT0-  GFO 010 16°0 €0°0 900  9T0 ¥ T4 WeC
- - - - 26°C - 2T9 - €29 - 089 Wl Wt
92T 9T'T 9¢'T 12T €9T- ¥90  8%T-  06'€  SLT- 830  0ST-  Cgql < 'Wel
180 020 [44as $9°0 e1- 10°0 e Ge'0 1€°1- 8L°0 8 T- g 1« Wel
¥1°0 950  TI'l ¢0T  8¥I- 68T CVI-  L8T  09T- S0 9TT- Vil « el
- - - - 95 - 0L¥ - 0L¥ - 88'F W T+ Iyl
(0sm) (osg)  lavl (oSg) @av (OSH) av (9SH) Av (OSH) AV
[c21] 10N/ LAd [e21] ©DD (e)oav x-(2)DAV-S0S  s-(z)DAV-SOS s-(2)0av wg < UL,

T+ ddAZIL 1308 sIseq "soseo [[e Ul posn sem I0jerodo rneg-ye1g oy T, -ousydoryy
10] L _wo ul ([ (V ‘1 g |O%H 00 V)] Eﬂonxﬂw\/ = (05Sp)) syuowope Surdnod jiqro-urds 94e)s-03-01e)s pUe AS Ul SAISIOUD UOIYRIXG :'€") d[qe],

7



7. Test Calculations for Spin-Orbit Coupling Elements

64°Cr 1¢°¢ €V°LE 60°C ov'6¢ [45yd 8¢°0¥ 1v'c 6€°0% (a4 96'7¢ 00Cc Vil dgl

€9°CC 0.0 06’1 G990 €C'1C 1.0 0L°CE GL0 LL°9T 89°0 0svv 060 d10¢ < Vet
co'1S 6L°C 8V'€C 09¢c L9V 69°C 91°G¥ GL'C €0°0¢ 6L°C 1¢°9v €9°C  d 1< Vet
10°¢ 9€°0 €0°CT 90°T €18 LG°0 9Ly 9€°0- 9€°¢ L€°0- vr'9 CL0- Vi€ Vet
9¢'¥ 96°0 8¢°0 180 8G°L ST'T 68°TT 10'T 79 L6°0 87°'1¢C 690 ViC< Vet
LL76C €9°¢ crel Lv's G9'7¢ L9°¢ 1¢'LC 8¢ y0'1E €9°¢ €L'€T IT'9 Vil < Ve

96°8¢ L2°0 0L'8¢ 01°0 1¢°0€ €00 €¢°0¢ g0°0 Cc1'8¢ €¢°0 06°cE LT°0- 1T Vgl
8174 9€'C 10°99 90'C L8°GY 10°C 0L.°09 g0°c y1°99 €€'C £€€°69 9¢'1 1l Vel
60°6 6.0 999 160 69°0T I1°0- Ga'oT 90°T- '8 ¢8°0- 8¢'91 6L'T- Vi€ Vel
GE'8T €90 T9°€T ce0 99°6 L7°0 0T°€T 0€°0 0€7I cs0 026 870~ V1{C < Vel
16°68 61°G 0L.°66 6’V 8€'C0T 667V  LT'CIT [AN] 69°06 8T'G 8994l ¥0'S Vil Vel

¢r'6c 160 GL'9c  96'0- L¥¥e  SO'T-  VO¥E  €0°'I-  VTHE 960  9TIT TSI~ HC <4 Vel
Y%y 8T'T  ¢9IF 660  €9€E €60  L0EE 960  09°9F  CT'T  SPLT  IT0 Gl ¢ Vel
8G9  L6'T 196 ¥.°0-  8T0T 8- 9%0  ST'e-  9%'E€  10%-  ©ST  FIE Vi€ Vel
L6V €90 OF'ST  S9°0- €¢CT  090-  6F'C  8L0- LTT  99°0- S08 €81~ V0 Vel
G0'00T  TOF  ¥I'T6  98'€ G988  Z6E€ 0968  €0F  GE96  00F  8€'ES  69€ Vil Vel
(osg) lavl (oSg) dv (OSH) aAv (OSg) dAv (9Sh) av (9SH) Av
[e21] 2OD (e)pav x-(2)DAV-S0S  s-(2)DAV-SOS s-(g)pav (Doav WG U,

‘Z(AAd-00 :30s siseq “ARi8 ur poAR[dSIp oae son[ea 9A1309dsor oY)
‘s-(g)DV Ul SoUO o1} WOIJ JUIIOPIP AIOA 91 S9JR)S POAJOAUL 9] JO SI0JD0AUASIO USYAN "SOSed [[B Ul posn sem Iojelodo [ned-j1o1g oy, "UYIpP-g‘]

103w ut ([ (v ‘T°g|OSHI00 V)] HH,OHEN\/ = (OSfr)) syuowope Jurdnod 41qro-ulds 99e)s-01-010)S PUR A Ul SOISIOUS UOIIRIDXY '), d[qR],

657 68T 120 99T  S¥0 10T 180  0SL  9¥0 86T 8C'0 gl + °get
iZa ST L0 080  0£0 er'T 820 69T 120 L0 080 YT« %g.T
TT'e gee 190 08¢ 690 18°€ 90'T 8TV €60 e 990 WG < °del
LE€ET ee'ST €9 FTET €89  THFET  OF'9  6TET  LV9  96'TT  FF9 Wil < gl
798¢ €oe¢y 100  €I'6e  TT0  99.%  IT'0 98T 8€0  0€LE 900 TGl < gl
06°G 66% 600  LF'S  ¥00- &LV 200  €FE 610 T0S 600 OV I < .l
er'e ee'1 €e0  TI'T ge0 870 180  TI'T ¢80  09C Sr'0 WG < el
679 196 ST9 .89 66C 12°G P19 g80 689 TSV €09 W I+ tg.l

(0sm) (osg) lavl (9Sg) dv  (9SH) dAv  (9SH) av (O9SH) AV

[c21] 10N/ LAd [£21] 2DD (e)oav x-(2)Dav-s0s _ s-(z)DAV-SOS s-(z)oav g U,

78



7.2. Results

IS'TT 120 ¢L'6C S0°0- {47814 91°0- 66°7C ¢0°0- LL'S 120~ L1°CL 8T°0 1T < et
060z 88T  PO'€r  I6T  S96E  ©8T  09LF 86T €008 06T  L0T6  T6T T4 de€
96'68  LT'T 1279 990 €€7e 620-  €¥ee  €T'T-  gT0F 9T~ 1208 TP~ Vi€ < Hef
61°CF 00  €1°€S  LT'0  CEEy  8¢0  €CLF €80 086E 600 6608  €10- VG4 deE
eT'e  TLV 96°CT  LLY Lv'6 8%  L8TT  S0°S  60°€  GLT  PPEL  6EC Vil 4 ge€
6e'8¢  €€T €IS 9VI-  €6'SP SVI-  S99F  FPI-  OLLE  GET-  9L'8S T8I~ g €< H¢C
29'8L 9.0 €9L9  6V0  TI8F €90  OT6F 990  IT'69  SLO  OF'EY 600 Gl g€
SE' IV 6¢°C 60°6 G0'1- G191 661~ 66°8¢ qa'c- G9°0V ov'c- CL'SV Vv e V1€ d¢C
To'TE L0 69°9E  wE'I-  06F¢  T0'T-  1Z0E  61°'T- 80'TE  90°T- 0£0S €IC- VG < 90
8F'9¢  69°€ 8068  9g'€  9TSe  IgE  LTLS  €9°E  8T9S  09'C  TLEL OVE Vil g€
61°9¢ cL'C 67 7S eLC LG°GY q9'C- q1°LS 99°C- 1904 €LC 781V 1C°¢- 1T del
616 €90 S8'IT  8L0-  ¥9C  L90- STV  L90- V&S  €9°0- SIST  SVI- gl gel
06'9¢  LL'€  96°0¢  TeT-  9LT1e /LT €SV 8L'€-  TF6F  8L'e-  9F'EE €8 Vi€ < gl
9L°€G  S¥T  TLTS  19%- 808 13T ¥69F  I¥g-  S88G  FPE- L0'SE  TSE- Vi del
(osg) lavl (OSg) dAv  (OSH) aAv (9SH) dAv (9SH) av (9SH) AV
[£21] 2DD (e)oav x-(2)0AV-8S0S __ s-(2)Dav-sos s-(z)oav (Dpav WG U,

79



7. Test Calculations for Spin-Orbit Coupling Elements

With respect to the SOS approximation some coupling elements involving
excited singlet states are significantly reduced in size (e.g., 13B; — 1By or
13By — 1'B;). The coupling elements involving the singlet ground state are
influenced to a lesser extent. The same trend was already observed above.

7.2.2. 1,2-Dithiin

The structure of 1,2-dithiin was obtained by ground state geometry optimiza-
tion at the MP2/cc-pVDZ level of theory. The molecular point group is Coa,
which includes two different irreducible representations A and B (compare Ta-
ble C.3). The Cartesian components of the triplet states transform according
to B (x,y) and A (z). Therefore, between all states non-vanishing coupling
elements exist. If the two states have different spatial symmetries, they are
coupled by the x and y components of the spin-orbit Hamiltonian, while the z
component couples states of the same spatial symmetry.

The spin-orbit coupling elements obtained with ADC(1), ADC(2)-s as well
as ADC(3) in combination with the cc-pVDZ basis set are shown in Table 7.4.
For comparison the CC2 values from [173] are given, as well. In all cases the
Breit-Pauli operator was used. In some cases, the order of the states within a
symmetry is reversed from one method to the other. In such cases the states
were labeled according to the energetic order in ADC(2)-s.

As was the case for thiophene, our ADC(2)-s values agree well with the CC2
values from [173]. Again, differences arise because in [173] a molecular mean-
field was used and the transition properties were obtained in first-order per-
turbation theory only. Larger deviations occur between ADC(2)-s and ADC(1)
and ADC(3). This is due to changes in the character of the excited states.
When the main contributions to the eigenvectors of certain states are substan-
tially different from the respective contributions in ADC(2)-s, the values are
shown in gray in Table 7.4.

Additionally, SOS-ADC(2)-s and SOS-ADC(2)-x values are also included in
Table 7.4. Again, relatively large changes are induced by the SOS approxima-
tion and the results should not be used beyond qualitative discussions.

7.2.3. Coumarin

In this section, we present spin-orbit coupling elements for coumarin and 7-
hydroxycoumarin at different points of their potential energy surfaces (PES) in
comparison with MS-CASPT2. When considering different points of the PES
with methods like MS-CASPT?2 it can be challenging to find consistent active
spaces that describe all states at all structures equally well. This is especially
true when the symmetry of the molecule is broken at certain points. The consid-
eration of explicit solvent molecules can pose additional problems. Therefore,
the applicability of the newly implemented spin-orbit coupling elements with
ADC(2)-s for the molecules coumarin and 7-hydroxycoumarin, whose photo-
chemical relaxation pathways will be investigated in Chapter 9, is analyzed in
comparison with MS-CASPT2 calculations.

The methodologies with which the coumarin structures were obtained are
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7.2. Results

Table 7.5.: Excitation energies in eV and state-to-state spin-orbit coupling elements
({(Hso) = \/ZM:O,:H |(A,0,0|Hso|B, 1, M)|2) in em~! for coumarin. The Breit-Pauli

operator was used in all cases. In the case of MS-CASPT2 only elements > 1cm ™!
were included. Basis set: aug-cc-pVDZ for ADC(2)-s and cc-pVDZ for MS-CASPT?2.

minimum structure T, — Sm ADC(2)-s MS-CASPT2
of state AE (Hso) AE (Hso)
gr. state (Fig. 9.4) 1BA" 2147 094 0.10 n.c.
234" - 2TA"  -0.09 0.07 n.c.

134" 214" 0.03 11.08 0.10 2.48
234”7 — 21 A’ 1.55 2.02 1.90

11A” (Fig. 9.11) 134" - 11A” 029  40.72 028  51.03
2347 -5 1A 2.06 7.33 2.03 5.13
13A” 5 11A”  -0.06 0.11 n.c.
224" 5114”7 238 0.18 n.c.

21 A’ (Fig. 9.6) 1?4 —2'A4 007 364 -0.10 8.09

234 — 214 0.62 35.82 1.02 43.23

given in detail in Section 9.2. For coumarin and hydroxycoumarin each, three
important points of the PES were chosen. Namely, the ground state minimum,
the minimum of the Sy (77*, 21 A’) state and the minimum of the Sp(n7*, 11 A”)
state. At the ground state and So(n7*) structures the molecule has Cs symme-
try while the symmetry is broken at the minimum of the S;(77*) state.

At these structures spin-orbit coupling elements were calculated with the
ADC(2)-s/aug-cc-pVDZ method in combination with the Breit-Pauli spin-orbit
operator. The results are shown in Tables 7.5 and 7.6.

Spin-orbit coupling elements with the multi-state complete active space per-
turbation theory (MS-CASPT2) [46,180,181] calculated with the MoLcAs V7.2
program package [176] are taken for comparison. As active space 12 electrons in
11 orbitals were chosen. Among them four 7, four 7*, one non-bonding orbital
and one pair of ¢ and ¢* orbitals. To avoid problems with Rydberg states the
non-augmented cc-pVDZ [75] basis set was used. In the state-averaged calcula-
tions two states were used per symmetry. For the spin-orbit coupling elements
the Breit-Pauli operator was employed. In the case of the ground state struc-
tures a level shift of 0.1 had to be applied in order to guarantee a high reference
weight during the CASPT2 calculations.

Although the absolute values of the spin-orbit coupling elements differ signif-
icantly, the two methods predict for each structure the same coupling element
as the dominating one. Additionally, both approaches identify the coupling el-
ements between the 124’ and 1' A” at the minimum structure of the 1! A” state
as the largest one. Therefore, we conclude that the ADC(2)-s method is well
suited for the discussion of relative spin-orbit coupling elements in coumarin
derivatives as will be important in Chapter 9.
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Table 7.6.: Excitation energies in eV and state-to-state spin-orbit coupling elements
((Hso) = \/ZM:O,:H |(A,0,0|Hso|B, 1, M)|?) in em™?! for hydroxycoumarin. The
Breit-Pauli operator was used in all cases. In the case of MS-CASPT2 only elements

> 1cem ™! were included. Basis set: aug-cc-pVDZ for ADC(2)-s and cc-pVDZ for MS-
CASPT2.

minimum structure T, — Sm ADC(2)-s MS-CASPT2
of state AE (Hso) AE (Hso)
gr. state (Fig. 9.4) 134" —2TA”  -1.01 0.02 n.c.
234" 5 2TA”  0.08 0.04 n.c.

1347 2147 0.12 14.32 0.11 7.48
2347 — 21 A/ 1.16 0.65 1.89 4.41

11A” (Fig. 9.11) 134" — 11A” 025 4453 034 51.16
2347 - 1tA” 205  13.52  1.68  19.87
13A” - 11A”  -0.06 0.12 n.c.
234" — 114" 231 0.20 n.c.

21 A’ (Fig. 9.6) 134 —2'A4 004 496  -005 20.40

234 — 21 A 0.49 38.02 0.76 46.78

7.3. Summary

In this chapter test calculations for the implemented spin-orbit coupling ele-
ments with the whole hierarchy of ADC methods up to third order were pre-
sented and the implementation was shown to work reliably. For ADC(2)-s a
procedure for the calculation of spin-orbit coupling elements had been presented
before [173]. The newly implemented code reproduced those values nicely for
the two test molecules thiophene and 1,2-dithiin. Deviations occurred because
in the previous approach a molecular and not an atomic mean-field was used.
Additionally, the transition density matrices were calculated only in first-order
perturbation theory and not in full second order like in this work.

The calculation of coupling elements worked well for all other ADC methods,
too. As long as the character of the states involved did not change significantly
from one method to the other, similar values for the coupling elements were
obtained at all orders of perturbation theory. The application of the SOS
approximation worked well for coupling elements between the ground state
and the triplet states. Between excited singlet states and triplet states larger
deviations were obtained and the application of the SOS approach should be
avoided when absolute values are needed. The values obtained with ADC(3)
were in better agreement with DFT/MRCI values than the ADC(2)-s/x results
in the case of thiophene. ADC(1) showed even larger differences. This might be
an indication that the spin-orbit coupling elements are improved with increasing
order of perturbation theory.

Finally, ADC(2)-s was tested for coumarin and 7-hydroxycoumarin in com-
parison to MS-CASPT?2. Here, different points on the PES were chosen. The
qualitative results agreed for all structures and both molecules. Both meth-
ods identified the same coupling elements as significant and yielded the same
results regarding relative coupling elements. The advantage of the ADC ap-
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proaches when applied to the investigation of relaxation pathways is that pa-
rameters like the active space, number of states used in the averaging process,
etc., do not have to be adjusted for every point of the PES surface. Especially
when the symmetry changes along certain pathways or states of very different
character are important, it can be problematic to find consistent and reliable
descriptions with complete active space methods like MS-CASPT2. On the
other hand, single-reference methods like ADC can break down at points of the
PES where the ground state has a strong multiconfigurational character or the
Born-Oppenheimer approximation is not valid anymore.

In Chapter 4 the excitation energies were evaluated with respect to the bench-
mark set and theoretical best estimates for excited states developed by Schreiber
et al. [88] and Silva-Junior et al. [89]. In the case of spin-orbit coupling elements
no such benchmark sets exist. The molecules thiophene and 1,2-dithiin were
chosen because the previously implemented ADC(2)-s approach had been eval-
uated for these two molecules giving valuable reference values for the present
implementation. Therefore, the development of a benchmark set for which
spin-orbit coupling elements at different levels of theory are available forms an
important part of future work.
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8. Plasmons in Linear Polyenes

8.1. Introduction

In this section test calculations for the scaling approach established in Section
6.4 are presented. First, the scaled versions of the ADC(1) (CIS) and the
ADC(2) family of methods are applied to CgHig and shown to work reliably
for the identification of plasmons. Additionally, results for the larger systems
CIGHIS and Cgngg are shown.

The scaling approach discussed in Section 6.4 was implemented into a devel-
opment version of Q-Chem [19]. In all cases the resolution of the identity (ri)
approximation for four-center integrals [76,77,87] was employed. All structures
were obtained by geometry optimization at the level of Mgller-Plesset perturba-
tion theory of second order (MP2) [30]. As basis set the correlation consistent
triple-¢ basis set aug-cc-pVTZ [75] was used. In the case of excited state cal-
culations the cc-pVTZ or cc-pVDZ basis set was used. Finally, the excitation
energies were determined in dependence of the scaling parameter A which was
varied from zero (no exchange correlation) to one (full exchange correlation) in
steps of 0.05. In contrast to TDDFT, the excitation energies themselves (in-
stead of the squared energies, compare Section 6.2) were plotted in dependence
of A to obtain the final plots.

The characteristics of plasmonic excitations have been discussed in detail for
the electron gas in Section 6.2. Among them are a high intensity (when optically
allowed) and a certain nodal structure of the transition density where the first
plasmon has one node, the second two and so on. Additionally, the plasmon is
a linear combination of all possible single-particle replacements with a certain
momentum transfer. The scaling approach is based on the strong dependence
of its energetic position on the amount of exchange correlation included while
the other states are influenced to a smaller extend.

In linear polyenes the electrons occupying the m-orbitals can be viewed as
forming an electron gas that is to a large extent delocalized along the molecule.
Therefore, an analogy to the homogeneous one-dimensional electron gas can be
established by associating wave vectors to the m-orbitals of the polyenes under
consideration. Of course, the assignment of momentum vectors is not exact and
only a means to classify the plasmons in the same way as in the homogeneous
electron gas discussed in Section 6.2. In the one-dimensional case, the wave
vectors have only one component. Therefore, a certain momentum transfer
can be directly correlated with a certain change in quantum number (compare
Figure 8.1).

The linear polyenes have Cyj, symmetry and the m-orbitals transform accord-
ing to the irreducible representations A, or B,,. Therefore, the m7* excitations
are, as well, either of A, (even change in quantum number) or B, (odd change
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in quantum number) symmetry. While excitations of the latter type are opti-
cally allowed, the former ones are dark states and have no intensity. In this
case the distinction between plasmons and single-particle excitations based on
their oscillator strength is not possible and an alternative approach is of even
greater importance.

8.2. Results

8.2.1. Octatetraene

The assignment of wave vectors to the relevant frontier orbitals is shown for
octatetraene in Figure 8.1. As an example, the three possible single-particle
replacements with a change in quantum number of An = 3 are shown.

virt.

An=3

k=2nn/L

ocCcC.

Figure 8.1.: Molecular orbitals of octatetraene and assignment of momentum vectors
k. The symbol n denotes the quantum numbers of the orbitals. As an example, the
three arrows indicate the three possible single-particle replacements with An = 3.

For most methods only the results for the optically allowed B, states will be
shown because the oscillator strength can be used as a further characteristic in
this case. For selected methods the results obtained for A, symmetry will be
added. The B, states are composed of single-particle replacements with an odd
change in quantum number. Therefore, in B,, symmetry only odd-An plasmons
can be observed while the even-An plasmons appear in A, symmetry.
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8.2. Results

ADC(1)/CIS

Figure 8.2 shows the plot obtained with ADC(1) (CIS) for B, symmetry. The
first two states rise in energy while the other ones stay almost constant. When
looking at the contributions to the excitation vector (Table 8.1), it can be seen
that the first state is dominated by the HOMO to LUMO transition (An = 1)
while the next three states are mainly composed of single-particle replacements
with An = 3. While for the third and fourth state only one or two of the three
possible single-particle replacements are important, all contribute significantly
to the second excited state. In combination with the strong dependence on A
this indicates that the first two excited states correspond to the first and third
plasmon of octatetraene.

Energy [eV]
» [e]
(-}
/

° P
q ° 0o © ° 0 ® |
4 0 © °
° (-]
o ©
Lo N
2§ °© L
O Il 1 1 1 1
0 0.2 0.4 0.6 0.8 10 2

1
parameter A Osc. Str.

Figure 8.2.: Electronic excitation energies of states with B,, symmetry of the polyene
CsHjp as a function of the exchange correlation obtained with ADC(1)/cc-pVTZ (CIS).
Included are the transition densities and the linear absorption spectrum.

Regarding the transition densities, these two states exhibit the expected nodal
structure that distinguishes them from the other ones. This means one node for
the first plasmon and three nodes for the third plasmon. The nodal structure
will become even more apparent for the larger systems. It has to be mentioned,
however, that in the case of An = 3 the plasmonic state is the lowest in energy
within its group (it was the highest in the electron gas) and exhibits only
the second largest intensity (largest in the electron gas). This is due to the
fact that single-particle states and plasmons are not fully separated and that
the electron density generated by the m-electrons is not at all homogeneous.
Moreover, ADC(1) offers only a rough approximation to the excitation energies.
Nevertheless, the combination of the dependence on A, the nodal structure of
the transition densities and the contributions of the eigenvector allow for a clear
identification of the plasmons.
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8. Plasmons in Linear Polyenes

Table 8.1.: Excitation energies, important contributions to the eigenvectors and oscil-
lator strengths for the first four excited states with B,, symmetry of octatetraene. The
values for the first plasmon of this symmetry are given in red and the ones for the
second in blue. Method: ADC(1)/cc-pVTZ.

State A E[eV]  important contributions[%]  Osc. Str.

1 4.85 4 — 5 92 1.91
2 8.25 25 16 0.07
3—>6 17
4 -7 55
3 8.79 255 63 0.02
3—>6 2
4 > 7 24
4 10.30 25 9 0.13
3 —+>6 56
4 > 7 3

(SOS)-ADC(2)-s/x

With the second-order methods (SOS)-ADC(2)-s/x qualitatively the same re-
sults are obtained (see Figures 8.3, 8.4 and 8.5 as well as Tables D.1,D.2 and
D.3). For B, symmetry, two states rise in energy and by analysis of their orbital
contributions they can be identified as plasmons one and three. The transition
densities suggest the same results. Again, the intensity of the first plasmon is
very high while the intensity of the second one is not the highest within its
group. A difference to the CIS results is given by the order of the states. Now,
the plasmon with An = 3 is the second highest state that is dominated by this
change in quantum number.

Interestingly, the energy of the plasmons are not strongly affected by the in-
troduction of additional correction terms from second-order perturbation the-
ory. By contrast, the single-particle states are shifted to lower energies thereby
changing the order of states within the group of states with An = 3. Conse-
quently, the plasmons seem to be mostly affected by long-range, non-dynamical
correlation effects while the dynamical correlation accounted for by higher or-
ders of perturbation theory seems to influence the single-particle states to a
larger extent. This is in accordance with studies in which plasmons are consid-
ered to be due to long-range correlation effects (compare [168-171,182]).

Because of the lower energies of the ordinary states, crossings between differ-
ent states occur along the scans. Depending on the interaction strength between
plasmons and single-particle states, there arise avoided crossings. The coloring
scheme of the plasmons has been chosen based on the dominating contributions
of the respective states.

The results with SOS-ADC(2)-s and ADC(2)-s are almost identical and only
small shifts in the final energies occur (compare Tables D.1 and D.2). The same
is true for all other properties like oscillator strengths and transition densities.
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Figure 8.3.: Electronic excitation energies of states with B,, symmetry of the polyene
CsHio as a function of the exchange correlation obtained with ADC(2)-s/cc-pVTZ.
Included are the transition densities and the linear absorption spectrum.
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Figure 8.4.: Electronic excitation energies of states with B, symmetry of the polyene
CsHip as a function of the exchange correlation obtained with SOS-ADC(2)-s/cc-
pVTZ. Included are the transition densities and the linear absorption spectrum.

Thus, the SOS approximation introduced in Section 4 works reliably in this
case, too.

In the case of extended ADC(2) calculations, only those results are shown
that were obtained with the SOS approximation because the overestimation of
doubly excited configurations in ADC(2)-x is compensated in SOS-ADC(2)-x.
As in the case of the transition from CIS to ADC(2)-s, the plasmon states are
only slightly shifted in energy in SOS-ADC(2)-x. However, the other states are
strongly shifted and some of them gain significant double excitation character
(e.g., second state in B,, symmetry, compare Table D.3). Additionally, a state
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Figure 8.5.: Electronic excitation energies of states with B, symmetry of the polyene
CsHyp as a function of the exchange correlation obtained with SOS-ADC(2)-x/cc-
pVTZ. Included are the transition densities the plasmon transitions and the linear
absorption spectrum.
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Figure 8.6.: Electronic excitation energies of states with A, symmetry of the polyene
CsHip as a function of the exchange correlation obtained with SOS-ADC(2)-x/cc-
pVTZ. Included are the transition densities for the plasmon transitions.

that shows 80 % double excitation character is inserted below the second plas-
mon in B, symmetry. Nevertheless, the general results are the same as with
the previous methods and the same states are classified as plasmons.

With SOS-ADC(2)-x a second scan was performed for the states of A, sym-
metry. The results are shown in Figure 8.6. Like in the case of B, symmetry
two states rise in energy which can be classified as plasmons two and four by
inspection of the transition densities as well as of the contributions to the eigen-
vectors (compare Table D.4). Thus, the scaling approach works reliably for this
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Figure 8.7.: Electronic excitation energies of states with B, symmetry of the polyene
Ci6His as a function of the exchange correlation obtained with SOS-ADC(2)-x/cc-
pVDZ. Included are the transition densities and the linear absorption spectrum.

symmetry, too.

To summarize, with all ADC methods employed the scaling approach iden-
tifies plasmons in agreement with the analysis of transition densities or contri-
butions to the eigenvector. Only the order of states within a group of excited
states and their intensity is not always the same as in the homogenous electron
gas. Nevertheless, the scaling approach works reliably for all methods consid-
ered. In the next two sections, the scaling approach will be applied to higher
polyenes.

8.2.2. CisHyg

To test the scaling approach for larger systems, it was applied to the CigHig
molecule. The results are shown in Figures 8.7 and 8.8. SOS-ADC(2)-x/cc-
pVDZ was the method used because double excitations are known to be of
great importance in extended linear polyenes.

Of the ten states included, four rise strongly in energy with increasing A.
When the full electron correlation is switched on, there are still two plasmon
states within the manifold of the lowest ten states. The contributions to the
eigenvectors are shown in Table D.5. Again, the states identified as plasmons
show the characteristic composition of single-particle replacements. Finally,
the transition densities of plasmons and single-particle excitations differ in the
expected way with respect to their nodal structure. The transition density
of the first plasmon shows one node while the one of the second within this
symmetry (and the third overall) possess three nodes.
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Figure 8.8.: Electronic excitation energies of states with A, symmetry of the polyene
Ci6His as a function of the exchange correlation obtained with SOS-ADC(2)-x/cc-
pVDZ. Included are the transition densities and the linear absorption spectrum.

823 C30H32

In the original work by Bernadotte et al. [167] the polyene C3oHso, was used as
a test case. For comparison, we present some results on this molecule. Due to
the large size of the molecule, however, only ADC(1) (CIS) computations have
been performed for this case. The results are displayed in Figures 8.9 and 8.10.

At low energy, there are no ordinary states at all. This picture will change
when a higher-order method is used. Like in the case of CgH1g and Ci6Hg the
plasmons can be expected to be only little affected while the ordinary states
should be substantially lowered in energy. In addition, doubly excited states
are expected to occur.

Due to the extended system size the characteristic nodal structure of the
transition densities is easily recognizable. Regarding the intensities, the first
plasmon exhibits by far the highest oscillator strength. The other plasmons
have decreasingly lower intensities.

Compared to the TDDFT values [167], the ordinary states lie much higher in
energy with ADC(1) (approximately 4eV). The plasmons, on the other hand,
are only about 1eV higher in energy. This is another indication that the energies
of the plasmons do not depend strongly on the method applied.

8.3. Summary

The scaling approach, as presented in a recent TDDFT study, was transferred
to the hierarchy of ADC methods in Section 6.4 and applied to a series of linear
polyenes. The plasmon states identified from the plots could be distinguished
from ordinary states also by their transition density pattern and eigenvector
characteristics. However, there are deviations from the picture associated with
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Figure 8.9.: Electronic excitation energies of states with B, symmetry of the polyene
CsoHszz as a function of the exchange correlation obtained with ADC(1)/cc-pVDZ.
Included are the transition densities and the linear absorption spectrum.
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Figure 8.10.: Electronic excitation energies of states with A, symmetry of the polyene
CsoHszz as a function of the exchange correlation obtained with ADC(1)/cc-pVDZ.
Included are the transition densities and the linear absorption spectrum.
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8. Plasmons in Linear Polyenes

the free-electron model with respect to spectral intensities and the energetic
order. This is not surprising because there is no clear separation between single-
particle states and plasmons in these systems and because the electron densities
of the linear polyenes are not perfectly homogeneous.

An interesting finding concerns the influence of correlation effects on the
different type of states. While the single-particle states are strongly shifted in
energy when the level of perturbation theory is changed, the energies of the
plasmons are only slightly affected. This is in accordance with studies that
attribute plasmons to long-range correlation effects (compare [168-171,182]).
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9. Relaxation Processes in Coumarin
Derivatives

9.1. Introduction

Coumarins constitute an important class of molecules that are widely applied
as laser dyes as well as in several bio-medical problems. They show many
therapeutic effects and have been used, e. g., as lipid-lowering compounds, anti-
carcinogenic agents, anti-coagulant agents and as HIV-inhibitors [183,184]. An-
other medical application is the photocontrolled drug-delivery for the treatment
of cataract which is based on the weak toxicity and high stability of coumarins
and their dimers [185-187]. Despite its importance, the ultrafast dynamics of
coumarins particularly in the excited state is still not fully understood.

In this regard, one of the major aspects still lacking an appropriate account
is the very weak fluorescence emission observed in the unsubstituted coumarin
(1-benzopyran-2-one). At room temperature, coumarin in cyclohexane has a
quantum yield of just 0.03% [188]. This contrasts to fluorescence shown by
substituted coumarins, like 4-methoxycoumarin derivatives and umbelliferone
(7-hydroxycoumarin) in glycerol, which display quantum yields of about 60 %
and 50 %, respectively [189]. Such a strong fluorescence emission in substituted
coumarin is dependent on the polarity of the solvent. For example, while in
methanol umbelliferone shows a quantum yield of merely 3.3 %, in aqueous
solution it reaches about 51 % [189].

De Melo et al. have argued that the striking difference in quantum yields
might be due to a different energetic ordering of the first singlet n7* and 7n*
states relative to each other [188]. Depending on the polarity of the solvent (and
the substituents) the n7* state can be lower in energy and therefore mediate
an efficient radiationless decay from the initially populated mn* state. This
assumption was based on a strong change of the radiative lifetime from large
values in non-polar systems (greater than 250 ns for coumarin in cyclohexane)
to values typical for optically allowed processes in polar solvents (e.g., for 4-
methyl-7-hydroxycoumarin 3 ns in dioxane:water 1:4). This indicated different
characters of the fluorescent state, namely n7* in non-polar or m7* in polar

Parts of this chapter have already been published in
C. M. Krauter, J. Mohring, T. Buckup, M. Pernpointner, M. Motzkus
Ultrafast branching in the excited state of coumarin and umbelliferone
Phys. Chem. Chem. Phys. 15, 17846 (2013).
http://pubs.rsc.org/en/content/articlelanding /2013 /cp/c3cp52719k
Reproduced by permission of the PCCP Owner Societies.
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Figure 9.1.: (a) Absorption spectrum of coumarin in methanol (solid line), acetonitrile
(dashed line) and cyclohexane (dotted line). (b) Absorption spectrum of umbelliferone
in methanol (solid line) and acetonitrile (dashed line).

solvents. Two models for the radiationless transition in non-polar media were
suggested: [190] 1) adiabatic relaxation from 77* via n7* back to Sy or 2) via
the so-called proximity effect [191,192]. As nn* states are typically shifted to
lower energies in polar media and n7* to higher ones, the energetic separation
should increase with solvent polarity, the n7* now lying above the n7*, and
thereby hinder an efficient radiationless relaxation.

Within the framework of the proximity effect [191,192] the radiationless tran-
sition is explained by strong vibronic coupling (pseudo Jahn-Teller effect) be-
tween the close lying n7* and n7* states. The coupling (non-totally symmetric
out-of-plane) modes leads to distortions of the PES thereby reducing the barrier
width for the internal conversion process. The proximity effect was also used
to explain the fluorescence quenching in psoralen [193] and, just recently, in
benzo[g]chromen-2-ones [194]. Both are coumarin derivatives in which a third
(hetero)aromatic ring has been annealed.

However, the fluorescence lifetime of coumarin has not been unambiguously
verified. Measurements using time-correlated single-photon counting suggested
an upper limit for the life constant of only around 100 ps [188]. This might be
a hint for another ultrafast relaxation network than the one assumed so far.

An additional deactivation channel of coumarins is the formation of triplet
states. Inter-system crossing (ISC) is an efficient process in the coumarin family
and is very dependent on the solvent. The ISC quantum yield of coumarin
in acetonitrile is just 1%, but increases up to 30% in trifluoroethanol [195].
Recently, the formation of dimers of coumarins has been explained in terms of
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reactive triplet states, challenging the multiplicity selective formation of dimers
isomers [195]. Absorption bands of the lowest excited triplet state have been
identified at 400, 425 and 450 nm and it seems to decay within a timescale of
300-500 ns. The time scale of inter-system crossing and from which singlet
electronic state it occurs are still not known for coumarins.

Many theoretical studies have been conducted regarding optical properties
of coumarin derivatives, e.g., [196-217]. However, the main focus has been
on vertical excitation energies, (excited state) dipole moments and fluorescence
energies of strongly emitting compounds like aminocoumarins. Mostly semi-
empirical or time-dependent density functional methods (TDDFT) were ap-
plied. For example, benchmarks of different TDDFT models for a wide range
of coumarin derivatives have been provided [198,199,218]. However, coumarin
molecules seem to be challenging systems for time-dependent DFT [198]. Nev-
ertheless, the S; state was associated with a 77" excitation and Sy (or higher)
as nm* over a wide range of solvents and substituents although they can be
close in energy (e.g., [196,203,206]).

The investigation of hydroxycoumarins is complicated by a possible proton
transfer from the hydroxy to the carbonyl group [219]. Depending on the
medium several tautomers or ionized forms can coexist. Moreover, the acid-
ity of hydroxycoumarins is strongly increased in the excited state (e.g., for
7-hydroxy-4-methylcoumarin: pK,(So)~7.7 and pK,(S1)~0.45) [204]. In aque-
ous systems intramolecular proton transfer (presumably via a bridge of water
molecules) can play a significant role for fluorescence quenching and has been
thoroughly investigated [204]. In neutral alcoholic, non-protic or non-polar
solvents as used in this work these effects should, however, be of only little
importance (for some illustrative spectra see, e. g., [220,221]).

Tatchen et al. have investigated possible deactivation pathways for psoralen
compounds [203]. They have located gas phase minima of several excited states
among them So (n7*). At its minimum structure the order of 77* and nn*
has been reversed, the latter one being more stable. However they did not in-
vestigate possible conical intersections or energy barriers for such a transition.
Additionally, they suggested a ring opening of the pyrone ring at the lactone
bond as a possible deactivation pathway in the S; (77*) state. Solvent effects
were not examined. Such a ring opening reaction has, as well, been experimen-
tally observed in matrix isolated coumarin [215]. To the best of our knowledge
neither of these pathways has been applied to the basic coumarin unit or in
solution, especially not in the context of the different fluorescence behavior of
coumarin and its hydroxy derivatives.

Recently, transient absorption spectra where recorded in the group of M.
Motzkus elucidating the difference between coumarin and umbelliferone in more
detail [23]. As solvents methanol and acetonitrile were chosen and the relevant
results are shown in Figures 9.2 and 9.3. In the case of coumarin the measure-
ments were conducted in cyclohexane, additionally.

In transient absorption spectra the molecules are excited by a first pulse
with a narrow band width, the so-called pump pulse (in this case centered
around 330 nm). With certain time delays a broad band pulse, called the probe
pulse, is applied. Finally, the development of the differences between the two
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Figure 9.2.: (a) Selected transient spectra for umbelliferone in acetonitrile. (b) Selected
transient spectra for umbelliferone in methanol. Insets show there is no isosbestic point
in both solvents. (c) Transient absorption traces at the maximum of the ESA and the
SE signals. For umbelliferone in acetonitrile at 350 nm (empty circle) and 400 nm
(empty square). For methanol at 348 nm (filled circle) and 394 nm (filled square). For
more details see [23].

spectra in dependence of the delay time is analyzed. Here, three types of
bands are of importance. The excited state absorption (ESA) bands have a
positive signal and arise when population is transferred from an excited state
to even higher electronic levels. On the other hand, stimulated emission (SE)
processes give rise to negative signals. The third type of bands, the ground state
absorption, has a negative signal, as well. However, in the case of coumarin and
umbelliferone the absorption from the ground state can not be observed as it
is superposed by the ESA signal. The time constants with which the different
signals arise and vanish give important information about the life times of the
excited states and the relaxation network involved.

For the molecules in this work, the bands from ESA as well as SE decayed
usually with two time constants indicating more than one relaxation pathway.
However, strong differences occurred with respect to the solvent. For both
molecules, the SE bands lived the longest in methanol although the one in
coumarin being much weaker than in umbelliferone. In the case of coumarin
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Figure 9.3.: (a) Selected transient spectra for coumarin in methanol. (b) Selected
transient spectra for coumarin in acetonitrile. (c¢) Transient absorption traces at the
maxima of the two contributions to the blue-shifted ESA signal, and at the maximum
of SE signal. For coumarin in acetonitrile at 340 nm (empty triangle), 365 nm (empty
circle) and 435 nm (empty square). For methanol at 343nm (filled triangle), 373 nm
(filled circle) and 435nm (filled square). Inset shows the formation and relaxation of
the initial ultrafast SE band of coumarin in methanol. For more details see [23].

in cyclohexane, the SE was even completely suppressed. The different time
constants obtained experimentally are summarized in Table 9.1.

In this work, we investigate the electronic levels and the dynamics in the
excited state of coumarin and umbelliferone (see insets of Figure 9.1) in polar
and non-polar solvents using ab initio calculations. Our main goal is to explain
the difference between the fluorescence intensity and the respective time-scales
experimentally found in the relaxation of these two coumarins. This work is
organized in the following way: In Section 9.2 we present briefly the numerical
details. Results of quantum chemical calculations are presented in Sections
9.3-9.8. Results from global target analysis are summarized in Section 9.9.
Finally, in Section 9.10 the experimental and numerical results are discussed
and a relaxation model for coumarin and umbelliferone in dependence of the
solvent polarity is described.
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Table 9.1.: Decay time constants and amplitudes obtained at selected wavelengths A
(from [23]).

Molecule/ A/ Al t1/ A2 2/ A3 3/
Solvent nm ps ps ps
Umbelliferone

Methanol 348 28(6) 16(2) 72(5) >150 - -

394 30(5) 12(2) 70(5) >150 - -

Acetonitrile 350 98 35.3(4) 2 >300 - -

400 100 31.9(3) - - - -
Coumarin
Methanol 343 16(3) 1.1(3) 84(3) 10.1(5) - -
373 50(5) 1.5(2) 50(6) 6.5(7) - -
Acetonitrile 340 27(3) 1.4(2) 49(1) 19.7(7) 24(6) 0.2(5)
365 69(2) 1.4(1) 31(2) 7.0(4) - -

9.2. Computational Details

Most calculations were carried out with the TURBOMOLE V6.3 program pack-
age [85]. Ground state stationary points were obtained by Mgller-Plesset per-
turbation theory in second order (MP2) [30] within the resolution of the identity
approximation (ri) and the ricc2 module [48,222] of TURBOMOLE. If not stated
otherwise, the correlation consistent polarized triple-¢ basis set cc-pVTZ [75]
was employed together with the corresponding auxiliary basis set [90]. For
orbital-relaxed first-order dipole moments the augmented cc-pVTZ (aug-cc-
pVTZ) basis sets were used [75,90]. In some cases the corresponding double-(
basis sets (aug-)cc-pVDZ [75,90] were employed. At all ground state minimum
structures numerical frequency calculations were performed using the module
NumForce in order to confirm that minima were obtained.

For the calculation of excited states, the second-order algebraic diagrammatic
construction scheme [14-18] as implemented in the ricc2 module [48,51,222,
223] of TURBOMOLE was employed. This largely overseen method comprises
the advantages of both, coupled-cluster and configuration-interaction methods
as it incorporates a hermitian eigenvalue problem and is, at the same time, size-
consistent. Additionally, charge-transfer and, if the provided basis sets are large
enough, Rydberg states are physically correctly described. The elements of the
secular matrix are determined by perturbation theory and ADC(2) yields results
that are of similar quality as those obtained with CC2 [47]. For all vertical
excitation energies as well as excited state properties [223] (oscillator strengths
and orbital-relaxed first-order dipole moments) the aug-cc-pVTZ basis set was
chosen. If not stated otherwise, the cc-pVTZ basis set was used for excited
state geometry optimizations. Due to the high numerical demand, only some
of the obtained structures were characterized by harmonic analysis.

Solvent effects were considered by including explicit solvent molecules on the
one hand and by application of the conductor-like screening model (COSMO)
[224]. However, the COSMO model can only be applied on Hartree-Fock level
but not in the ADC(2) (or CC2) calculations. Nevertheless, by considering
the solvent perturbed molecular orbitals the largest part of the implicit solvent
effect should be covered. To mimic methanol as solvent, a permittivity of 32.64
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9.3. Structure and Vertical Excitation Energies

was chosen. For the radii based cavity construction the optimized atomic radii
included in TURBOMOLE were used.

In some cases time-dependent density functional theory (TDDFT) [10,41,42]
calculations were performed with the ESCF and EGRAD functionalities of TUR-
BOMOLE. Two different hybrid functionals were used: B3LYP [38] and BH-
LYP [40]. These two functionals differ with respect to the amount of exact
Hartree-Fock (HF) exchange incorporated (20 % for BSLYP and 50 % for BH-
LYP).

For some points of the PES multi-state complete active space perturbation
theory (MS-CASPT2) calculations [46, 180, 181] were done. These were per-
formed with the MOLCASV7.2 program package [176]. As active space 12
electrons in 11 orbitals was chosen. Among them were four m, four 7*, one
non-bonding orbital and one pair of ¢ and ¢* orbitals. To avoid problems with
Rydberg states the non-augmented cc-pVTZ [75] basis set was used. In the
state-averaged calculations two states per symmetry were used.

9.3. Structure and Vertical Excitation Energies

In their electronic ground state, coumarin and its 7-hydroxyderivative are pla-
nar and have Cg; symmetry. To decide on a basis set for the following geom-
etry optimizations the four different correlation consistent polarized basis sets
(aug-)cc-pVDZ and (aug-)cc-pVTZ were tested (Table 9.2). The value that
changes most with basis set size is the C2C* double bond (about 2pm, for num-
bering scheme see Figure 9.4). The largest change occurs between double-¢ and
triple-C basis sets while the inclusion of diffuse functions in the augmented basis
sets introduces hardly any changes. Therefore, we decided to use the cc-pVTZ
basis set for ground state geometry optimizations throughout this work.

The obtained bond lengths are in good agreement with crystal structure

Table 9.2.: Basis set dependence of bond lengths in coumarin. All values in A. Num-
bering scheme according to Figure 9.4. Method: MP2.

Bond x-ray [225] cc- aug- cc- aug-
pVDZ cc-pVDZ pVTZ cc-pVTZ
o'c? 1.374 1.397 1.399 1.381 1.380
C2=0!! 1.213 1.211 1.218 1.203 1.205
c2c3 1.454 1.468 1.466 1.450 1.450
c3=C* 1.347 1.361 1.364 1.344 1.345
cacto 1.438 1.447 1.446 1.428 1.428
Cclo¢e 1.397 1.412 1.412 1.394 1.395
C0! 1.378 1.369 1.376 1.358 1.359
c8c? 1.394 1.404 1.404 1.387 1.386
c7ce 1.383 1.399 1.401 1.383 1.383
coc? 1.397 1.411 1.413 1.394 1.395
Ccocs 1.380 1.396 1.398 1.380 1.380
Clocs 1.405 1.414 1.416 1.396 1.397
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9. Relaxation Processes in Coumarin Derivatives

data [225]. The largest deviation occurs for the C=0 double bond which is,
however, strongly dependent on the environment. In Figure 9.4 the resulting
MP2/cc-pVTZ structures for coumarin and umbelliferone are shown together
with the numbering schemes used. In Figure 9.5 those molecular orbitals are
depicted that will be important for the excitation process. The excitation ener-
gies, oscillator strengths and orbital-relaxed dipole moments of the three lowest
excited singlet states are given in Table 9.3.

(a) coumarin 1 (b) umbelliferone 2

Figure 9.4.: Ground state optimized structures of coumarin and umbelliferone. All
bond lengths in A. Method: MP2/cc-pVTZ

288

n-HOMO HOMO-1 HOMO
(-12.30) (-9.54) (-8.86) ) LUMO (1.51)
n-HOMO ) HOMO-1 ) HOMO j

( 12.29) ( 9.70) (-8.54 ) LUMO (1.75)

Figure 9.5.: Most relevant molecular orbitals of coumarin ((a)-(d)) and umbelliferone
2 ((e)-(h)) and their energies in eV. LUMO is the lowest unoccupied orbital when
Rydberg orbitals are disregarded. n-HOMO denotes the highest occupied non-bonding
orbital.

The obtained bond lengths are similar for both molecular structures. It
should be mentioned that for umbelliferone another ground state minimum
structure, denoted as 2a, exists in which the hydroxy group has been rotated
by 180 degrees around the C'O' bond. These two isomers have almost the
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9.3. Structure and Vertical Excitation Energies

same bond lengths and the isomer shown in Figure 9.4 is only 0.3 kcal/mol
lower in energy. However, they differ with respect to their dipole moments:
The dipole moment of 2 amounts to 4.23D and the one of its isomer 2a is
6.80 D according to MP2/aug-cc-pVTZ. The dipole moment of unsubstituted
coumarin itself is 4.49 D. As subtle differences in the electronic structure can
lead to a significantly different photophysical and photochemical behavior, we
considered both isomers in our calculations, especially with respect to solvent
effects. However, no significant differences occurred although the excited state
dipole moments differ, as well. Therefore, we omit this isomeric structure for
the discussion here but mention that for an accurate determination of dipole
moments both would have to be considered.

Table 9.3.: Vertical excitation energies (AE), oscillator strengths (f) and orbital-relaxed
dipole moments (1) of the three lowest electronically excited states in coumarin 1 and
umbelliferone 2. Ground state dipole moments are included for comparison. Method:
MP2/cc-pVTZ//ADC(2)/aug-cc-pVTZ. Experimental values obtained in methanol so-
lution (compare Figure 9.1).

State AE f I exp.
(V) (nm) (D) (V) (nm)

Coumarin

1t A 4.67

2LA! () 4.25 292 0.14 5.60 4.00 310

LA (rm*) 498 249 0.22 6.46

A" (n7*) 4.50 275 - 0.31 - -
Umbelliferone

1t A 3.68

2L A" (mm*) 425 292 035 577 395 314

LA (mm*) 4.71 263 0.08 5.17

11A” (n7*) 4.60 270 - 0.75 -

In all molecules the lowest excited singlet state (2'A’) is of 7m* character
and dominated by a HOMO to LUMO transition (64 % and 72% in 1 and 2,
respectively) although HOMO-1 to LUMO can play a significant role, as well
(21% and 10% in 1 and 2, respectively). The energetic position of this state
with respect to the ground state is almost identical for all three molecules and
a bit higher than experimentally measured in solution. However, the dipole
moments increase slightly and a small energy stabilization by polar solvents
can be expected. In the course of this excitation the electron density in the
C3C* double bond is reduced and an elongation of this bond is expected to
take place after the photoexcitation into this state.

About 0.3eV higher in energy a dark nm* state (1'A”), corresponding to
the excitation of the carbonyl lone pair into the ring system, is found. This
excitation leads to a strong change of the dipole moment and therefore strong
solvent effects are expected. Specifically, this state should be destabilized by
polar solvents and shifted to higher energies which coincides with the general
observation that n7* states are usually shifted to higher energies when the
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9. Relaxation Processes in Coumarin Derivatives

solvent polarity is increased.

The next state (3'4’) is again of 77* character and has significant multicon-
figurational character. The largest contribution corresponds to a HOMO-1 to
LUMO excitation but several others are included, as well. For umbelliferone
this state is situated closer to the first excited state than for coumarin.

All in all, the gas phase vertical excitation calculations are able to represent
the overall experimentally observed spectral features. As in the linear absorp-
tion spectra, the transition to the second optically-allowed excited singlet state
is more pronounced than the one to the first in coumarin and wice versa in
umbelliferone (compare oscillator strengths in Table 9.3). At the same time,
the energies of these two electronic transitions are much closer in umbellifer-
one than in coumarin. Consequently, the second peak in the linear absorption
spectrum of umbelliferone forms only a shoulder on the first peak.

9.4. Fluorescence and Relaxation Pathways

In this section, the position of energetic minima on the first 77* and n7* po-
tential energy surfaces (PES) will be determined and two different radiationless
relaxation pathways into the ground state will be suggested. The solvent effects
on these pathways and the following implications for the different photophysical
behavior of coumarin and umbelliferone will be discussed in Section 9.5.

9.4.1. Fluorescence and Ring cleavage

As mentioned above, the character of the wn* (2! A’) state suggests an elonga-
tion of the C3C* double bond upon electronic excitation. Surprisingly, geometry
optimizations (without any symmetry restrictions and after a small distortion
from planarity) on its surface led to structures shown in Figure 9.6. To exclude
any basis set effects, the aug-cc-pVTZ basis set was used but with respect to
numerically more demanding cases it is worthwhile to mention that similar
structures were obtained with cc-pVTZ in all cases (not explicitly shown here).

The double bond is indeed longer than in the ground state (by about 4-5
pm). However, the lactone bond between O' and C? is broken in addition and
the molecule is strongly distorted. The predicted fluorescence energy amounts
to only 0.72¢eV in coumarin (and 0.66eV in 2) which is far too low compared
to experimental values of approximately 3eV as well as the values for the SE
presented above. Moreover, the oscillator strength is drastically reduced (to
about 0.02) compared to the Franck-Condon region.

In several earlier studies, e.g., [196,197], the obtained fluorescence energies
matched the expected ones and no such distortion was observed. Consequently,
we tested other methods for comparison to gain further insight into this phe-
nomenon. First of all, ri-CC2 led to essentially the same results and ring-opened
structures. However, TDDFT results varied strongly with the functional used.
BHLYP (50 % exact Hartree-Fock exchange) gave a structure that is hardly dis-
torted but with reduction of the amount of exact HF exchange the results be-
came more and more similar to ADC(2). In Figure 9.7 the respective structures
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9.4. Fluorescence and Relaxation Pathways

(a) coumarin 1 (b) umbelliferone 2

Figure 9.6.: S; minimum geometries of coumarin and umbelliferone. All bond lengths
in A. Method: ADC(2)/aug-cc-pVTZ.

obtained for coumarin with the functionals B3LYP (20 % exact Hartree-Fock
exchange) and BHLYP are displayed.

(a) TD-B3LYP (b) TD-BHLYP

Figure 9.7.: 1' A’ minimum geometries of coumarin obtained with TD-B3LYP and TD-
BHLYP. All bond lengths in A. Basis set: aug-cc-pVTZ.

In the next step we investigated the PES corresponding to this ring cleav-
age. For psoralen Tatchen et al. have previously suggested this pathway as
a radiationless decay channel [203]. Here we focus on possible differences be-
tween coumarin and umbelliferone and seek for an explanation of this immense
method discrepancy.

From the bond length of about 1.56 A a relaxed PES scan was performed by
elongating the C20! single bond of coumarin in small steps. This bond length
was fixed and the rest of the molecule subjected to a geometry optimization on
the Si-surface. At smaller bond lengths constant root flipping with the dark
nt* (1'A”) state occurred so that no reasonable results could be obtained by
constrained geometry optimizations. Up to this point a linear interpolation was
performed by dividing the geometrical distortion into equal steps. This part of
the PES is represented as dotted lines. At the point where the two methods are
joined, a kink can be observed on the ground state surface. This is an artifact of
the two different approaches. In the case of ground state optimizations a smooth
surface without any intermediate minimum structures is obtained back from the
distorted excited state structure to the ground state minimum presented above.

In all cases (regardless of the molecule or method used) the excited PES
is quite flat (after an initial energy stabilization) and the oscillator strengths
decrease continuously along the reaction coordinate. This flatness of the PES
explains the large differences in the applied methods as small changes in the
parameters can easily lead to extreme shifts of the shallow minima along the
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Sg (BHLYP) ——
S, (TD BHLYP) —s—
r Sq (MP2) —e—
(ADCZ) ——
Sp (MS- CASPT2)
s (MS-CASPT2) —a—

energy [eV]
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Figure 9.8.: Relaxed PES scan along the bond breaking path in coumarin obtained with
ADC(2) and TD-BHLYP. Dotted lines obtained by linear interpolation. For structure
optimization cc-pVDZ and for vertical excitation energies aug-cc-pVDZ as basis sets.

PES. In Figure 9.8 the analogous PES obtained by TD-BHLYP is included as
an illustrative example. Although no significant energy barrier towards a ring
opening exists either, the shallow minimum is shifted to the FC area of the
potential energy surface.

The question arises whether the single-reference methods used so far are suffi-
cient for the description of such a bond breaking. Therefore, MS-CASPT?2 single
point calculations were performed along the pathway obtained with ADC(2).
The results are included in Figure 9.8. Here, as well, the excited state surface
is very flat. Even the development of the ground state energies is almost identi-
cal to MP2. At large distortions stronger deviations between the two methods
occur. However, this is not surprising because the structures were optimized
with ADC(2). Geometry optimizations with MS-CASPT2, which we did not
perform due to the high numerical effort, should lower the energy difference be-
tween the ground and first excited state and thereby reduce the slight reaction
barrier towards the conical intersection observed here. Thus, we conclude that
the flexibility of the configuration space included in ADC(2)-s is sufficient to
describe the relaxation pathway. Moreover, Tatchen et al. obtained with the
multi-reference method DFT/MRCI almost identical PESs for psoralen [203] as
we for coumarin with ADC(2).

Additionally, this shows that such a ring cleavage might be a possible radia-
tionless deactivation pathway not only in psoralen but other coumarin deriva-
tives, as well. Once the molecules reach the ground state surface close to the
intersection, the lactone ring closes yielding the original molecule and render-
ing the ring-opened structure an intermediate only. Similar ring opening reac-
tions have also been observed in non-coumarinic systems, e. g., in benzospiropy-
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9.4. Fluorescence and Relaxation Pathways

ran [226], thiophene [178] or fluorinated indolylfulgides [227]. However, no sig-
nificant differences between coumarin and 7-hydroxycoumarin can be observed
in these gas phase calculations. The analogous PES for umbelliferone is de-
picted in Figure 9.9. Figures 9.9 and 9.10 show how higher excited singlet state
and triplet states evolve along the PES of the bond breaking pathway in um-
belliferone. In particular, it can be seen how the first excited singlet n7* state
raises along this pathway rendering a transition as discussed in the next section
less probable and supporting the assumption that the branching point between
this and the second radiationless decay channel (see Section 9.4.2) lies close to
the Franck-Condon point (compare as well Section 9.10). The same situation
applies to coumarin, as well (not shown here).
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Figure 9.9.: Relaxed PES scan along the bond breaking path in umbelliferone in the
gas phase. Red curves: Excited singlet states. Black curve: Ground state. Dotted lines
obtained by linear interpolation. For structure optimization cc-pVDZ and for vertical
excitation energies aug-cc-pVDZ were taken as basis sets. Character of the states (n7*
or wm*) with respect to Franck-Condon point (along the reaction pathway the states
start to mix and intersections occur).

9.4.2. Carbonyl stretching mode

In order to find alternative reaction pathways, the potential energy surfaces
of coumarin along the different vibrational normal modes were calculated and
searched for hints to radiationless relaxation pathways. With this respect, the
carbonyl stretching mode could be identified as a promising deactivation path-
way. Figure 9.12 shows the obtained PES for coumarin and umbelliferone along
the respective carbonyl stretching modes. As the 3! A’(77*) state is not lowered
in energy along this pathway and does not interact with the two energetically
lower states it was omitted from the plots for the sake of clarity.
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Figure 9.10.: Relaxed PES scan along the bond breaking path in umbelliferone in
the gas phase. Red curves: Excited singlet states. Blue curves: Excited triplet states.
Black curve: Ground state. Dotted lines obtained by linear interpolation. For structure
optimization cc-pVDZ and for vertical excitation energies aug-cc-pVDZ were taken as
basis sets. Character of the states (n7* or 77*) with respect to Franck-Condon point
(along the reaction pathway the states start to mix and intersections occur).

Along this normal mode, an intersection between 2! A’(77*) and 11 A” (n7*) is
found. In principle, the two states belong to different irreducible representations
rendering a transition forbidden, however strong vibrational coupling between
the two states by non-totally-symmetric normal modes can be expected making
this path accessible. After transition, a significant energy stabilization and
a second intersection with the ground state occurs. This should lead to an
efficient relaxation pathway back into the ground state. Indeed, a geometry
optimization in the 1! A” state shows that the minimum of the PES shown and
the minimum of the 1'A” surface lie close to each other (Figure 9.11). The
motion along the carbonyl stretching mode can thus be used as a viable way to
mimic the relaxation into the dark nz* state. These findings are in line with
the observation by Tatchen et al. [203] that the energetic order of the two first
excited states is reversed at the 1' A” minimum geometry. Here we were able to
identify roughly the position of the conical intersection between the two states.
The activation energy for this pathway is negligible.

As far as the comparison of coumarin and umbelliferone is concerned no
significant difference for the two molecules can be observed as was already
the case for the relaxation pathway along the ring opening. The inclusion of
solvent effects are of particular interest as significant shifts of the n7* state can
be expected.
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1.402
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(a) coumarin (1) (b) umbelliferone (2)

Figure 9.11.: 1* A” (n7*) minimum geometries of coumarin and umbelliferone. All bond
lengths in A. Method: ADC(2)/cc-pVTZ.

9.5. Solvent Effects

As mentioned above, solvent effects play an important role for the photophysical
behavior of coumarin derivatives. Therefore, we will focus in this part on their
effect on coumarin and umbelliferone. Due to the low polarity of cyclohexane,
the gas phase calculations are expected to be a good approximation and no
big deviations from the results presented above should occur. Among the three
solvents used in the experiments discussed in Section 9.1, methanol exhibits a
high polarity and the largest effect on the photophysical behavior of coumarin.
Consequently, we chose this solvent for our theoretical calculations to grasp the
full solvent effect observed in the experiments.

9.5.1. Structures of solvated molecules and vertical excitation
energies

As explicit interactions via H-bridges are significant in methanol, methanol
molecules were explicitly included into the calculations. For coumarin two
methanol molecules were included at the carbonyl group. In the case of the 7-
hydroxycoumarin isomers two different arrangements of solvent molecules were
tested. In the first one only two methanol molecules were incorporated in the
same way as in coumarin. In the other one four methanol molecules were ap-
plied in order to mimic solvation effects at the hydroxy group. The ground
state structures with inclusion of solvent molecules are shown in Figure 9.13.
The frontier orbitals that are important for the first excited states are not sig-
nificantly changed compared to the gas phase. Therefore we refrained from
displaying them at this point.

The geometries are similar to the non-solvated structures. The bond lengths
that are influenced most are the C2O!!' carbonyl double and the O'C? lactone
bond. This is not surprising as the coordination of solvent molecules leads to a
shift of the electron density from the ring system (especially from O!) towards
O''. Consequently, an elongation of the C*0O!! double bond and a contraction
of the O'C? lactone bond takes place.

Table 9.4 shows the vertical excitation energies at the optimized structures

109



9. Relaxation Processes in Coumarin Derivatives

8 T T T T 8 T T T T
1A 1A
7L 211A! (TETC*) x 7L 211Ay (TCTC*) X B
1'A” (nt*) ° 1°A” (nt*) ° A
6L 13N (o) ® 6L 13A (xn*) ® /
1°A” (nmr) = 1A (o) = ;
SR 1 5 °r i
R o,
) R - )
c 1: AR BT c
o 3} 4 ©
"
2 - -
L 4
0 1 1 1 < 1 0 1 1 1 Co
0 2 4 6 8 10 0 2 4 6 8 10
dimensionless normal coordinate [Q] dimensionless normal coordinate [Q]

Figure 9.12.: Potential energy surfaces of the lowest excited singlet (continuous lines)
and triplet (dotted lines) state of each symmetry along the carbonyl stretching mode
of coumarin (left) and umbelliferone (right). Frequencies of the respective modes:
1822cm™! (coumarin) and 1824cm~! (umbelliferone). Distortion of 2Q leads to an
elongation of the carbonyl double bond by about 0.1 A in both molecules. Struc-
tures and frequencies obtained with MP2/cc-pVTZ and single point calculations with
ADC(2)/aug-cc-pVTZ.

with and without application of the COSMO model. As expected, the 7™ states
are only slightly influenced while the n7* excitations are shifted to much higher
energies and appear in most cases only as the third excited singlet states. These
effects are more pronounced in umbelliferone and despite the large difference
in the ground state dipole moments, the two umbelliferone molecules exhibit
very similar excitation energies. Although the Cy symmetry of the gas phase
structures is lifted, the lowest excited states still exhibit distinct 77* or nzn*
character.

As far as the validity of the different solvent models is concerned, it can be
observed that explicit solvent interactions have a stronger effect on the energy
of the first m7* excitation than implicit ones included via the COSMO model.
However, the opposite is true for the first nn* state. Here, the excitation
energies with or without explicit methanol molecules hardly differ as long as
the COSMO model is applied additionally. Therefore it can be expected that
explicit solvent interactions will mainly influence the pathway via ring opening
while implicit interactions should be dominant for the relaxation into the dark
nm* state along the carbonyl stretching mode.

The values obtained by a combination of the explicit solvent interactions and
COSMO are in good agreement with the experimentally observed values (com-
pare Table 9.3 and Figure 9.1). Concerning the oscillator strengths the same
trends can be observed as in the gas phase calculations. While in coumarin the
second transition has a higher intensity, the oscillator strength of the transition
into the first excited singlet state is significantly larger in umbelliferone.
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Table 9.4.: Vertical excitation energies (AE) and oscillator strengths (f) of the three
lowest electronically excited states in coumarin 1 and umbelliferone 2 with inclusion
of solvent molecules. Method: MP2/cc-pVTZ//ADC(2)/aug-cc-pVTZ.

State AE f AFE f
eV eV

Coumarin (1) COSMO
2L A" (mm*) 4.25 0.14 4.30 0.14
3LA" (w¥) 4.98 0.22 4.90 0.28
1'A” (nm*) 4.50 - 5.02 -
Coumarin (1) + 2 MeOH COSMO
21 A (mainly 77*) 4.23 0.16 4.24 0.16
3LA (mainly 77*) 4.88 0.26 4.77 0.29
41 A (mainly nr*) 4.65 0.00 5.02 0.00
Umbelliferone (2) COSMO
2LA" (mm*) 4.25 0.35 4.24 0.36
3LA' () 471 0.08 4.68 0.06
11A” (n7*) 4.60 - 5.10 -
Umbelliferone (2) + 2 MeOH COSMO
21A (mainly n7*)  4.16 0.37 411 0.40
314 (mainly 77%)  4.66 0.05 4.60 0.04
4' A (mainly nr*) 4.73 0.00 5.10 0.00
Umbelliferone (2) + 4 MeOH COSMO
2! A (mainly 7m*) 4.10 0.40 4.07 n.c.
3'A (mainly 77*) 4.61 0.05 4.57 n.c.
41 A (mainly nr*) 4.74 0.00 5.09 1.C.

9.5.2. Fluorescence and Ring cleavage

Geometry optimizations in the first excited wr*-like state including methanol
molecules were performed using the molecular ground state structures intro-
duced above as starting points (Figure 9.13). While for coumarin with two
methanol molecules only ring-opened structures were obtained, the S; minima
of umbelliferone exhibit only small distortions and no broken bonds. The pre-
dicted fluorescence energies of umbelliferone are now in good agreement with
the experiment where the broad fluorescence band is centered around approxi-
mately 3eV (for respective values see Figure 9.13).

In order to determine the solvent effect on the energetic barrier for the re-
laxation via ring opening in umbelliferone, PES scans were performed. Up to
the minimum structure a linear interpolation was used and from that point on
a relaxed surface scan in which the O'C? bond was gradually elongated. The
results for umbelliferone are shown in Figure 9.14. It can be recognized that
by inclusion of methanol molecules the minimum is clearly shifted towards the
Franck-Condon zone. Additionally, a small energy barrier starts to form (about
0.9 and 1.4 kcal/mol for 2 + 2 MeOH and 2 + 4 MeOH, respectively). This
barrier is not sufficiently high to efficiently suppress a relaxation along this path-
way but it should be further enhanced by inclusion of more methanol molecules
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Figure 9.13.: Optimized structures with inclusion of two or four methanol molecules
at MP2/cc-pVTZ (ground state structures, left column) or ADC(2)/cc-pVTZ level (S,
minimum structures, right column). All bond lengths in A. Predicted fluorescence
energies at these geometries in eV (ADC(2)/aug-cc-pVTZ) and oscillator strengths
(length gauge) are given below the corresponding structure.

and by transition to more polar solvents like water. This is in accordance with
the relatively low fluorescence quantum yields obtained for umbelliferone in
methanol compared to the same molecule in water.

For coumarin several arrangements of methanol molecules were tested but in
all cases ring-opened structures were obtained indicating that only the combined
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9.5. Solvent Effects

effect of an electron donating group in the correct position and inclusion of
solvent molecules can increase the electron density of the O'C? bond sufficiently
to avoid a ring opening.

Allin all, it can be expected that with stronger electron donating substituents
and with increasing solvent polarity the shift of electron density into the pyrone
ring is enhanced and the relaxation wvia ring opening less pronounced. This
might be a reason that in, e. g., 7-aminocoumarins with alkyl substituents at the
nitrogen atom fluorescence quantum yields of approximately 1 can be achieved
in polar solvents.
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Figure 9.14.: Relaxed PES scan along the bond breaking path in umbelliferone in the
gas phase, with inclusion of two methanol molecules and four methanol molecules.
Dotted lines obtained by linear interpolation. For structure optimization cc-pVDZ and
for vertical excitation energies aug-cc-pVDZ were taken as basis sets.

9.5.3. Carbonyl stretching mode

The PES for coumarin and umbelliferone along the carbonyl stretching mode
with inclusion of solvent effects by the COSMO model in combination with ex-
plicit solvent molecules (two for 1 and four for 2) are depicted in Figure 9.15.
The C; symmetry of the molecules is lifted by the methanol molecules and the
former A’ and A” can principally interact leading to avoided crossings instead
of the true crossings observed along the carbonyl stretching mode in the gas
phase calculations. Therefore, additional single point calculations were per-
formed close to such crossing points to estimate the splitting resulting from the
reduced molecular symmetry. However, no significant splittings were observed.
Therefore, we adopt the diabatic picture with true crossings of #7* and nn*
states from the gas phase calculations for the plots of the PES with inclusion
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9. Relaxation Processes in Coumarin Derivatives

of solvent molecules.

As was expected, the nt™* state is strongly shifted upwards in energy for both
molecules. This effect is stronger in umbelliferone and a relaxation into the dark
nm* state seems to be quite disadvantageous as the crossing point lies about
0.32eV (2581 cm~1!) above the FC point. For coumarin the intersection lies
only approx. 0.04eV (323 cm™1) higher than the FC region. The correspond-
ing radiationless relaxation should definitely be less efficient than in non-polar
solvents such as cyclohexane but might be still well accessible. However, for
a quantitative assessment more sophisticated solvent models would have to be
applied and vibrational interactions between the states considered.
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Figure 9.15.: Potential energy surfaces along carbonyl stretching mode of coumarin
(left) and umbelliferone (right) with inclusion of two or four methanol molecules. Fre-
quencies of the respective modes: 1773cm™! (coumarin) and 1770 cm ™! (umbellifer-
one). Distortion of 2Q leads to an elongation of the carbonyl double bond by about
0.1 A in both molecules. Structures and frequencies are obtained with MP2/cc-pVTZ
and single point calculations with ADC(2)/aug-cc-pVTZ.

9.6. Inter system crossing (ISC)

An interesting question remains concerning phosphorescence quantum yields.
Coumarin in non-polar solvents can exhibit ISC which is reduced in more polar
solvents. The question arises from which point of the PES the ISC occurs
preferentially.

At the Sg minimum structures a 3nm* state lies very close in energy to 'mr*.
According to El Sayed’s rule [5], such a transition that is accompanied by a
change in molecular symmetry should be enhanced. At the same time, a triplet
state with 77* symmetry intersects with the 'nm* state close to its minimum
(Figure 9.12).

To get an idea of the probability for transitions at these points the spin-
orbit coupling matrix elements obtained with the newly implemented spin-orbit
coupling code in Q-Chem (compare Section 5) and ADC(2)-s between 2! A" and

3
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9.7. Results for the Deprotonated, Anionic Form of Umbelliferone

13A” at the Sg geometry as well as between 11 A” and 13 A’ at the 1' A” minimum
geometry were compared (Table 9.5). For comparison the respective values at
the 2! A’ minimum geometry (ring-opened) were included although the lowest
triplet state with n7* symmetry lies much higher in energy.

Table 9.5.: Singlet-triplet splittings (eV) and spin-orbit coupling matrix elements
(em™!') at ADC(2)-s/aug-cc-pVDZ level at important points of the gas phase
PES. Ug and Uy are the singlet and triplet wave functions used. (Hgo) =

Va0 [(A.0,0[Hso| B, M)P. AE = B(¥r) - B(¥s).

minimum structure U U AE (Hso)st
of state eV cm ™!

Coumarin (1)

gr. state (Fig. 9.4) 2LA! () 13A” (n7*) 0.03 11.08

1A” (Fig. 9.11) 1LA” (n7*) BA (rr*) 029  40.72

214’ (Fig. 9.6) 21 A (rr*like) 2%A (nr*-like) 0.63  35.82

Umbelliferone (2)

gr. state (Fig. 9.4) 21A" (7m*) 1BA” (nm*) 012 14.32

11 A" (Fig. 9.11) 11 A" (n¥) 1A' (rn*) 025 44.53

21 A’ (Fig. 9.6) 2'A (nr*-like) 234 (nm*-like) 0.49  38.02

While the values for 1 and 2 are similar, the coupling elements are signifi-
cantly larger at the 1' A” minimum structure than at the Franck-Condon point.
This indicates that ISC from this state might be more efficient than from 2! A
close to the vertical excitation. As the nn™* state is less efficiently populated
in polar solvents the ISC efficiency should decrease significantly. However, this
assessment based on the energy splitting and spin-orbit coupling elements can
only give a qualitative indication about the ISC efficiency and vibrational effects
would have to be considered additionally for quantitative results.

9.7. Results for the Deprotonated, Anionic Form of
Umbelliferone

Figure 9.16 shows the optimized structures for the anionic form of umbellifer-
one in the ground and first excited state. This molecule was only considered
with inclusion of four methanol molecules as strong solvent effects can be ex-
pected and methanol is the only solvent used in this study in which it might
be of importance (compare Section 9.10.5). The vertical excitation energies
and strengths at the ground state minimum are given in Table 9.6 and the pre-
dicted fluorescence energy in Figure 9.16. Figure 9.17 shows the most important
molecular orbitals for the first three excited states.

Both the predicted absorption and fluorescence energy are similar to values
obtained for other umbelliferone derivatives [220,228]. The minimum structure
of the first excited state has a O'C? bond length that is about 0.4 A smaller than
the one in umbelliferone itself (compare Figure 9.13) indicating an even larger
reaction barrier for the ring opening. In order to estimate this barrier, a rough
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9. Relaxation Processes in Coumarin Derivatives

relaxed PES scan was performed starting from the excited state minimum. The
result is shown in Figure 9.19. The barrier is much larger than in umbelliferone
and an efficient suppression of this radiationless decay channel can be expected.
Due to the single-reference character of the ground state wave function used in
our calculations we refrain from determining an explicit value for the activation
energy.

Figure 9.18 shows the PES along the elongation of the O'2C” bond (former
hydroxy group) as well as the carbonyl stretching mode. The shorter bond
lengths, which the original carbonyl bond (C'O') of umbelliferone has in the
ground and excited state minima, indicate a higher carbonyl character in the
C'O'" bond than in the deprotonated hydroxy group. At the same time, the
first n7* transition corresponds to an excitation of a non-bonding electron from
the deprotonated hydroxy group. Therefore, we have chosen to perform scans
along both bonds. However, no normal mode could be clearly attributed to
the stretching of the O'2C” bond and this bond was manually distorted to
obtain the respective PES. Along both pathways none of the higher states is
sufficiently lowered in energy in order to allow for an interaction with the first
excited state and the transition into a dark n7* state is not observable here.

1.234 K
1.356 123
1.374 '

AEfluor — 285 f=0.42

Figure 9.16.: Optimized structures of the deprotonated umbelliferone molecule with
inclusion of four methanol molecules at MP2/cc-pVTZ (ground state structure, left
column) or ADC(2)/cc-pVTZ level (S; minimum structure, right column). All
bond lengths in A. Predicted fluorescence energy in eV (ADC(2)/aug-cc-pVTZ, with
COSMO) and oscillator strength (length gauge) are given below the corresponding
structure.

0.8. Results for the Tautomerized Form of Umbelliferone

Figure 9.20 shows the optimized structures for the tautomerized form of um-
belliferone in the ground state and first excited state. As in the case of the
anionic system, no pure gas phase calculations were made. The obtained bond
lengths clearly display that the C"O'? bond of the former hydroxy group has
double bond character. In the ground state, the tautomerized form is about
0.9€V less stable than the original one. In the excited state, however, the ener-
getic order is reversed and the tautomerized form is approx. 0.5eV more stable

116



9.8. Results for the Tautomerized Form of Umbelliferone

Table 9.6.: Vertical excitation energies (AE) and oscillator strengths (f) of the three
lowest electronically excited states in the deprotonated umbelliferone with inclusion of
four methanol molecules. Method: MP2/cc-pVTZ//COSMO-ADC(2)/aug-cc-pVDZ.

State AFE f dominant contribution
(eV)  (nm)
21A (rm*) 332 374 048 HOMO—LUMO (57%)
LA (mm*) 434 285 0.03 HOMO—LUMO+1 (22%)
HOMO-1-LUMO(18%)
A'A (nm*) 440 282 0.00 n-HOMO—LUMO (53%)

Y Y Y Y

L L 3 L3 L 3
Ed K ks

(a) n-HOMO (-12.53) (b) HOMO-1 (-9.21) (c) HOMO (-7.41) (d) LUMO (1.90)

Figure 9.17.: Most relevant molecular orbitals (HF /aug-cc-pVDZ) of the deprotonated
form of umbelliferone and their energies in eV. LUMO is the lowest unoccupied orbital
when Rydberg orbitals are disregarded. n-HOMO denotes the highest occupied non-
bonding orbital.

(MP2/cc-pVTZ). The same result was obtained by Georgieva et al. [196,204]
who examined the tautomerization process along a chain of water molecules.
They determined the excited state reaction barrier for such a tautomerization
around 17.7 kcal/mol (0.8eV) [204]. As methanol is slightly less basic than wa-
ter this value can be seen as a lower bound for the activation barrier in methanol
solution.

The vertical excitation energies and oscillator strengths at the ground state
minimum are given in Table 9.7 and the predicted fluorescence energy in Figure
9.20. Figure 9.21 shows the most important molecular orbitals for the first three
excited states. Again, the predicted absorption and fluorescence energies are
similar to values obtained for other umbelliferone derivatives [220,228].

In the minimum structure of the first excited state the O'C? bond length is
hardly elongated in this molecule. This indicates that the ring opening pathway
is even less favored due to the substantial change in the electronic structure of
the molecule. Concerning the relaxation via the carbonyl stretching mode (of
the former hydroxy group) no normal mode could be identified that is largely
decoupled from other bond and angle deformations. Therefore, the O'2C” bond
was again manually distorted to obtain the respective PES (Figure 9.22). As
was already the case for the anionic form of umbelliferone no efficient transition
into the dark n7* state seems to be possible along this pathway.
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Figure 9.18.: (a) PES along the elongation of the O*?C7 bond (former hydroxy group)
obtained by ADC(2)/aug-cc-pVDZ+COSMO. (b) PES of the lowest excited singlet
states along the carbonyl stretching mode of the deprotonated umbelliferone molecule.
Frequency of the respective mode: 1737 cm™!. Distortion of 2Q leads to an elongation
of the carbonyl double bond of about 0.08 A. Structure and frequency obtained with
MP2/cc-pVTZ and single point calculations with ADC(2)/aug-cc-pVDZ+COSMO.

Table 9.7.: Vertical excitation energies (AFE) and oscillator strengths (f) of the three
lowest electronically excited states in the tautomerized umbelliferone with inclusion of
four methanol molecules. Method: MP2/cc-pVTZ//COSMO-ADC(2)/aug-cc-pVDZ.

State AF f dominant contribution
(V) (um)
2TA (rr*)  3.02 410 0.50 HOMO—LUMO (86%)
3A (nm*) 376 330  0.00 n-HOMO—LUMO (80%)
4YA (mr*) 440 282 0.03 HOMO-1-LUMO (73%)

9.9. Global Target Analysis

Both the experimental as well as our theoretical results suggest a picture with
two deactivation pathways back to the ground state. Therefore, a global target
analysis (GTA) was performed in the group of M. Motzkus based on the model
shown in Figure 9.23. Details can be found in [23].

A global target analysis allows one to interpret the experimental results with
respect to a certain model. Among other characteristics, species associated
spectra (SAS) can be obtained which show the spectral contribution to the sig-
nals arising from the different intermediate states in the model (here, A, B, and
C). Additionally, the transient absorption traces based on the model assumed
can be analyzed and compared with the experimental ones. The transient ab-
sorption traces show how the norm of a certain signal decays with time.

The agreement with the experimental results was very good and all main
features of the relaxation dynamics were reproduced. Other models including
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Figure 9.19.: Relaxed PES scan along the bond breaking path in deprotonated umbel-
liferone with inclusion of four methanol molecules. For structure optimization cc-pVDZ
and for vertical excitation energies aug-cc-pVDZ (with COSMO) were taken as basis
sets. The first point corresponds to the Franck-Condon point and the second one is
the minimum of the S1 state as obtained by ADC(2)/cc-pVTZ (without COSMO).

a sequential relaxation matrix were tested, as well, but yielded a worse agree-
ment with experiment. An important observation within the obtained transient
spectra is that the simulated emission occurs mainly along only one of the two
relaxation paths. This is in accordance with our theoretical results and the
relaxation into a dark n7* state as one possibility. The rate constants obtained
from the GTA for the two molecules in different solvents are shown in Table
9.8.

Table 9.8.: Time constants obtained by global target analysis using the model depicted
in Figure 9.23.

Molecule/Solvent t1 / ps to /ps t3/ps t4/ ps
Umbelliferone

Methanol 0.9 1 7.1 >100
Acetonitrile 0.09 3.9 7.1 34
Coumarin

Methanol 0.1 1.6 1.8 9.5
Acetonitrile 0.12 16 2 22
Cyclohexane 0.06 1.26 1.88 25
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Figure 9.20.: Optimized structures of the tautomerized umbelliferone molecule with
inclusion of four methanol molecules at MP2/cc-pVTZ (ground state structure, left
column) or ADC(2)/cc-pVTZ level (S; minimum structure, right column). All
bond lengths in A. Predicted fluorescence energy in eV (ADC(2)/aug-cc-pVTZ, with
COSMO) and oscillator strength (length gauge) are given below the corresponding
structure.
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Figure 9.21.: Most relevant molecular orbitals (HF /aug-cc-pVDZ) of the tautomerized
form of umbelliferone and their energies in eV. LUMO is the lowest unoccupied orbital
when Rydberg orbitals are disregarded. n-HOMO denotes the highest occupied non-
bonding orbital.

0.10. Discussion

The results obtained by theoretical calculations and time-resolved spectroscopy
will be compared and analyzed with respect to each other. In the first section,
umbelliferone in methanol will be taken as an example and the experimen-
tally and theoretically obtained relaxation pathways discussed and assigned to
each other. In the next part, we will focus on the comparison between the
two molecules, coumarin and umbelliferone. Then, solvent effects, inter-system
crossing and, finally deprotonation and tautomerization of umbelliferone will be
discussed. Figure 9.24 summarizes the main results obtained during this study.

9.10.1. Electronic State Assignment

The theoretically determined possibility of a branching of the photochemical
relaxation pathways is strongly supported by the almost perfect agreement be-
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Figure 9.22.: PES along the elongation of the O'2C7 bond (former hydroxy group)
obtained by ADC(2)/aug-cc-pVDZ+COSMO.
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Figure 9.23.: Relaxation model used in the global target analysis. ki-k4 are rate con-
stants for the respective decays.

tween the global target analysis and the experimental results. In the suggested
model (compare Figure 9.23) state A is populated after an initial vertical excita-
tion. From here, two parallel relaxation pathways start leading to components
B and C. Based in the species associated spectra obtained from the global target
analysis, no emission occurs from species B while component C shows strong
stimulated emission.

During the theoretical calculations the two different relaxation pathways were
identified as relaxation along the carbonyl stretching mode into the dark nz*
and along the bright #7* state into the S; minimum. From the S; minimum
either further relaxation via opening of the lactone ring or fluorescence is pos-
sible.

Based on these combined results, we assign state B to the minimum of the
dark Sy (n7*) in which the carbonyl bond has been elongated and state C
with the bright S (77*) minimum (compare Figure 9.24). Consequently, the
decay rates of component A into B and C reflect the whole decay time from the
Franck-Condon region down to the minima of the Sy and S; states, respectively.
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Figure 9.24.: Schematic representation of the relaxation pathways in coumarin and its
derivatives. The solid lines correspond approximately to the situation of coumarin in
methanol solution. Dotted lines indicate the effect of other solvents and substituents.
The states A, B and C as well as the rate constants k1-4 correspond to the relaxation
model of Figure 9.23 and Table 9.8.

9.10.2. Coumarin and Umbelliferone

The low barriers along the two relaxation pathways obtained theoretically may
explain the ultrafast time scales obtained for the internal conversion from the
FC region into the S; and S minima of the PES.

However, calculations involving solvent effects via a combination of explicit
methanol molecules and the COSMO model (Figure 9.15) show that for cou-
marin the position of the intersection with the dark So state is closer to the
FC point and lower in energy than for umbelliferone. At the same time, the
relaxation process wia ring opening in the w7* state exhibits only minor dif-
ferences for the two molecules under consideration. The minimum on the 77*
state of umbelliferone in methanol lies closer to the FC region than the one for
coumarin but the reaction barrier along this branch seems to be negligible in
both cases (compare Figure 9.14).

Thus, with the assumption of a similar evolution on the PESs of nz* and
w* states for both molecules, the shifting of the intersection with the dark nz*
state must determine the different branching ratio between the So and S; states
(compare Figure 9.24). Such a variation of the branching ratio with the position
of the intersection is nicely reproduced by the target analysis for coumarin and
umbelliferone in methanol. The internal conversion between the FC region and
the n7* state is much faster in coumarin than in umbelliferone. Additionally,
the ratio between the decay rates favors relaxation into the dark state in the
case of coumarin. This implies why coumarin shows much less fluorescence than
other coumarin derivatives like, e. g., umbelliferone.
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9.10.3. Solvent Effects

Although the evolution of the dynamics seems not to be coupled to any dynamic
solvation effect, the static interaction of the electronic states with the solvent
could be clearly observed for both coumarin derivatives in the theory as well as
in the experiment.

In the gas phase calculations, both relaxation pathways observed during the
computational analysis seem to be similarly well accessible. This changes when
a solvent environment is taken into account. The influence on the 1'77* PES
is minor. However, the polarity of the solvent and its ability to form hydrogen
bonds are significant for the energetic position of the 1'nz* state. In polar
solvents, the 1'nz* state is strongly affected and is shifted up in energy for
both derivatives, as expected, rendering a relaxation via this state and the car-
bonyl stretching mode less efficient. This effect is slightly more pronounced in
umbelliferone. However, due to the curvatures of the PES of the first 77* and
nm* states small differences in the relative energetic position lead to compar-
atively large shifts of the intersection (Figure 9.15, 9.24). The PES shown in
Figure 9.15 was obtained by inclusion of both, interaction with explicit solvent
molecules and a dielectric continuum wia the COSMO model. When only the
COSMO model is applied the PES is slightly shifted downwards in energy and
the intersection lies much closer to the FC point. As the dielectric constant
(the dominating parameter in continuum solvation models as COSMO) of ace-
tonitrile is very similar to the one of methanol and given the unimportance of
explicit solvent interactions in acetonitrile solution such a PES can serve as a
good model for the situation in acetonitrile. This explains nicely the observed
shift of the branching ratio favoring relaxation wvia the nm* state when using
acetonitrile instead of methanol as solvent. Thus, the dielectric constant used
in the COSMO model alone does not reproduce the strong differences observed
in the polarity and the polarizability of methanol, acetonitrile and cyclohexane
and explicit solvent interactions (or their absence) have to be considered.

9.10.4. Inter-system Crossing (ISC)

A long-living contribution to the signal of coumarin as well as umbelliferone [23]
indicates the presence of a triplet absorption. The efficiency of the ISC is known
to be extremely low for coumarins, leading to the very weak signal amplitudes
observed in the experiment (< 2 %). In the theoretical calculations (Section 9.6)
the ISC seems to be larger from the first n* state than from the n7* state.
Although it is not possible to determine experimentally from which singlet state
the triplet manifold is populated, the relative amplitude of this long contribution
in different solvents shows a similar trend like the one observed in the theoretical
calculations: Less polar solvents like acetonitrile, which show a more efficient
population of the n7* state, show slightly stronger ISC (~2 %) than in the very
polar methanol (~1%).
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9.10.5. Deprotonation and Tautomerization of Umbelliferone

As mentioned in the introduction, the acidity of umbelliferone is strongly in-
creased in the first excited state leading to a possible deprotonation of the
hydroxy group. Alternatively, a tautomerization can occur, either via deproto-
nation and subsequent reprotonation at the former carbonyl functionality or via
a proton transfer along a chain of solvent molecules. These species have been
thoroughly studied [188,190, 196-198, 202, 204, 209, 219, 220, 228-230]. Never-
theless, they play no role in neutral aprotic solvents (like acetonitrile or cyclo-
hexane) and have only minor effects in neutral, non-aqueous alcoholic solutions
(e.g., [220,221]). A fluorescence spectrum in methanol that further supports
this assumption can be found in the supporting information of [23].

For the sake of completeness we have investigated the influence of deproto-
nation on the presented relaxation pathways by theoretical methods. Within
the experiment no clear contribution to the SE spectra of umbelliferone (in
methanol expected to occur at wave lengths of approx. 450nm (deprotonated)
and 500nm (tautomer) [220]) was observed. In summary, deprotonation as well
as tautomerization leads to a significant reaction barrier along the ring opening
pathway in accordance with the principles illustrated in Figure 9.24. Conse-
quently, the fluorescence of these species is more efficient than of umbelliferone
in its original form. If conditions are present that lead to an efficient forma-
tion of anionic or tautomerized species in the excited states, the fluorescence of
umbelliferone itself is further quenched in favor of the stronger emitting forms.
For the sake of simplicity we chose to use only pure solvents for this work. As
the solubility in water is too low, we present no experimental results in water.

0.11. Conclusions

In the present chapter we have investigated the ultrafast relaxation network of
coumarin derivatives using time-resolved femtosecond spectroscopy and quan-
tum chemical calculations. The findings of this work finally clarify the long
standing question about the low fluorescence quantum yields of coumarins and
the related ultrafast relaxation deactivation of the excited state. On the basis of
experimental and theoretical results, a model for the relaxation was suggested
that comprises two parallel radiationless pathways after excitation into the first
singlet w7 state. One leads along the PES of this bright 77 state via (interme-
diate) breaking of the lactone bond and the other one by transition into a dark
nm* state along the carbonyl stretching mode. The fluorescence occurs from the
initially excited m7* state close to the FC point. Especially, our results reveal
that the radiationless relaxation via ring opening plays a crucial role for the
photophysical behavior in the basic coumarin unit. To the best of our knowl-
edge such a mechanism has only been previously observed in psoralen [203].
The branching ratio between the two pathways is determined by the position of
the intersection that leads to a transition into the dark nz™* state. Depending on
the static interaction between solvent and coumarin derivative, this intersection
can be shifted strongly affecting the branching ratio and, therefore, the fluores-
cence quantum yield. For example, for solutions in methanol, this intersection
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lies much closer to the FC point in coumarin than in umbelliferone leading to
a lower fluorescence quantum yield. Moreover, our results also clearly demon-
strate the effect of an environment and the importance of taking into account
the explicit interaction with solvent molecules.
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10. Summary and Outlook

Within this work, methods for the description and analysis of electronically
excited states of different type were implemented within the algebraic diagram-
matic construction (ADC) family of methods and thoroughly tested. Addition-
ally, ADC methods were employed in a photochemical study.

First, the scaled-opposite spin (SOS) approximation was applied to the ex-
tended ADC(2) method to provide a more efficient treatment of doubly excited
states in extended systems. Secondly, the atomic mean-field integral program
AMFT of B. Schimmelpfennig was used to implement the calculation of spin-orbit
coupling elements for the whole hierarchy of ADC methods up to third order.
These quantities play an important role for the understanding of photochemical
relaxation pathways. First test calculations showed very good results. The third
theoretical development was concerned with the differentiation between single-
particle excitations and so-called plasmons, which are of great importance in
the field of organic electronics. Here, an approach established by Bernadotte et
al. for the semi-empirical time-dependent density functional theory (TDDFT)
method [167] was transferred to the ab initio ADC models and shown to work
reliably for the identification of plasmons in a series of linear polyenes. All
three theoretical methods were implemented in a development version of the
adcman module of the Q-Chem program package [19,20]. Finally, ADC meth-
ods were used in combination with experimental results obtained in the group
of M. Motzkus to successfully unravel the photochemical relaxation network of
coumarin derivatives. In the following, the results from these four parts are
discussed in more detail.

The newly derived extended SOS-ADC(2) approach was presented in Chap-
ter 4. The SOS approximation [21] is based on the idea to neglect certain
doubly excited configurations and to scale the remaining elements of the ADC
secular matrix with an empirical parameter for compensation. Therefore, the
dimensionality of the ADC secular matrix in second order can be reduced.
The resulting strict and extended SOS-ADC(2) methods constitute pragmatic
semi-empirical approaches. In the case of strict SOS-ADC(2) two empirical
parameters are necessary while three were included in the extended version.
Previously, an SOS variant of strict ADC(2) had been implemented in the
TURBOMOLE program package. Here, we presented a similar implementation in
the Q-chem program package where we have reoptimized one of the parameters
to obtain slightly improved results. It was compared with a variant that we
derived directly from SOS-MP2 using the intermediate state representation.
Although the energetic shifts introduced by the latter variant behaved in a
more systematic way, the computational cost could not be significantly reduced.
Therefore, the original method was chosen as the standard procedure for strict
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10. Summary and Outlook

ADC(2) calculations. Finally, the main achievement was the establishment
of an extended SOS-ADC(2) method that compensates for the overestimation
of doubly excited configurations inherent to the original ADC(2)-x method at
reduced computational cost.

However, appropriate reference data for doubly excited states is still lacking
and only few states with considerable double excitation character were included
into the benchmark set for electronically excited states by Schreiber et al. [88]
and Silva-Junior et al. [89] which we used for our parameter optimizations.
Nevertheless, the given parameter set yields a well-balanced description of singly
excited states with similar errors as with SOS-ADC(2)-s and doubly excited
states are shifted to the correct energy range. The development of reliable
benchmark sets with a stronger focus on doubly excited states would be a
desirable field of future research.

The implementation of spin-orbit coupling elements between singlet and triplet
states using the atomic mean-field approximation and the AMFI program [22] of
B. Schimmelpfennig was discussed in detail in Chapter 5. The corresponding
test calculations for the molecules thiophene, dithiin, coumarin and umbellifer-
one were presented in Chapter 7. In an earlier work by M. Pabst, a combination
of the ORCA and TURBOMOLE program packages was used to obtain spin-orbit
coupling elements based on a molecular mean-field approximation for the meth-
ods CC2 and ADC(2)-s [173]. Therefore, we compared our results with their
ones. The errors were in the expected range of about 5% [104,106] for using an
atomic instead of a molecular mean-field. Additional deviations occur because
in TURBOMOLE transition properties are evaluated only in first order and not
like here in second order. Additionally, the results were compared to values
from a combination of density functional theory (DFT) with multi-reference
configuration interaction methods (DFT/MRCI) or multi-state CASPT2 (MS-
CASPT?2) calculations. A good correspondence was achieved.

Of special interest was the comparison between the different ADC methods
up to third order. As long as the character of the excited states did not change
significantly from one ADC method to the other, the spin-orbit coupling ele-
ments lay within the same region for all tested methods. The only exception
was given by the SOS approximation where the coupling elements were often
reduced in size. Therefore, the applicability of the SOS approximation should
be carefully checked when employed for this kind of calculations.

Similar to the case of doubly excited states appropriate reference data for
the calculation of spin-orbit coupling elements is rare. Among the most used
methods are DFT/MRCI and (MS-)CASPT2. However, there is no benchmark
set for which consistent values at different levels of accuracy are given. The
establishment of such a benchmark set constitutes an important part of further
efforts.

The last theoretical project was the identification of plasmons by ab initio
methods. First, the theoretical background and description of plasmons in
the context of the random-phase approximation was discussed in Chapter 6.
The free electron gas provided an instructive example for the understanding of
plasmons. Then the scaling approach introduced by S. Bernadotte et al. [167]
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was transferred to the ADC methods. Because they have derived their approach
for TDDF'T, the scaling method had to be adjusted to the present situation. For
the test of this newly established approach a series of linear polyenes (CgHjg,
Ci6Hig, and C3oHs2) was chosen. The results were presented in Chapter 8. As
their m-electrons are to a large extend delocalized along the molecular chain,
an analogy to the one-dimensional electron gas could be drawn and the results
analyzed with respect to the same characteristics as the electron gas in Chapter
6.

The scaling approach worked very well for all systems and methods chosen
(including the SOS approximation for strict and extended ADC(2)). In all cases,
this method identified the plasmons in agreement with the analysis of the eigen-
vectors as well as the transition densities. The only differences to the electron
gas occurred regarding the order of the states and, in some cases, their inten-
sity. However, it has to be considered that the analogy to the one-dimensional
electron gas is by no means exact and that in molecular systems plasmons and
single-particle states are always at least partly coupled. Accordingly, the differ-
ence in the character of these two types of states was more profound in the case
of the higher polyenes than in octatetraene. Nevertheless, the scaling approach
provides a reliable means for the identification of plasmons that can easily be
transferred to other ab initio models and that can be applied to molecules where
no such simple analogy to the free electron gas can be established.

A combined theoretical and experimental study of the relaxation pathways in
coumarin molecules was presented in Chapter 9. The experimental results con-
sisted of time-resolved measurements performed in the group of M. Motzkus.
The aim was the elucidation of the fluorescence quenching observed in coumarin.
Opposed to its derivatives, the fluorescence of coumarin is efficiently suppressed
by ultrafast relaxation pathways throughout a wide range of solvents. Coumarin
derivatives, e. g., 7-hydroxycoumarin which was analyzed here, show significant
but strongly solvent dependent fluorescence quantum yields. These observa-
tions have never been fully understood although coumarin and its derivatives
are important molecules for photochemical applications.

Here, the relaxation network of coumarin and 7-hydroxycoumarin were inves-
tigated by quantum chemical calculations. Based on these results, two parallel
radiationless relaxation pathways were suggested. One involved an intermediate
breaking of the lactone ring while the other one occurred along the stretching
mode of the carbonyl group. The solvent effects were thoroughly investigated
and were shown to influence the two pathways to different extent. The same is
true for different substituents. Their combined effects explained the observed
photophysical behavior of coumarin and its derivatives. Moreover, the resulting
relaxation network was shown to be in perfect agreement with the experiments.

As part of this study the newly implemented code for the determination of
spin-orbit coupling elements was applied. It was used to shed some new light
onto inter-system crossing processes that were observed in certain solvents.
Along one of the two relaxation pathways a point was identified where such a
transition seems most probable. Depending on the combination of solvent and
substituents this point is not reached, thereby explaining a lack of phosphores-
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10. Summary and Outlook

cence.

Summarized, with the implemented methods (SOS-ADC(2)-x, calculation of
spin-orbit coupling elements, scaling approach for the identification of plas-
mons) the functionality of the adecman module as implemented in the Q-Chem
program package was further extended. It is now applicable to a wider range
of quantum chemical problems involving excited states, which play a significant
role in many biological systems or technical applications. This work was com-
plemented by a combined experimental and theoretical study that solved the
long-standing question about the fluorescence quenching in coumarin.
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A. Explicit Expressions for
(SOS)-ADC(2)-s/x

A.1. Explicit expressions for the ADC(2)-s/x and
ISR-SOS-ADC(2)-s matrices

General structure of the ADC(2) matrix M:

ph/ph block: Mm,jb = Kj, Jb + Cz(a)]b + Cz(a)]b
ph/2p2h block: Miq keid = Ci(i,)kcld

2p2h/ph block: Miajp ke = Ci(ij)'b,kc

2p2h/2p2h block, strict: Miqjb,kcid = Kiajb keld

1
2p2h/2p2h block, extended: M;av kcid = Kiaj,keld + C’;kacld
Explicit expressions in the unscaled ADC(2) schemes:

Kiq b = (€a — €i)dapdij
Ciny = —(ag||bi)

2 _ ~(2)A (2)B 2)c
Cia,jb - C@'a ,jb + C’La ,jb Cza ,Jb
e = @-j S [thate (R1IIbe) + tyelacl kD)
ckl
Dl = féab > [tickaliklled) + o (cd]|ik)]
cdk
c 1 ) N .
Oty = =5 2 [tianelikllbe) + e (acl|ik)]
ck

Ci(i)kdd = (kl||id)dac — (Kl||ic)daq — (al]|cd)dir + (ak||cd)dy

O v = (kbl[i7)b0c — (alli7)bhe — (abllcs)i + (abllei)d
ngb keld = (€a + € — €; — €)0ac0pd0ik 01
ijb keta = (abl|ed)dirdji + (Kl|[5)0acOba
ak||ci)opadi + (al]|cj)dpadir +

{ bk||di)dacdj +
al||ci)dpadji + (akl|cj)dpadu +

(

(

bmdz’wacajk +
bk| ’CZ> ad
bl| |CZ> ad

(
(
ak”dz>5bc 51 + al||d]>5bcézk +

-[
+ [
+ [

[{al||di)0pcd 1 + (ak||dj)dpedir +

o~~~ o~

+
+

bl|dj)Sacdik
bk||dj)dacoin
bl||cj)daddir
bk||cj)0adqdil

]
]
]
]

Explicit expressions in the ISR-SOS-ADC(2)-s scheme (the remaining ele-
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A. Explicit Expressions for (SOS)-ADC(2)-s/x

tSOS

ments are unchanged, t; b

2 s08 sos™
2 = 1653 [0 R1lIbe) + 135 (acl k1)
ckl

C28 = L0 S [1aliMled) + 135854l k)|
cdk

2)C 1 sos /. sos™ .
Ci(a,)jb = _5 Z |: iakc<jk”bc> + jbkc<acHZk>}
ck

as defined in equation 4.1, ¢,s = 1.3):

A.2. Derivation of SOS-ADC(2)-s from SOS-CC2

In the following, the SOS-ADC(2)-s equations will be derived from SOS-CC2
via setting the ¢;-amplitudes to zero (yielding SOS-CIS(Dy)) and symmetrizing

2

the result:
(@] |(H + o [H,Tg°]). 78] |@0) | (@] [H, 7" | 10)
ASOS-CC2 _ ‘ 2 ST |10 ' Thi 0
(L] | H,7¢| |®0) (D] | F, 788 | | Do)
ASOS—CIS(Dos) _ (@] |(H + e |H, Tg* ), 77 | |®o) | (@f]c* ﬁvTﬁldos |®o)
(@f”| | A, 7] | o) (@ | | £, 7™ | o)
ASOS—ADC(2)—s _ 1 (ASOS—CIS(DOO) n <ASOS—C’IS(DOO)>T) (A.1)

Here, the same definitions are used as in Sections 2 and 3. H is the molecular

Hamiltonian of the system

H= thqc cq+ = Z pq|rs cscr

qu’S

= Zepc cp — ZZ (pk||qk)c! »Cqot+ 5 Z pq|7“s

pq’/‘S

F refers to the Fock operator
- Z €pChCp,
P

and H the similarity transformed Hamilton operator

H = exp(—T1)H exp(11).

Cscm

As usual, |®g) is the HF ground state wave function and {¢,} are HF orbital

energies. The excitation operators 7' and Ti“jb are defined as

— T ab _ oL
T =clc and Tij = CaCpCiCj
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and the cluster operators are defined accordingly as

Tl = ZtiaTz‘a and TQ = Z tijabTZ'b
ai

a>bi>j
Finally, |®¢) as well as ]@%’) specify excited SDs
|9f) =7{|Po)  and  |®F}) = 757|Po).

If no spin-flip processes are considered (AMg = 0), the indexes (ijab) can
be associated with six different spin configurations ((aaa«), (8868), (aBaf),
(Bafa), (affa) and (Baaf)). The superscript os implies that the two same-
spin configurations (aaaa) and (8563) are neglected. When evaluating ex-
pressions as occurring for the matrix elements of AS95~C15(Dx) the following
commutator relations are helpful:

[c;g,cﬂ . =0, [, cq]+ =0
[c]t, cq} = Opg = c};cq = 0pg — cch7
We start with the evaluation of the 2p2h/2p2h block:
<(I)zzbos| [F deos} |®g) = Zep@)o]c clepeq [ ;cp, iczlckcl |Po)
P

(1 = doi)o () (1 = O (kyo(r))

= Z {(@g|c C; CbCaC TcchcTckcl@@
I3

— <I>0|c c ChCaC Tcgckclc;cp\q)@} (1-— 50@-)0@)(1 — 5a(k)a(l))

The index p runs over all spin orbitals. If p is unoccupied, ¢,|®g) vanishes.
Similarily, cp@icll} is only non-zero when p occupied and p # k,l or p = ¢, d:

<(I)ab05‘ [F deos] |‘I>O> — Z €m + Z €e — Zﬁm

m#£k,l e=c,d

(1= 0oi)o () (1 = O (k)or(2) )<‘I>o|6 clepcactchere| ®o)

= —Zem—l—ZGe

m=k,l e=c,d
. (1 — 5a(i)a(j))(1 ) a(k)o( )<‘I’0|C C: CbCaCTCIleCl‘(I)0>
Now, the integral has to be evaluated. This can be done either by using Wick’s
theorem [29] or, as demonstrated below, by making use of the commutator

relations above. In principle, the integral is zero if either a creation operator
acting on an occupied orbital or an annihilation operator acting on a virtual
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orbital is working on |®g). Therefore, we move such operators to the far right
of the operator chain by a sequence of interchanges:
(@0\0 c CpCaC Tcgckq]@@ <<I>0| cbczckcl@@ e (@0\0 c cpe cacdckcl]<I>0>
<‘I’0! Ckcl’¢)0>5ac5bd - (‘I’0|c Cd0b0k01\¢0> ac
(@o\c c cpel ckcl|(I>0> wd (<I>0|c c cbcTcgcackq@@
:<<I>0|C’Cl|q)0>5ac5bd5ik - (@0|0~6k6~05|‘1>0>5ac5bd

@0\0 cleheneiey| ®0)dac (‘1)0|C T ket ®0)0adden

=0
<<I>0\c; I Zcbckq@@ wd (@0\0 c cbcTcIlckclca\CI)0>
=0 =0

=0ac0bddik0j1 — <‘I)0|C}Ck|<1>0>5ac5bd5u
— (®o|clelerer|®o)daades
=0ac0d0ik0j1 — 0acOpddildjk — 0addchOik0ji + 0addcb0ildjk

From the restrictions ¢ > j, kK > [, a > b, and ¢ > d it follows that
010k =0 and OadOcp = 0.
Finally, this yields
@™ [F, 7" | 1o) =
(€a + €0 — € — €5) 0acObadirdji(1 — O (i)o(j)) (1 = So(iyo))-

The other matrix elements can be obtained using the same procedure. Below,
the main steps are given.
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(@™ | H,7¢] |@0)

1
Z echcp - Z Z(pqumWch + 3 Z(pq!rs)c},cécscr, 75 | [®o)

pqg m pqrs

_Zep <I>0\c c CyCq [ cp,clck} | Do) (1 — 5g(i)a(j))

:@@b"s‘

> > (pmllgm) ‘I)O\C cleyca [C CqﬂiCk} [P0) (1 = do(i)o(s))

pq m
5 3 alrs)(@olclelepea [cfeheser. cler] 120)(1 — Gy
pq’r‘s
= ZZ em||nm) <I>0|c c CbCa {c Cn, € Cck} [P0} (1 = do(i)o(s))

1
+ 3 { Z (me[on><<b0]c c CpCa [c:rnc;[cnco,c ck} |Do)

meon

+ Z em|0n><<1>0|c el 1 CbCa [ Lel enco, cck] [®o)

emon

+ Z (eflgm) <I>0|c c ChCa [ ic }cmcg,cick} | Do)

efgm

+ Z (ef|lmg) <I>0|c c CpCa [ c}cgcm,cick} <I>0>} (1 = bs(i)o(j)

efmg

9 Z { me|0n mkdebdcadoj(sm =+ (5mk(5cb56a(50]5m

meon

+ 5mk56b50a5nj50i - 5mk5cb56a5nj50i)

+ <€m|0n>(_5mk50b56a50j6m' + 5mkéeb50a60j5m
+ 5mk5cb5ea5nj50i - 5mk:5@b5ca5nj5oi)}(1 - 6a(i)a(j))

1
t3 Z {(eflgm)(0gc0 £60eadk;jOmi — Ogedebd faOk;Omi
efgm

- 5gc(5fb(sea6mj5ki + 5gcéeb6fa6mj5ki)

+ <€f|mg> (5g06fb56a6mj5ki - 5gcéeb5fa5mj5ki
- 6gcéfb66a6kj5mi + 5gc5eb6fa5kj5mi)}(1 - 50(1’)0(3‘))

={(kbl[ij)bac — (kal|ij)opc — (abllcj)ori + (abl|ci)or;} (1 = oy ()
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(@] [ H 7] 120)

=(®!]

pg m

1 oS
X che = X D tomllamleley+ 5 3 palrselelncr i

|Po)
pq'f'S

= ZZ (pml|qm)(®@o|clcq [C;Cq, chCkCz} Do) (1 = So(k)oq))

pqm

+ 5 Z (pqlrs) (®olcl e, [ che gcsCmClCIleCz] 1P0)(1 = So(k)or))

pq'rs

==Y (nmllem)(®o|clcq [C CesC chCkCl] [0) (1 = b0 (k)0 1))

ne m

1
+ ) { Z <mn’€0><¢0|016a [C;rncizcoce’ chCkCl} @)

mnoe

+ Z (mn|oe><<I>o\c;rca [cinc}:ceco, icgckcl

mneo

+ Z me]gf><<130]c Ca { chclepey, icgckcl

mefg

+ Z (em|gf) (I>0|c Ca { cleh creg e ICJ;CkCl

emfg

= = (1= 0o(ryo) D_ Y (nmllem) (

ne m

+ 5ed50a51i5kn - 5edéca6ki5ln -

+ %(1 = Oo(k)o (1)) { > (mnleo) (

+ 5ed50a5li5km50n -
+ 6ed50a5ki50m5ln - 5ed5ca50i5km51n
+ 6ecdda5liéam5kn - 5ecéda50i5lm5kn

+ Z (mn)oe) (

mneo

- 5ed50a50i5lm6kn + 5ed50a5li50m5kn + 5edéca50i5km6ln
- 6ed50a5li5km50n + 5ed50a5ki5lm50n + 5ecéda50i5lm5kn
- 6@06da50i5km5ln + 5ecéda5ki50m51n + 5ec5da5li5km50n

+ > (melgf) (

mefg
+ 6gd56a50f6li5km -

+ > (emlgf) (

emfg

5gd56a 5cf 5kz 5lm

56(1(50@ 51% 5lm50n -

} |®o)
] @)

] ‘1>0>} (1 = O (kyo(r))

5666d(l 5lzékn + 5605da 5kz(5ln)

5edéca 5li50m 5kn + 5edéca (507ﬁ 5lm6kn

- 5ecéda5li5km50n + 5ecéda5ki5lm50n
- 5ec5da5ki50m5ln + 5ecéda50i6km6ln)

- 5ed(gca(skiéom(Sln
- 5ecéda5li50m6kn
- 5ecéda5ki5lméon)

- 6gcfsea5df5li5km + 5gc(sea5df5ki5lm)

- gdéea(scf(;lifskm + 5gd56a50f5ki6lm + 6gcfsea5df5li5km - 5gcaea5df5ki5lm)}

={—(kl||ic)daa + (Kl||id)0qq + (ak]||cd)dy; —
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(@] | | A,15°| 2] o)

Z Epcg)cp - Z Z(Pm‘ |qm>c;;cq

p pg m

— OS<®0|cj;Ca !

1
+- Z (pq|rs) c cl 2CsCro thfcdciczlckcl] ,(:ch] | Do)

pqrs ckdl

1
:cosz Z Z €plied <<I>0]cjca Hc;cp, clczckcl] ,CZC]':| | Do)

P ckdl ~~
=0
1
_ osZ Z Z Z tzfcd<pm| ‘qm> <(I>0|CICCL HC};C(], clczckcl] s czcj} ‘(I)o>

pq m ckdl
=0

1
I cosg Z thfcd@q]rsﬂ@o\cjca Hc;)c:;cscr, ichkq} c;rcj} | Do)
pqrs ckdl

* Y0 D thiealpalrs) {

mnef ckdl
+ (@Mc}ca 1 cfce Tc;rlckclcbc]]q)o) <(I>0\cTca chickclcT chfcechﬂ(IDo)

el

— (CDO\czcac;rcjcilc:'lcjcceclc;ckcl]<I>0> + (CDO\C cacbcj cdckclcT Cfce]@)o)}

~0
= S0 S Rialpalrs) |

mnef ckdl
— 05i0da0b0ce01mOkn + 05i0calb fO0dedimOkn + 0ji0dadcfObedimOkn
— 05i0¢a0df ObeOtmOkn — 01i0paddfOcedjmOkn + 01i0dadbfOcedjmOkn
+ 01i0ba0c £ 0dedjmOkn — 01i0¢a0b fOdedjmOkn — 01i0dadcfObed jmOkn
+ 01i0¢a0df Oved jmOkn + 0§i0dadb fOceOkmOin — 05i0cadbfOdeOkmOin
— 05i0dadcf0beOkmOin + 0ji0caldf ObeOkmOin + OkiObaddfOcedjmOin
— 0ki0da0bfOcedjmOin — OkiObadcfOdedjmOin + Okidcadb fOded jmlin
+ 0ki0dalc ObedjmOin — OkidcaddrObedjmOin + 01i0baddfdceOkmdjn
— 0150da0b fOceOkmOjn — 01i0badcfOdeOkmOjn + 01i0cadbfOdeOkmdjn
+ 01i0dalc fObeOkmin — 01i0caddf ObeOkmIin — OkiObaddrdcedimdin
+ 0ki0da0b fOceOimOin + OkiObadefOdeOimdjn — OkidcalbfideOimOjn
— 0ki0dadcfObeOtmOin +O0kidcaddfObeOimdjn }

{ 51] Ztklac lebC + 5abztzkcd ]kHCd thkac ]kHbC }

ckl cdk

1 sos s0s sos [
:551,] klac<kl”bc + 5ab Z iked ]kHCd> - Z ikac(]kHbc>
ckl cdk ck

139



A. Explicit Expressions for (SOS)-ADC(2)-s/x

(@] |A,72] |20)

1
:<<I>0|c;rca [Z echcp — Z Z(pqum)c},cq + 3 Z(pq\rs)c},cgcscr, cltcj] | Do)
pqrs

p

pg m

=" (@olclea [cheps cfes] 1@0) = 30 D tpmllam) (@olcea [cheq, cles] |@0)
p

pg m

1
+ 3 Z(pq|rs><<1>0|cjca {c}cgcscﬁ chj] | Do)

pars

= Z €mOabdij + €p0ap0ij —

m#j

- ZZ nm|lom) (P

no m

Z €m0abdij

|c Cq [ ,C;ECJ} |Po)

= 03 temllfm) (@olclea [cles, cfes] 1@0)

ef m

1
+ 5 D (hllmn)(@olcfea [chefencm, cfe;] 10)

klmn

1 -
+35 > " (kdlie) (Polcle, |cf

CkCZlCeCl, chj

kdle

1
+3 dzkl}dkue)(cpdcjca

1 f
+3 ;%dlel)(@dcica

1 f
+ 2;[@/{;@1)(%@.%

=(€q — €i)0ap0ij

— Z Z nm|om)dap {6ij6no —

no m

[ 11

- -
cchcecl, chj

f.]
C.CClCes CyCj

[ f 1 o]
C4CLCICe; CpCj

@)
@)
@)

|®o)

nj zo 571051j} ZZ em||fm 5fb5ae(sz]

ef m

+ - Z (kllmn) (=6midpad;kOni + 6nidbadjkOmi + OmidbaOnkdji — OnidbaOmidji)

klmn

+ Z(deleﬂ@o\czca [c};checl,chj | Do)

kdle

=(ea — €)0a0ij + Y _ {(jmllim)ba, — (am||bm)d;;} = (jml[im)da

+ ) (kd||le)Saades {6ki6i; — Okjdu}

kdle

=(€a — €:)0ab0ij — > _{am]||bm)éi; + > _(mal|lmb)di; — (jal|ib)

m

:(ea - fi)(sabéij - <.7aHZb>
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This results in the following explicit expressions in the SOS-ADC(2)-s scheme
derived from SOS-CC2 (the remaining elements are unchanged, ¢37% as defined
in Section 4.2, ¢,s = 1.3 and ¢? =1.17):

couplzng

P = 0 3 [Asielktloe) + 353 Gacl 1)
ckl

C28 = L0 S [HaliMled) + 1358 cdl k)|
cdk
2)C 1 s$0s [ sos* .
il = =5 D [tikelikllbe) + £565 acliF) |
ck
(1
Cia)kcld -
coupllng {<kl‘|ld> ac — <leZC>6ad - <al|‘6d>5lk + <ak|’6d>5ll} (1 - 5U(k)a(l))

n - _
iajbke —

Coupling L{kb]|i5)0ac — (kallij)dpe — (abl[ci)du + (abl|ci)djk} (1 — b5(5)0(s))
Kiajbkeld = (€a + € — € — €5)0ac0bd0ik051(1 — 0 (i)o(j)) (1 = do(k)or))
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B. Detailed Results SOS-ADC(2)-s/-x

B.1. Vertical excitation energies for the complete set of
molecules

Table B.1.: Vertical excitation energies for singlet states in eV with SOS-ADC(2)-
x and the final parameter set of ¢, = 1.0 and ¢2® = 0.9. TBE-2 and CC3

values taken from [89] and DFT/MRCI from [91]. States with high double
excitation character are in bold.

Molecule State TBE-2 CC3 DFT/MRCI SOS-ADC(2)-x
(1.0, 0.9)

Ethene 1By, (7 — ) 7.80 7.89 7.96 7.87
E-Butadiene 1By, (7 — 7*) 6.18 6.21 6.02 6.19
21 A, (77— %) 6.55  6.63 6.18 6.19
E-Hexatriene 1B, (m — 7*) 5.10 5.32 4.95 5.33
21 A, (7 — %) 5.09 5.77 4.92 5.16
E-Octatetraene 1B, (7 — %) 4.66 4.84 4.25 4.75
21 A, (7 — %) 4.47  4.75 4.01 4.45
Cyclopropene 1By (0 — %) 6.67 6.67 6.73 6.65
1By (7 — %) 6.68 6.68 6.74 6.80
Cyclopentadiene 11By (7 — %) 5.55 5.49 6.15 5.54
21A; (7 — %) 6.28  6.49 5.42 6.05
Norbornadiene 11 Ay (7 — %) 5.37 5.37 5.30 5.53
1'Bs (7 — ) 6.21 6.21 6.12 6.44
Benzene 1'Byy, (7 — 7*) 5.08 5.03 5.04 4.57
1' By (7 — 7*) 6.54 6.42 6.31 6.28
1'Eyy, (7 — 7*) 7.13 7.14 7.19 7.06
1'Ege (m—7*) 815  8.31 7.51 7.63
Naphthalene 11 B3y (7 — 7*) 4.25 4.25 4.10 3.92
1'Bgy (7 — m*) 4.82 4.82 4.60 4.81
21 Ay (m — %) 5.90 5.90 5.65 5.46
1B (r —» %)  5.75  5.75 5.53 5.66
21 By, (7 — 7*) 6.11 6.11 5.89 6.07
2' By, (m — %) 6.36 6.36 6.21 6.29
2'B1g (m — m*) 6.46 6.46 6.26 6.30
31B3y (7 — %) - 8.32 7.38 7.29
Furan 1'By (7 — %) 6.32 6.26 6.33 6.33
21A; (m— m*) 6.57 6.51 6.32 6.11
31A; (m — ) 8.13 8.13 8.21 8.08
Pyrrole 21A; (7 — 7*) 6.37 6.27 6.13 5.87
LAy (m— %) 7.91 7.60 7.88 7.59
Imidazole 21A (m — %) 6.25 6.25 6.29 6.09
LA (n— ) 6.65 6.65 6.35 6.54
LA (7 — ) 6.73 6.73 6.82 6.59
Pyridine 1By (7 — %) 4.85 5.12 5.09 4.65
1'B; (n — ) 4.59 4.95 4.75 4.97
1145 (n — %) 5.11 5.41 5.41 5.29
2L Ay (m — %) 6.26 6.60 6.47 6.44
2'By (m — %) 7.27 7.33 7.27 7.15
31A; (m — ) 7.18 7.39 7.43 7.32
31Bs (1 — %) - 7.72 - 8.01
41A; (7 — ) - 8.33 - 7.89
Pyrazine 1'B3y (n — 7*) 4.13 4.13 4.00 4.20
114, (n — 7*) 4.98 4.98 5.02 4.96
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Molecule State TBE-2 CC3 DFT/MRCI SOS-ADC(2)-x
(1.0, 0.9)
11Byy (m — 7*) 4.97 4.97 4.94 4.47
1'Bog (n — 7*) 5.65 5.65 5.26 5.52
1'Big (n — %) 6.69 6.69 6.46 6.45
1By (7 — %) 6.83 6.83 6.71 6.75
21 By, (7 — 7*) 7.81 7.81 7.75 7.62
2By (7 — %) 7.86 7.86 7.82 7.83
11Bgg (7 — %) - 8.69 - 7.94
21 A, (7 — %) - 8.78 - 7.74
Pyrimidine 1'B; (n — 7*) 4.43 4.43 4.36 4.42
1145 (n — %) 4.85 4.85 4.82 4.77
1By (7 — 7*) 5.34 5.34 5.35 4.85
21A1 (m — 7*) 6.82 6.82 6.69 6.64
Pyridazine 1By (n — %) 3.85 3.85 3.63 3.81
1145 (n — ) 4.44 4.44 4.25 4.30
21A; (m — 7*) 5.20 5.20 5.16 4.64
21 Ay (n— %) 5.66 5.66 5.29 5.53
s-Triazine 11A7) (n— 7*) 4.70 4.70 4.69 4.53
114”5 (n — 7*) 4.71 4.71 4.56 4.78
11E” (n — m*) 4.75 4.75 4.77 4.71
1A, (7 — ) 5.71 5.71 5.70 5.17
21E’ (7 — %) - 9.44 - 8.78
s-Tetrazine 11 B3y (n— ) 2.46 2.46 2.35 2.45
114y (n — %) 3.78 3.78 3.70 3.70
1'B1g (n — %) 4.87 4.87 4.45 4.56
1By, (7 — 7*) 5.08 5.08 5.07 4.43
1By (n — %) 5.28 5.28 4.75 4.90
21 Ay (n — %) - 5.39 5.05 5.33
21Bog (n — %) - 6.16 5.68 5.78
31B1g (n — %) - 7.12 6.49 6.70
21B3g (7 — %) - 8.51 7.44 7.25
Formaldehyde 1145 (n — ) 3.88 3.88 3.71 3.74
1By (o0 = %) 9.04 9.05 8.76 9.01
2L Ay (m — %) 9.29 9.31 9.19 9.21
Acetone 11As (n — %) 4.38 4.38 4.23 4.23
1By (¢ — %) 9.04 9.04 8.56 9.09
p-Benzoquinone | 1!Bi4 (n — %) 2.74 2.74 2.22 2.75
11Ay, (n— ) 2.86 2.86 2.29 2.83
1'Bsg (7 — ) 4.44 4.44 3.99 4.59
1'Byy (7 — ) 5.47 5.47 5.07 5.54
1'Bgy (n —7*) 5.55  5.71 5.81 5.72
21 B3y (m — m*) 7.16 7.16 6.71 7.08
21B1y (m — 7*) - 7.62 7.60 7.24
Formamide LA (n— ) 5.55 5.55 5.47 5.40
21A (m — %) 7.35 7.35 8.14 7.37
Acetamide 1A (n — %) 5.62 5.62 5.48 5.45
21A (m — ) 7.14 7.14 7.51 7.00
Propanamide 1A (n— ) 5.65 5.65 5.47 5.49
2LA! (7 — ) 7.09 7.09 7.46 7.00




es for the complete set of molecules

ion energi

.1. Vertical excitat

672 092 vT L 992, ) 6€°L ST (42 2) Ty
87’2 (1) 112 5 4P ee’L  LTL (42 1) 2g g
6£°9 679 L€°9 799 799 099 929 (s2 ¢ 1) W2
0%'g gg'g c0'g 79°¢ 92°'g 197G 116 (42 = u) Ty 1
11°¢ iga 8LV 1€°¢ 667 g6V 65V (w2 u) Tg 1
I8F 10°¢ z0'g 80°¢ 1€°g TTg a8y (42 ¢ 1) T (T ourpuf g
149 €8'9 149 689 ¥6'9 €9  €L9 (42 1) V€
69°9 789 679 189 89'9 €99 S99 (s ) W1
629 19°9 0z°9 179 €79 Gz'9 89 (42 1) ¥ 12 aozepruy
TLL 08 i) v8L i) 09'L 162 (42 <= 1) Ty €
L1°9 1€°9 TT9 1€°9 79 129 L9 (42 1) Ty g o[o11kq
L1°8 9z'8 €0'8 1€'8 L1°8 I8 €18 (42 <= 1) Ty
gg'9 69'9 0g'9 9.9 L9 169 159 (s2 ¢ 1) W2
£€'9 €79 TT9 179 07’9 929  Te9 (42 < 1) Tg 1 eIy
gp'9 169 Tz'9 £9'9 169 9%°9 979 (42 x) f1g g
62°9 179 709 Lv°9 6£°9 9¢'9 9¢'9 (42 = 1) "eg g
€09 L1°9 €L'g €29 ¥0'9 119 19 (424 x) "6g g
08°'¢ 76°C 9.°g 00'9 119 06'C 06°G (42 1) Py g
eLy a8y et 06'% 6L 87 8 (4 = x) g 1
01y ixad L07 €% Sad g g (4l = x) "6g 1 auareyjydeN
€1 L €T’ L 96°9 8T'L 9T°L PI°L i) (4t = 2) o 1
61°9 829 61°9 €e'9 9%'9 9 ¥99 (st x) Mgl
z8'¥ 96 667 T0°¢ L1T°G €0°'g 80°¢ (w2 <= 1) "eg 1 oudzZULg
er'9 99'9 g6'g 19'9 01’9 129 12°9 (2 2x) g1
0g'g 09°¢ RS g9'¢g 62°C 186 LES (4 <= 1) Ty 1T oUBIPRUIOGION
87 287G eeg 79°¢ 9¥'q 677G el (w2 < 1) eg 1 | ouerpejuedopL)
189 88'9 199 76'9 0.9 899 899 (42 ¢ x) g1
08'9 88'9 0.9 26'9 LL°9 199 299 (42 < 0) Tg T ouodoidopoL)
T9¥ eLy cey 8LV 097 ¥y 99F (42 < 1) "g 1 | ouseIIRIO-H
ve'g vee €0'g 6¢°C aT'g zeg 0T'g WL u) Mg oULLIYeXS -F
919 Gz'9 €09 629 01’9 12°9 8T'9 (o2 x) "g 1 susIpeINg-H
) 76'L ) G6'L 18°L 682 08L (e xu) g auay3y
(Lro) (e1°1) s-(g)pay  (erowoqny,)

s-(g)oav  s-(2)pav -50S s-(z)oayv
-S0S -508 “¥SI -50S8 s-(2)oav €00 oddlL ayelg 9[Noo[O]N

.burydnoo

so? JO onJeA o1}

9AI3 spe¥DRI( Ul SIDQUNU Y], ‘[68] WOIJ Uaye) sanfes ¢)) Pue -], "A° Ul S97e)Ss 19[3UIS 10] SaI3IoUus UOIRIIDXe [RIILIBA g d O[qRL

145



B. Detailed Results SOS-ADC(2)-s/-x
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B.1. Vertical excitation energies for the complete set of molecules
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B. Detailed Results SOS-ADC(2)-s/-x
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B. Detailed Results SOS-ADC(2)-s/-x
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B.2. Detailed results with strict ADC(2) methods
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B.3. Detailed results with extended ADC(2) methods
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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B.3. Detailed results with extended ADC(2) methods
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B. Detailed Results SOS-ADC(2)-s/-x
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C. Selected character tables

Below, the character tables of those point groups are given that are important
to understand the selection rules for spin-orbit coupling elements in Sections 5
and 7. The last column states according to which irrep the three components
of translations (T3, Ty, T,) and rotations (R, Ry, R.) are transforming.

Table C.1.: Character table for the molecular point group Cj.

Ch
A 1 allT and R

Table C.2.: Character table for the molecular point group Cs.

Cs I o
A1 1 T, 1T, R.
A" 1 -1 T., Ry, Ry

Table C.3.: Character table for the molecular point group Cs.

Gy I Gy
A 1 1 TR,
B 1 -1 T,T, R. R,

Table C.4.: Character table for the molecular point group Cy,.

Cop I Cy oy(zz) ol(y2)

A 1 1 1 T,

Ay 1 1 -1 -1 R,

Bl 1 -1 1 1 T, R,
By 1 -1 -1 1 T, R;
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D. Linear Polyenes: Analysis of the
ADC Eigenvectors

Below, the important contributions to the eigenvectors, oscillator strengths,
and, in relevant cases, the norm of double amplitudes is given for the excited
states of the linear polyenes of Chapter 8.

Table D.1.: Excitation energies, important contributions to the eigenvectors and os-
cillator strengths for the first four excited states with B, symmetry of octatetraene.
The values for the first plasmon of this symmetry are given in red and the ones for the
second in blue. Method: ADC(2)-s/cc-pVTZ.

State A E[eV]  important contributions[%] Osc. Str.

1 4.59 4 — 5 89 1.69
2 7.04 2 -5 43 0.00
3 —>6 0
4 -7 38
3 7.99 2 -5 37 0.07
3 —>6 12
4 =7 40
4 8.71 25 6 0.17
3~ 6 70
4 -7 4
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D. Linear Polyenes: Analysis of the ADC Eigenvectors

Table D.2.: Excitation energies, important contributions to the eigenvectors and os-
cillator strengths for the first four excited states with B, symmetry of octatetraene.
The values for the first plasmon of this symmetry are given in red and the ones for the

second in blue. Method: SOS-ADC(2)-s/cc-pVTZ.

State A EleV]  important contributions[%] Osc. Str.
1 4.69 4 =5 89 1.50
2 7.14 25 43 0.00
3—6 0
4 =7 36

3 8.01 25 34 0.08
3—6 16
4 =7 38

4 9.01 25 6 0.09
3—6 64
47 8

Table D.3.: Excitation energies, important contributions to the eigenvectors, oscillator
strengths, and norms of double amplitudes for the first five excited states with B,
symmetry of octatetraene. The values for the first plasmon of this symmetry are given
in red and the ones for the second in blue. Method: SOS-ADC(2)-x/cc-pVTZ.

State A E[eV]  important contributions[%]

Osc. Str.  Norm of doubles

1 4.91 4 — 5 86 1.56 0.11
2 5.60 2 -5 23 0.00 0.58
3 —>6 1
4 -7 15
3 8.00 1—-6 8 0.00 0.76
27 0
3 > 8 14
4 8.06 25 25 0.05 0.13
3 —6 10
4 -7 47
5 8.68 25 2 0.10 0.32
3 —6 59
4 -7 11
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Table D.4.: Excitation energies, important contributions to the eigenvectors, oscillator
strengths, and norms of double amplitudes for the first five excited states with A,
symmetry of octatetraene. The values for the first plasmon of this symmetry are given
in red. Method: SOS-ADC(2)-x/cc-pVTZ.

State A E[eV]  important contributions[%] Osc. Str.  Norm of doubles

1 4.47 3—+5 17 - 0.67
4— 6 12

2 6.19 1-5 25 - 0.46
2—-+6 1
37 1
4 — 8 25

3 6.88 3—+5 40 - 0.11
4 —6 44

4 7.38 1-5 0 - 0.81
26 6
37 7
4 — 8 2

5 7.73 3—+5 20 - 0.60
4 — 6 17
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D. Linear Polyenes: Analysis of the ADC Eigenvectors

Table D.5.: Excitation energies, important contributions to the eigenvectors, oscillator
strengths, and norm of double amplitudes for the first six excited states with B, sym-
metry of C14Hyg. The values for the first plasmon of this symmetry are given in red
and the ones for the second in blue. Method: SOS-ADC(2)-x/cc-pVDZ.

State A E[eV]  important contributions[%] Osc. Str.  Norm of doubles
(singles part)

1 3.75 8 —9 81 3.14 0.12
3.91 6 —9 15 0.00 0.70
7 — 10 10
8 —» 11 0
3 5.23 4 -9 17 0.00 0.60
5 — 10 4
6 — 11 0
7 — 12 3
8 —» 13 9
4 5.74 4 —9 0 0.00 0.88
5 — 10 4
6 — 11 0
77— 12 2
8 —» 13 0
5 6.10 29 18 0.00 0.50
3 — 10 5
4 — 11 1
5 — 12 1
6 — 13 0
7 — 14 4
8 —» 15 13
6 6.18 6 —9 20 0.31 0.14
7 — 10 41
8 —» 11 19
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Table D.6.: Excitation energies, important contributions to the eigenvectors, oscillator
strengths, and norm of double amplitudes for the first four excited states with A,

symmetry of C1gHys. The values for the first plasmon of this symmetry are given in
red. Method: SOS-ADC(2)-x/cc-pVDZ.

State A E[eV]  important contributions[%] Osc. Str.  Norm of doubles
(singles part)

1 3.32 7—9 11 - 0.74
8 — 10 9

2 4.76 59 16 - 0.65
6 — 10 0
7 — 11 0
8 —» 12 10

3 5.11 7—9 3 - 0.88
5—9 0
6 — 10 3
7 — 11 2
8 — 12 0

4 5.27 7—9 42 - 0.12
8 — 10 41
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