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Übersicht

Mittels hochaufgelöster Fluoreszenzspektroskopie können verschiedene Molekülparameter

isolierter Moleküle untersucht werden, welche zur Bestimmung der geometrischen Struktur,

sowie der elektronischen Natur des elektronischen Grund- und ersten angeregten Zustands

dienen. Dafür wurden im Rahmen dieser Arbeit die verschiedenen Rotamere von 1,2-, 1,3-

und 1,4-Dimethoxybenzol sowie 4-Cyanoindol und dessen Wassercluster untersucht.

Ein Teil dieser Arbeit beschäftigte sich mit der Untersuchung des Konformerenraums

von 1,3-Dimethoxybenzol. Dabei wurden die intensivsten Schwingungsbanden von 1,3-

Dimethoxybenzol rotationsaufgelöst untersucht und anhand der Rotationskonstanten den

verschiedenen Rotameren zugeordnet. Es wurde eines der drei möglichen planaren Ro-

tameren nicht gefunden und die vermutete Ursprungsbande eines Rotamers stellte sich

als eine Schwingungsbande eines anderen Rotamers heraus. Das nicht gefundene Ro-

tamer hat die Struktur bei der beide Methoxygruppen parallel nach oben zeigen. Weitere

Untersuchungen anhand von quantenchemischen Rechnungen zeigten, dass das Rotamer

aufgrund seiner nicht planaren Geometrie im elektronisch angeregten Zustand und eines

daraus folgenden niedrigen Franck-Condon-Faktors eine zu geringe Intensität hat, um un-

tersucht zu werden. Eine ähnliche Beobachtung wurde bereits bei der Untersuchung des

Konformerenraums von 1,3-Methoxyphenol gemacht. Die Ergebnisse hierzu sind in Kapi-

tel 5 detailliert aufgeführt.

In Kapitel 6, welches sich mit den Dipolmomenten der drei Konstitutionsisomere

von Dimethoxybenzol beschäftigt, wurden die Dipolmomente mittels Vektoraddition

hergeleitet und mit den experimentellen Ergebnissen verglichen. Dabei zeigte sich, dass

die Vektoraddition gut für den elektronischen Grundzustand funktioniert. Für den ersten

elektronisch angeregten Zustand funktioniert diese Methode nur für asymmetrische und

nicht für symmetrische Moleküle. Dieses Verhalten konnte auf eine Mischung der Zustände

für asymmetrische Moleküle zurückgeführt werden.

Weiter wurde 3-Cyanoindol und das 3-Cyanoindol Wassercluster analysiert. Anhand der

Rotationskonstanten konnte das beobachtete Wassercluster eindeutig als die Struktur,
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bei der das Wassermolekül über Wassersto�brückenbindung an das NH des Indolgerüsts

gebunden ist, identi�ziert werden. Die Analyse der elektronischen Natur des ersten an-

geregten Zustands zeigte, sowohl für 3-Cyanoindol als auch für das Wassercluster, einen

Lb-Charakter. Somit �ndet eine Absenkung des La Zustands unter den Lb Zustand nicht

statt, wie es beispielsweise bei 4-Cyanoindol zu beobachten ist. Die Untersuchung der Fluo-

reszenzlebenszeiten zeigte weiter eine abfallende Lebensdauer vom Monomer zum Wasser-

cluster und eine äuÿerst kurze in wässriger Lösung. Dem steht eine Verlängerung der

Fluoreszenzlebensdauer bei Deuterierung der NH Position gegenüber.
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Abstract

Using rotationally resolved �uorescence spectroscopy it is possible to obtain several molec-

ular parameters of the electronic ground and �rst excited state and use them for struc-

tural assignment or for the determination of the electronic nature of these states. The

focus of this doctoral thesis is on investigations on several rotamers of 1,2-, 1,3- and 1,4-

dimethoxybenzene as well as on 3-cyanoindole and its water cluster.

One chapter deals with investigations of the conformational landscape of 1,3-

dimethoxybenzene. The most intensive vibrational bands of 1,3-dimethoxybenze were

recorded rotational resolution and assigned via rotational constants to the di�erent ro-

tamers. One of the three possible planar rotamers was not found and the assumed origin

band of this rotamer turned out as a vibrational band of an other rotamer. The not

observed rotamer has the stucture where both methoxy groups pointing at each other.

Further investigations via quantum chemical calculations have shown a non-planar geom-

etry of this rotamer in the �rst excited state and a resulting small Franck-Condon factor.

The results were presented in chapter 5 in detail.

Chapter 6 focuses on the dipole and transition dipole moments of the rotamers of 1,2-,

1,3- and 1,4-dimethoxybenzene. The permanent dipole moments were derived via vecto-

rial addition of the fragment dipole moments and compared to the experimental dipole

moment. This method works good for the electronic ground state. For the �rst excited

state this method works only for asymmetrical, but not for symmetrical molecules. This

behavior was lead back on a state mixing of the excited states for asymmetrical molecules.

Further investigations were analyzing 3-cyanoindole and its water cluster. Via rotational

constants the observed water cluster was identi�ed as the structure where the water moiety

is connected via a hydrogen bond to NH of the indole frame. The analysis of the electronic

nature of the �rst excited state showed Lb character for both, the monomer and the cluster.

A lowering of the La state and thereby a change in the order of the La and Lb, as observed

for 4-cyanoindole does not occur. Finally, 3-cyanoindole shows a decreasing �uorescence

lifetime from monomer to the 1:1 cluster and to solution. However, the deuteration of the
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NH position of 3-cyanoindole results in a decrease of the �uorescence lifetime.
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1 | Introduction

Spectroscopy is an important technique for analyzing structures, excited states and molec-

ular properties in chemistry. It is based on the interaction between electromagnetic ra-

diation and matter like ions, atoms, molecules, fragments or clusters. Depending on the

wavelength of the electromagnetic radiation, several compositions of matter can interact

with radiation and many spectroscopic methods to investigate various properties of matter

exist. In molecular spectroscopy the focus lies on the interaction of vibrational, rotational

and/or electronic states with radiation. This allows to study a variety of molecular prop-

erties. Since this doctoral thesis deals with high resolution laser induced fluorescence

spectroscopy (HRLIF), this method will be speci�ed hereafter in detail.

In HRLIF spectroscopy the electronic excitation takes place in a molecular beam. With

the help of this technique it is possible to investigate molecules, not only isolated and with-

out interaction of their environment, but also single stable rotamers. Inside the molecular

beam all molecules exist in low vibrational levels of the electronic ground state. For the

excitation a narrow-band UV laser light is used. This laser light has enough energy to

excite the molecules into the �rst electronic state and due to its narrow-band character it

is possible to excite speci�c rotational levels. The molecules emit �uorescence light which

contains a lot of molecular information. The evaluation of the �uorescence spectrum,

by means of evolutionary algorithms, provides the values of all molecular parameters.

Namely, the rotational constants for the ground and �rst electronic state, the orientation

of the transition dipole moment, the electronic origin and the �uorescence lifetime. Stark

experiments additionally accesses the determination of the permanent dipole moments

for the ground and �rst electronic state. With these information, in combination with

high level ab initio calculations, it is possible to obtain knowledge about structures, the

electronic nature and the behavior upon excitation of molecules. Further theoretical and

experimental background of this experimental technique is explained in the Chapters 2

and 3, respectively.

A considerable attention of HRLIF spectroscopy is about investigations on substituted in-
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1. Introduction

doles and bisubstituted benzenes. The current level of knowledge about these molecules,

their derivatives and the molecules investigated in this thesis is given in the following

subchapters.

1.1. Dimethoxybenzenes

A broad range of molecules is provided by disubstituted benzenes. Well-known representa-

tives are dihydroxybenzene, methoxyphenol and dimethoxybenzne, which are derived from

anisole and phenol, respectively. These molecules have two hydroxy groups, a hydroxy and

a methoxy group or two methoxy groups attached to the benzene ring. Due to the six

positions of the benzene ring, the groups can be attached at the 1,2-, 1,3- and 1,4-position

of the ring. Therefore, three constitutional isomers exist for every disubstituted benzene.

Since the methoxy and hydroxy group are free to rotate along their bond to the benzene

ring, there exist several planar isomers, called rotamers. The planar rotamers of the three

constitutional isomers of dimethoxybenzene are presented in Figure 1.1.

(180/0)                                   (0/0)                                   (0/180)

(180/0)                                           (0/0)

1
2

6

8
10

7
9 3

5
4

(180/0)                                     (0/0)

   
   

Figure 1.1.: Structures of the possible planar rotamers of 1,2-, 1,3- and 1,4-
dimethoxybenzene. The value in brackets refers to the dihedral angle for the nomen-
clature.
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1.1. Dimethoxybenzenes

The label in brackets refers to the dihedral angle of the �rst two substituent atoms

in respect to the carbon atoms of the ring, starting from lowest atom number. For the

(180/0) rotamer of 1,2-dimethoxybenzene these angles are formed by the atoms C9, O7,

C1 and C2 for the �rst (=̂180◦) and C2, C3, O8 and C10 for the second (=̂0◦) dihedral

angle.

It is possible to transfer one rotamer into another by rotating the functional groups and

overcoming an intermediate barrier. The molecular beam method allows the investigation

of these stable rotamers in a supersonic jet and determine their structures and energies

for excitation.

Derivatives of disubstituted benzenes have been studied previously[1, 2]. These studies

have shown that for the meta-position of dihydroxybenzene and methoxyphenol not all

possible planar rotamers have been found in molecular beam experiments. The missing

rotamer for 1,3-dihydroxybenzene and 1,3-methoxyphenol was the rotamer where both

substituents show up in the same direction (according to the (0/180) isomer in the second

line of Figure 1.1). The absence of this rotamer was explained by its non-planarity in the

�rst excited state, which results in a small Franck-Condon factor upon excitation. How-

ever, Breen et al.[3] found via R2PI (resonant two-photon ionization) spectroscopy three

vibronic bands for 1,3-dimethoxybenzene and assigned them to the origins of the three

possible planar rotamers of 1,3-dimethoxybenzene (middle line of Figure 1.1). Therefore,

the conformational landscape will be investigated for 1,3-dimethoxybenzene by rotational

resolved spectroscopy for further structural studies. The results are presented in Chap-

ter 5.

Rotational resolved investigations on 1,2-, 1,3- and 1,4-dimethoxybenzene rotamers fur-

ther plays an interesting role due to the positive mesomeric e�ect (+M) and its in�uence

to their electronic properties depending on the positions and orientations of the methoxy

groups. By performing Stark experiments the permanent dipole moment of molecules for

the electronic ground and �rst excited state can be determined. Comparison with experi-

mental permanent dipole moments and dipole moments derived from vectorial addition of

their fragment dipole moments have shown ambivalent results, since the success depends

on the nature and postition of the fragment. These studies were performed on the dis-

ubstituted benzene aminobenzonitrile (ABN). The results showed that this rule works for

3ABN in the ground, but for 2ABN only in the excited state. Reasons were given by an o�-

axis mixing in the excited state and a non-planarity of the component parts in the ground

state[4, 5]. Wilke et al.[6] investigated the prediction of dipole moments via vector addi-

tion of fragment dipole moments on several substituted indoles. For 5-methoxyindole they

3



1. Introduction

found that the rule fails in the excited state due to the electron density �ow from the sub-

stituent into the chromophore, caused by the +M e�ect of the methoxy group. Therefore,

the permanent dipole moments of the di�erent constitutional isomers of dimethoxyben-

zenes and their transition dipole moment orientations will be investigated via rotationally

resolved Stark spectroscopy, in combination with ab initio calculations, in order to be able

to make more general statements as well about the in�uence of the methoxy-group position

and orientation as the application of the vectorial addition model to these rotamers.

1.2. 3-Cyanoindole

Indole is the frame and main component of many biomolecules in nature as amino acids or

neurotransmitters. For indole and its derivatives two energetically close ππ∗ states exist

with di�erent photophysical properties and �uorescence behaviors. These ππ∗ states are

named 1La and 1Lb state in the nomenclature of Platt[7]. There are several properties to

determine and distinguish the �rst two excited states as an 1La or as an 1Lb state. The

indications thereof are explained in Chapter 2.2 in detail. One parameter to distinguish

these states are their di�erent permanent dipole moments. For example, in indole the 1La

state has a dipole moment of 5.69D in contrast to 2.17D for the 1Lb state[8]. For indole

is in the gas phase the 1Lb state energetically lower than the 1La state. Several studies

showed that it is possible to change the energetic order of these two states by adding

di�erent substituents to the chromophore or trough cluster formations. Korter et al. [9]

investigated the indole water cluster in the gas phase, using high resolution spectroscopy

in combination with ab initio calculations. They showed the 1Lb character of the �rst

excited state of the water cluster. Its electronic origin was shifted by 132 cm−1 to the red,

compared to the indole monomer. This most stable water cluster was forming a trans-

linear NH· · ·O hydrogen bond. Further, they showed that the water moiety changes its

position and orientation by absorbing a photon. Other studies were focusing on substituent

e�ects. The attachment of a cyano group to the chromophore changes the electronic

properties of the molecule. 5-cyanoindole was studied by Wilke et al. [6]. They were

able to show the in�uence of the cyano group to the order of the 1La and 1Lb state. The

lowest excited singlet state was determined as an 1La state.[6, 10] Reasons, why the 1La is

energetically lower than the 1Lb state, are explained by the negative mesomeric (-M) and

inductive (-I) e�ect of the cyano group, moving electron density from the chromophore to

the substituent.

Therefore, it is of great interest to study 3-cyanoindole and its water cluster via high

4



1.2. 3-Cyanoindole

resolution spectroscopy. The cyano group attached to the pyrrole ring of the indole frame

might have great in�uence on photophysical properties, the most stable 1:1 water cluster

structure and/or on �uorescence lifetimes.
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2 | Theoretical Background

2.1. Principles of rotational spectroscopy

For the interpretation and simulation of rovibronic spectra it is necessary to solve the

time-independent Schrödinger equation (Equation 2.1). The solution allows to calculate

the eigenvalues of the molecular energy levels and thereby the transition energies of a

transition between two states as well as the wave functions with the resulting transition

intensities of two states, which is given by the transition dipole moment (Equation 2.2).

ĤΨm = EΨm (2.1)

M(Ψm ← Ψn) = ⟨Ψ∗
n|Ô|Ψm⟩ (2.2)

(With: Ĥ as Hamiltonian, Em as eigenvalue of an energy level, Ψ as wave function, Ô

as dipole operator)

The operators Ĥ and Ô have to be determined to describe and calculate the positions

and intensities of rotational spectra. To describe rotational spectra, the Hamiltonian

can be derived from the rigid rotator model in classical mechanics. This model uses the

simpli�cation that no centrifugal distortion occurs. The moment of inertia of a rigid rotor

is de�ned in Equation 2.3, containing the masses of the nuclei mi and their distance ri to

a perpendicular axis α:

Iα =
n∑

i=1

mir
2
iα (2.3)

In classical mechanics the kinetic energy of a rigid rotor is a function of the moment of

7



2. Theoretical Background

inertia and of the vector of the angular velocity ω⃗. Its energy is calculated via Equation

2.4:

TRot =
1

2
ω⃗T Iω⃗ (2.4)

Molecules, seen as rigid rotors have, as rigid bodies in general, three orthogonal main

inertial axes (a, b and c) with their origin in the center of mass. This means, that for

every molecule three moments of inertia exist (Ia, Ib and Ic) along these inertial axes. By

de�nition the axes were chosen to be the Ia with the smallest and Ic with the highest

moment of inertia (Ia ≤ Ib ≤ Ic). By the ratio of the moments of inertia to each other,

molecules are classi�ed into di�erent types of rotors, shown in Table 2.1.[11, 12]

Table 2.1.: De�nition of di�erent types of rotors
Type of rotor De�nition Example
linear Ia = 0, Ib = Ic H2

spheric Ia = Ib = Ic SF6

prolate symmetrical Ia < Ib = Ic CH3Br
oblate symmetrical Ia = Ib < Ic C6H6

aymmetric Ia < 0, Ib < Ic H2O

I from Equation 2.4 is expressed trough a tensor. This tensor results from the masses

mi of a n atomic molecule and the cartesian coordinate system with its origin in the center

of mass.

Ĩ =

⎛⎜⎜⎝
Ixx Ixy Ixz

Iyx Iyy Iyz

Izx Izy Izz

⎞⎟⎟⎠ (2.5)

Ixx =
n∑

i=1

mi(y
2
i + z2i ) Ixy = Iyz = −

n∑
i=1

mixiyi

Iyy =
n∑

i=1

mi(x
2
i + z2i ) Iyz = Izy = −

n∑
i=1

miyizi (2.6)

Izz =
n∑

i=1

mi(x
2
i + y2i ) Izx = Ixz = −

n∑
i=1

mizixi

The diagonal elements of this tensor (Equations 2.5 and 2.6) are the moments of inertia

8



2.1. Principles of rotational spectroscopy

and the o�-diagonal elements are the products of inertia. The similarity transformation,

shown in Equation 2.7, the axes of the molecule coordinate system is rotated onto the

main inertial axes of the molecule.

U−1

⎛⎜⎜⎝
Ixx Ixy Ixz

Iyx Iyy Iyz

Izx Izy Izz

⎞⎟⎟⎠U =

⎛⎜⎜⎝
Ia 0 0

0 Ib 0

0 0 Ic

⎞⎟⎟⎠ (2.7)

This transformation diagonalizes the tensor of inertia and the diagonal elements are the

moments of inertia Ia, Ib and Ic, whereby Equation 2.4 results in Equation 2.8.

TRot =
1

2
Iaω

2
a +

1

2
Ibω

2
b +

1

2
Icω

2
c (2.8)

The Hamiltonian is determined via the quantum mechanical correspondence principle.

Consequently, the moments of inertia are replaced by the angular momentums, according

to the corresponding axis, and the angular moments were transformed into the angular

momentum operator Ĵ (Jα = Iαωα).

ĤRot =
Ĵ2
a

2Ia
+

Ĵ2
b

2Ib
+

Ĵ2
c

2Ic
(2.9)

In molecular spectroscopy it is usual to express the energy between two transition levels

in frequency. Thus, rotational constants (Equation 2.10) were implemented and Equation

2.9 results in Equation 2.11:

A ≡ h2

8π2Ia
≥ B ≡ h2

8π2Ib
≥ C ≡ h2

8π2Ic
(2.10)

ĤRot =
4π2

h
(AĴ2

a +BĴ2
b + CĴ2

c ) (2.11)

The exact rotation of a molecule (or body in general) in space has to be described via

two coordinate systems. A molecule-�xed coordinate system and a space-�xed coordinate

system. The molecule-�xed system has its origin in the center of mass, while the space-

�xed system is chosen that its origin coincides with the origin of the molecule �xed system.

The spaced-�xed coordinate system can be converted into the molecule-�xed system to

9



2. Theoretical Background

obtain the principle axis system. In the principal axes system are the axes of the coordinate

system in agreement with the main inertial axis of the molecule. The transformation takes

place by rotating the coordinate system around three Eulerian angles. First, the molecule-

�xed system (x, y, z) is turned anticlockwise around the z-axis by the angle φ along and a

new coordinate system with the axes x', y' and z' is created (a). Then, an anti-clockwise

rotation around the x' axis by the angle θ creates the x', y� and z' coordinate system (b).

Finally, the rotation along the z' axis by the angle χ creates the space-�xed coordinate

system X,Y,Z (c). This process is shown in Figure 2.1.[11, 26]

a) b)

x

y

z

x‘

y‘

φ

φ

c)

x

y

z

x‘

y‘‘

c
θ

θ

x

y

z

x‘

y‘‘

c

b

aχ

χ

Figure 2.1.: Rotations at the transformation from the coordinate system into the
principal axis system via three Eulerian angles.[13]

The commutator rules for the angular momentum operators of the molecule- and space-

�xed coordinate system are given in Equation 2.12. The equations show that di�erent

components of the angular momentum operator in a coordinate system do not commute,

but components of di�erent coordinate systems do commute and every component of Ĵ

commutes with the square of the angular momentum Ĵ2. Since, the Hamiltonian changes

with the square of the angular momentum operator Ĵ2, a quantization of the rotation

results, which leads to the quantum number J . Further, the commutator of the Hamil-

tonian with the projection of the angular momentum of a space-�xed axis Ĵz leads to a

further quantum number M . In the case of two equal moments of inertial (as for linear,

symmetrical and spherical rotors) the Hamiltonian commutes with the projection onto the

molecular axis. This projection can be described by a the quantum number K.[11, 14]

10



2.1. Principles of rotational spectroscopy

[Ĵ2, Ĵi] = 0 i = X, Y, Z

[Ĵ2, Ĵα] = 0 α = x, y, z

[Ĵα, Ĵi] = 0

[Ĵi, Ĵj] = ieijk~Ĵk (2.12)

[Ĵα, Ĵβ] =−ieαβγ~Ĵγ

[Ĥrot, Ĵ
2] = 0

[Ĥrot, Ĵz] = 0

[Ĥrot, Ĵc] = i~
(

1

2Ia
− 1

2Ib

)(
ĴaĴb − ĴbĴa

)

cyclic permutation eijk = ekij = ejki

anticyclic permutation ekji = ejik = eikj

all other permutationen 0

2.1.1. Symmetric Rotor

For the symmetric rotor with its two equal moments of inertia Equation 2.11 can be

simpli�ed. Depending if the two higher (Ic = Ib) or the smaller (Ia = Ib) moments of

inertia are equal, the symmetric rotor is distinguished between a prolate (Ic = Ib) and a

oblate top, respectively. The solution of the Hamiltonian and therefore the solution of the

rotational energy is:

ĤRot = BĴ2 + (A−B)Ĵa
2

(2.13)

E(J,K) = BJ(J + 1) + (A−B)K2 (2.14)

for the prolate and:

ĤRot = BĴ2 + (C −B)Ĵa
2

(2.15)

11



2. Theoretical Background

E(J,K) = BJ(J + 1) + (C −B)K2 (2.16)

for the oblate rotor, with the quantum numbers J = 0, 1, 2, . . . and K = 0, ±1, . . .±J.
The sign of K has no in�uence to the energy due to its quadratic character in Equation

2.16. K is two-fold degenerated for K ̸= 0 due to the di�erent directions of rotation. For

every rotational level exist (J+1) K-levels. Further, selection rules allow only transitions

where ∆J = ±1 and ∆K = 0 is ful�lled.[12, 15]

2.1.2. Asymmetric Rotor

As most molecules, the molecules investigated in this thesis, are asymmetrical rotors.

Asymmetrical rotors have three di�erent moments of inertia and the Hamiltonian cannot

be simpli�ed and is expressed in Equation 2.17:

Ĥ =
Ĵ2
a

2Ia
+

Ĵ2
b

2Ib
+

Ĵ2
c

2Ic
(2.17)

However, the asymmetric rotor can be seen as an intermediate between a prolate and a

oblate top, transformed by deformation. Nevertheless, the description of the energy levels

by the quantum number K fails and two pseudo quantum numbers Ka and Kc have to be

implemented. These two pseudo quantum numbers describe a complete prolate and oblate

rotor, respectively (Figure 2.2). To characterize if asymmetric rotors have more prolate or

oblate character Ray's asymmetry parameter κ is used[12]:

κ =
2B − A− C

A− C
(2.18)

The value of κ presents a completely prolate character for -1 and a complete oblate

character for +1. For complete asymmetric rotors κ is 0. Another expression to describe

the pseudo quantum numbers Ka and Kc is made by τ . τ is the di�erence of the two

pseudo quantum numbers and has values from −J to +J [12]:

τ = Ka −Kc (2.19)
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2.1. Principles of rotational spectroscopy

The formula of the Hamiltonian can not be reduced on the expressions J and J2

and the formula still contains the expressions J2
x , J

2
y and J2

z referring to the space-�xed

coordinates.[12, 15]

Ĥasym =
1

2
(A+ C)J(J + 1) +

1

2
(A− C)

[
J2
x − J2

y + κJ2
z

]
(2.20)
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KaJ KcJKaKcJ

E E

symmetric
   prolate 

symmetric
     oblate 

    asymmetric

Figure 2.2.: Relationship of the energy levels of an asymmetrical rotor in respect to
the transformation from prolate to oblate.[15, 16]

Due to the conservation of angular momentum only ∆J = 0,±1 transitions are allowed
upon excitation. Depending of the change of the angular momentum the transitions are

named P-branch (∆J = −1), Q-branch (∆J = 0) or R-branch (∆J = +1). A prerequisite

for rotational transitions is a permanent dipole moment of the molecule. For asymmetric

molecules the dipole moment has components along all three main inertial axes which

results in the selection rules shown in Table 2.2.[12]
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2. Theoretical Background

2.1.3. Stark E�ect

The Stark e�ect describes the impact of an electric �eld (ϵ) on the rotational levels of a

molecule and is used to determine its permanent dipole moments. Through this impact

on rotational levels the Hamiltonian for the rotational energy from Equation 2.11 has to

be extended with a perturbation operator Ĥ ′:

ĤStark = ĤRot + Ĥ ′ (2.21)

with:

Ĥ ′ = ϵĤϵ

(1)
+ ϵ2Ĥϵ

(2)
(2.22)

The Stark e�ect Hamiltonian Ĥϵ is derived from the interaction energy between an

electric dipole µ moment and an electric �eld ϵ in classical mechanics (E = −µϵ). To

transfer this to the energy of rotational levels, the electric �eld ϵ has to be seen in a space-

�xed electric �eld along the Z axis and constant in magnitude, µ has to be seen as the

electric dipole moment of the molecule in the molecule �xed-coordinate system, referring

onto the principal inertial axes x, y, z and ΦZg as the direction cosinus of the x, y, z axes

in respect to the space-�xed Z axis:[17, 18]

Ĥϵ = −ϵ
∑

g=x,y,z

µgΦZg (2.23)

Therefore, the total energy of the rotational levels is a sum of the unperturbed energy

and the Stark e�ect energy of the �rst and second order (Equation 2.24).

ES = E0 + E1 + E2 (2.24)

Table 2.2.: Selection rules for an asymmetric rotor

Dipole component ∆Ka ∆Kc

a-type µa ̸= 0 0, ±2, ±4,... ±1, ±3, ±5,......
b-type µb ̸= 0 ±1, ±3, ±5,...... ±1, ±3, ±5,......
c-type µc ̸= 0 ±1, ±3, ±5,...... 0, ±2, ±4,...
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2.1. Principles of rotational spectroscopy

For a symmetric rotor with a dipole component only along the c-axis, the Stark e�ect

Hamiltonian can be simpli�ed. For example, if a molecule possesses a dipole moment

component only along the c axis, this dipole moment component equates to the total

dipole moment of the molecule and simpli�cation of the Hamiltonian results:

Ĥϵ = −ϵµΦZz (2.25)

and the energy of the Stark e�ect results in:

E(1)
ϵ = − µϵKMJ

J(J + 1)
(2.26)

for the �rst order and:

E(2)
ϵ =

µ2ϵ2

2hB

[
(J2 −K2)(J2 −M2)

J3(2J + 1)(2J − 1)
− [(J + 1)2 −K2][(J + 1)2 −M2]

(J + 1)3(2J + 1)(2J + 3)

]
(2.27)

for the second order. Equations 2.26 and 2.27 are showing that for K = 0 exists no

�rst-order Stark e�ect and only the Stark e�ect second order occurs. Further, for the �rst-

order Stark e�ect the MJ degeneracy is lifted and splits into (2J + 1) rotational levels.

This is in contrast to the second-order Stark e�ect, where the degeneracy is partly lifted

by M2
J squared, what results in only (J + 1) rotational levels.[17, 18]

For asymmetrical molecules the K degeneracy is lifted and thereby only the Stark e�ect

second order occurs. The energy of a state J, τ,MJ is a function of all dipole components

along the inertial axes as well as all other states J ′, τ ′ which are in interaction with this

state.[17, 18]

E(2)
ϵ,γ = µ2

γϵ
2
∑
J ′,τ ′

⟨J, τ,MJ |ΦZτ | J ′, τ ′,M ′
J⟩2

E0
Jτ − E0

J ′τ ′
(2.28)
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2. Theoretical Background

E(2)
ϵ,γ =µ2

γϵ
2[

J2 −M2
J

4J2(4J2 − 1)

∑
τ ′

⟨J, τ |ΦZτ | J − 1, τ ′⟩2

E0
Jτ − E0

J−1τ ′

+
M2

J

4J2(J + 1)2

∑
τ ′

⟨J, τ |ΦZτ | J, τ ′⟩2

E0
Jτ − E0

Jτ ′

+
(J + 1)2 −M2

J

4(J + 1)2(2J + 1)(2J + 3)

∑
τ ′

⟨J, τ |ΦZτ | J + 1, τ ′⟩2

E0
Jτ − E0

J+yτ ′
] (2.29)

Equation 2.28 shows the quadratic character of M2
J . Consequently, the degeneracy of M

is lift and for M exist (J+1) sublevels. Exept for M = 0 are all two-fold degenerated. The

dipole moment components have to calculated for all main inertial axes. By summing up

these dipole moments, the square of the total dipole moment of the molecule is received.

Due to its quadratic character no information about its direction can be given.

µ =
√
µ2
a + µ2

b + µ2
c (2.30)

Figure 2.3 shows the band splittings for several J ′′ = 1 to J ′ = 2 transitions of a R-branch

of an asymmetric rotor. Selection rules allow only ∆M = 0,±1 transitions, depending on

the polarization of the excitation light to the direction of the electric �eld. For a parallel

orientation of the excitation light and the electric �eld π transitions with ∆M = 0, while

for a perpendicular orientation σ transitions with ∆M = ±1 are allowed.[17, 18]

2.2. Characterization of Excited States

For indole and its derivates two energetically close ππ∗ states with di�erent photophysical

properties and �uorescence behaviors exist. Platt investigated these two lowest excited

singlet states on cata-condensed hydrocarbons and labeled them as 1La and 1Lb, de-

pending if the electron density is located at the atoms (a) or bonds (b).[7] Weber[19]

transferred this nomenclature to indoles. Since the di�erent dipole moments of the 1La

(5.69D) and 1Lb (2.17D)[8] state in indole, their energetically order can be manipulated

via di�erent solvents. For example, the 1La state with its high dipole moment is stabilized

in polar solvents and therefore the �rst excited state is an 1La state.[20] Naturally, for

measurements in the gas phase this manipulation do not work. However, it is possible

to manipulate the order of these states by adding either substituents with di�erent

inductive and mesomeric e�ects or attach single solvent molecules to the chromophor.
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Figure 2.3.: Band splittings of the R-branch lines of an asymmetric rotor when an
electric �eld is applied. According to: J ′′ = 1 to J ′ = 2 transitions, µa = 1D, E =
10000V and A = 2.0, B = 1.05, A = 1.0cm−1. The strengths of the splitting is in
dependence of the square of ϵ.[18]
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The electronic nature of several substituted indoles in the gas phase have already been

studied and the nature of their �rst excited state was determined.[2, 21] Four criteria were

used to distinguish between the 1La or 1Lb state for indoles, which were speci�ed hereafter:

� The orientation of the transition dipole moment θ

� The magnitude of the permanent dipole moments

� The involved frontier orbitals upon excitation

� The changing of the bond lengths upon excitation

The orientations of the angles of the transition dipole moment of the 1La and 1Lb state

of indole are shown in Figure 2.4. Trough measurements only the angle of θ can be

determined, but not the sign in respect to the main inertial axis a′′. Therefore the sign

has to be determined via measurements of further isotopologues and the resulting change

of theta, caused by the rotation of the main inertial system or via quantum chemical

calculations.

a’’

1L
a

1L
b

N
H
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+

++ +

+

+

+ -

-
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N
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++ -

+

++

1L
a

1L
b

a)                                                                         b)

N
H

+θ

-θ

Figure 2.4.: Distinction of the 1La and 1Lb state in indole. a) Di�erent orientations
of the transition dipole moment of the two states. b) Changing of the bond lengths
upon excitation of the two states.[15]

As mentioned above, the 1La state has a much higher permanent dipole then the 1Lb

state and has to be considered for the assignment as well. A high permanent dipole moment

of the �rst excited singlet state leads to an 1La character and a small dipole moment to an
1Lb character. The change of the bond lengths upon excitation is shown in Figure 2.4. For

an 1La state the bond lengths increase and decrease alternating over the whole molecule,

while for the 1Lb state mainly the benzene ring is expanded. Finally, a look on the frontier

orbitals can give a hint to the assignment of the states. For excitation into the 1La are
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2.2. Characterization of Excited States

mostly HOMO → LUMO (more than 80%) transitions involved, in contrast to the 1Lb

state where the excitation is a combination of a over 70% HOMO-1 → LUMO and a over

20% HOMO→ LUMO+2 transition. All values refer to indole and were transferred to its

derivatives for the assignment of excited states. The classi�cation of Platt's nomenclature

describing the nodal planes either bisecting the bonds or through the atoms is transferred

by Heilbronner and Murrell to substituted benzenes, having a C2 symmetry axis [22]. In

this classi�cation the indices a and b are describing the symmetry in respect to the C2

symmetry axis. An orientation of the transition dipole moment along this axis leads to an
1La, while an orientation perpendicular to this axis leads to an 1Lb state.

O O

O O

C
2
                                                          C

2

1L
a  

1L
b

Figure 2.5.: Orientation of the transition dipole moment for an 1La and an 1Lb

state along the C2 symmetry axis on the example on 1,2-dimethoxybenzene and 1,3-
dimethoxybenzene, respectively.

Further, the excitation into the corresponding state leads to a benzenoid distortion of the

ring in an 1La and a quinone-like distortion for an 1Lb state, respectively. These distortions

can be derived from the changing of the rotational constants between the ground and �rst

excited state. For a benzenoid distortion the di�erences of all rotational constants ∆A,

∆B and ∆C will decrease more or less equal, but for a quinone-like distortion ∆A will

much bigger while there will be almost no di�erences between the B and C constants.[23]
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3 | Experimental Setup

A special experimental setup is necessary to record rotationally resolved �uorescence spec-

tra. First, a narrow-band variable frequency UV light source is required to stimulate

the molecules to �uorescence and second, a molecular beam is needed to obtain isolated

molecules.

The laser system where the UV light is created consists of a dye-laser driven by a pump

laser, a reference cell for frequency stabilization, a unit for frequency-doubling (second

harmonic generation) and additionally a iodine cell and a Fabry-Pérot interferometer for

absolute and relative frequency determination (Figure 3.1).

DPSS
Laser

Ring Dye Laser Reference Cell SHG

Iodine Cell

Fabry-Pérot Interferometer

D

D

M

BS

BS

Figure 3.1.: Setup of the laser system. Abbreviations: DPSS = diode pumped solid
state laser, D = detector, M = mirror, BS = beam splitter, SHG = second harmonic
generation.

The molecular beam is created in a special molecular beam apparatus. In this apparatus

the molecules were also stimulated to �uorescence and the �uorescence light is detected

onto the photomultiplier (Figure 3.8). To protect the laser system from vacuum pump

vibrations of the molecular beam apparatus, the two parts are spatially separated and the

UV laser light is lead via mirrors to the molecular beam apparatus.

The following chapters will give a closer look on both parts and their components.
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3.1. The Laser System

3.1.1. The Pump Laser

In this work the Newport Spectra Physics Millennia eV, 15W diode pumped solid state

laser is used to drive the dye laser. This laser emits light at a wavelength of 532 nm and

can be operated at a power up to 15W.

LBO

OF

OF

Diodes

X

L1

L1

L2

L2
M1

M1

M2

M2

M3

L3M4

Figure 3.2.: Setup of the pump laser Spectra Physics Millennia eV [13, 24]. Abbrevi-
ations: OF = optical �ber, L = lens, X = yttrium-vanadate crystal, M = mirror, LBO
= lithium triborate crystal.

To emit light at this wavelength, light of two diodes with a wavelength of 809 nm is lead

via optical �bers (OF) and focused via lenses (L1, L2) on a Neodymium-doped Yttrium

vanadate crystal (X) Nd : Y V O4. The crystal absorbs the light and emits light at a

wavelength of 1064 nm, which is enhanced in a resonator formed by the mirrors M1. These

mirrors are highly re�ective at 1064 nm and highly transmissive at 809 nm. After this, light

of 1064 nm wavelength is directed by mirrors M2 to a nonlinear Lithium triborate crystal

for second harmonic generation. Finally, light with a wavelength of 532 nm leaves the laser

through the output coupler (M3) and enters the dye laser. (Figure 3.2) [13, 24]

22



3.1. The Laser System

3.1.2. The Ring Dye Laser

In this work the ring dye laser Matisse DS from Sirah Lasertechnik GmbH is used. The

schematic structure of this laser is shown in Figure 3.3.

Inside the dye laser hits the incoming laser beam a laminar dye jet, which circulates with

a pressure of 20 bar. Thus, the dye molecules were excited from the electronic ground

state S0 into vibrational excited states of the �rst electronic state S1. By relaxation to

the vibrational ground state v = 0 of the S1 state, the electrons were able to relax under

the emission of light to vibrational excited states of the electronic ground state. The high

pressure of the dye jet is necessary to prevent high triplet concentration. High triplet

concentrations would inhibit the �uorescence.

The dye laser can be used with several in ethylene glycol solved dyes. The di�erent dyes

emit light in di�erent ranges. Due to the interaction of the dye molecules with the solvent

a broad range of the emitted light is created. For investigations in this work, Rhodamine

110 and Rhodamine 6G were used as dyes. These dyes emit light from 545 nm to 585 nm

and 560 nm to 615 nm, respectively.[25]

Figure 3.3.: Setup of the dye laser Matisse DS and its reference cell.[25, 26]

The �uorescence light from the dye jet propagates via the two folding mirrors FM 1

and FM 2 into the resonator and light ampli�cation by stimulated emission occurs. Inside

of the cavity the light can propagate in both directions, however only the anticlockwise

circulation is desired and selected by means of an optical diode utilize the Faraday

e�ect and an out-of-plane mirror. Via three wavelength selective elements, arranged in

decreasing bandwidth, it is possible to select one frequency of the broad emission of the

dye. The �rst �lter is a birefringent �lter and selects roughly a passband. This �lter

contains three birefringent quarz plates (Lyot �lter) which are related in 1 : 3 : 15 thick-

ness. The plates are orientated in Brewster's angle and create a passband of around 2 cm-1.
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Birefringent Filter

Thin Etalon

Mode spacing

Thick Etalon

Laser Threshold

Rhodamine 6G Emission Spectrum

Figure 3.4.: Emission spektrum of Rhodamine 6G in ethylene glycol and the free
spectral range of the optical elements to create a narrow-band frequency.[27]

The next wavelength selective element is a Fabry-Pérot etalon, called thin etalon. The

thin etalon is constructed with two semi-re�ector mirrors having a �x distance to each

other. The last wavelength selective element, the thick etalon, contains two prism, of

those one is mounted on a tunable piezoelectric motor. Via these three wavelength selective

elements it is possible to run the laser with a linewidth of 250 kHz (Figure3.4).[25, 27]

To scan the laser, the tuning mirror on a piezoelectric motor is moved and the optical

wavelength of the cavity is changed. The scan process takes place over a range of 1 -

2 cm-1. To run the laser stable on one frequency a reference cell is needed. For this, a

small part of the light is coupled into an external reference cell, containing a reference

etalon. In this cell a reference signal is detected and with the fast moving tweeter inside of

the ring dye laser it is possible to compensate smallest interferences, caused by vibrations

or �uctuations in the dye jet.[13, 25, 27]
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3.1.3. The Frequency Doubler

For the excitation into the �rst electronic singlet state UV light is needed. Therefore, the

main part of the laser light out of the dye laser is coupled in an external cavity for second

harmonic generation. The frequency doubling unitWaveTrain of Newport Spectra-Physics

is used in this experimental setup. (Figure 3.5).

Frequency doubling requires the equality of the phase velocity of the incoming wave and

the harmonic wave. This is achieved by a nonlinear optical media, using a β-barium

borate crystal, which is unique for its birefringent character and its small absorption in

the frequency range of the fundamental wave. Depending on the operated wavelength, the

crystal has to be tilted for phase matching adjustment.[13, 16, 25, 28, 29]

Inside the frequency doubling unit the incoming laser beam passes a lens (L1) and a

tube for phase modulation. The phase modulator is connected with an optical �ber (OF)

to a �ber coupler (FC) and a weak signal for frequency stabilization is added to the

fundamental. Then, the laser beam enters the resonator after passing two mirrors (BM1

and BM2), a lens (L2), a beam shifter (BS) and a brewster window. The resonator

contains two for the fundamental wave highly re�ecting mirrors (M1 and M2), a β-barium

borate crystal (X) and a prism (P) mounted on a piezoelectric motor. The resonator is

constructed based on the delta concept. After passing the crystal, the frequency doubling

occurs and the UV light is able to leave the resonator through a wavelength selective

mirror (M2) and passes a brewster window and a cylindrical lens. To leave the laser, the

beam is lead via two bending mirrors (BM3 and BM4) and a prism expander (PE) out of

the doubling unit. Two detectors, one for the fundamental (FD) and one for the harmonic

wave (HD) measure the intensity to support and improve the adjustment. Finally, the

laser beam is lead via mirrors into the molecular beam apparatus.

3.1.4. The Determination of the Relative Frequency

Due to �uctuations of the scan velocity of the tuning mirror, distortions in the recorded

spectrum can occur. To eliminate these distortions, a small part of the output beam of

the dye laser is coupled into a Fabry-Pérot interferometer. The transmission is detected

and a spectrum is recorded simultaneously to the experimental �uorescence spectrum

(Figure 3.1). The interferometer consists of a 499 nm long ZERODUR® tube, located in

vacuum, with a convex-concave coupling mirror and a concave-planar output mirror. The

radius of curvature inside is 501mm and the surface is highly re�ective between 540 nm

to 620 nm. The interferometer transmitts only certain wavelengths and the free spectral
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P

Figure 3.5.: Setup of the frequency doubling[26]. Abbreviations: L = lens, BM =
bending mirrors, BS = beam shifter, BW = brewster window, M = mirror, X = β-
barium borate crystal (BBO), P = prism, OF = optical �ber, FC = �ber coupler, CL
= cylindrical lens, FD = detector (Fundamental), HD = detector (Harmonic), PE =
prism expander.
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range was determined to 149.9434(56)MHz [30]. With the transmission spectrum and the

knowledge of the free spectral range it is possible to linearize the �uorescence spectrum.

3.1.5. The Determination of the Absolute Frequency

To determine the absolute frequency a iodine cell is applied. The iodine cell is a 50 cm long

evacuated and with little iodine crumbs �lled glass tube. For frequency determination a

small part of the laser light is coupled into the tube and a iodine absorption spectrum

is recorded parallel to the �uorescence spectrum. (Figure 3.1) By comparison of the

absorption spectrum with tabulated bands in a iodine atlas[31], it is possible to determine

the frequency with an accuracy of 0.1 cm-1.

3.2. The Molecular Beam Apparatus

3.2.1. The Molecular Beam

The excitation and �uorescence emission of the investigated molecules takes place in a

molecular beam. To create a molecular beam the molecules were transferred into the gas

phase and expanded through a nozzle into the vacuum. Depending on the nature of the

expansion, two kinds of beams were distinguished: E�usive expansion and supersonic jet.

Supersonic jets were further classi�ed into uncollimated beams (free jet) and collimated

beams (molecular beam). For laser spectroscopic investigations molecular beams have

several advantages[11]:

� The molecules exist isolated in the beam. Therefore, the molecular parameters can

be determined without interaction with the environment.

� Due to the fast expansion and the resulting adiabatic cooling process low kinetic

energy of translation, low rotational and low vibrational temperatures were achieved

and the population distribution is limited on low rotational and vibrational levels.

Thereby, there are no band overlaps and it is also possible to resolve the rotational

structure of big molecules.

� In the molecular beam it is possible to investigate weakly bound clusters as dimers,

molecule-water clusters or molecule-noble gas clusters. Under normal conditions these

clusters are not stable.

To create a molecular beam in this setup, the sample is converted into the gas phase

and expanded out of a reservoir through a nozzle into a chamber with lower pressure. The

nature of the expansion depends on the relation of the pressure inside of the reservoir
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(p0), the pressure inside of the vacuum chamber (p1) and of the heat capacity ratio (γ). If

Equation 3.1 is ful�lled, supersonic expansion occurs.

p0
pb

=

(
γ + 1

2

) γ
γ−1

(3.1)

At the beginning the statistical average velocity of the molecules is zero. Due to the

lower pressure inside of the vacuum chamber, compared to the reservoir, the gas expands

through the nozzle into the chamber. For supersonic expansion, the average mean free

path is smaller than the diameter of the nozzle (D). This results in many collisions be-

tween the molecules and kinetic energy of translation is given from fast to slow molecules.

Trough this process the assimilation of the relative speeds happens and undirected ki-

netic energy is converted into directed kinetic energy of translation. By this process

the Maxwell�Boltzmann distribution (Equation 3.2) is narrowed and shifted to higher

velocitys[11, 26, 32]. (Figure 3.6)

dN

dν
= ν3 exp

(
−mν2

2kT

)
(3.2)

(Abbreviations: N = number of particles, ν = particle velocity, m = particle masses, k =

Boltzmann's constant, T = gas temperature)

The adiabatic expansion and the collisions between the molecules results in a high

occupation of low vibrational and rotational level of the electronic ground state. This

e�ect can be enhanced by adding a carrier gas to the molecules during the expansion.

The additional collisions between the carrier gas and the molecules results in that more

kinetic energy of translation is emitted and extreme low temperatures (T ≤ 1 Kelvin) were

achieved. By adding a carrier gas to the molecular beam, the beam is termed seeded beam.

After leaking out the nozzle the expanding gas passes a skimmer. The skimmer has the

shape of a hollow cone with an aperture of 1mm on top. The skimmer is also the entry

to the next vacuum chamber. The small opening conduces to cut out the central area of

the expansion. The rounded sidewalls of the skimmer helps to derive the other molecules.

After passing the skimmer, a collimated directed molecular beam with a low Doppler

broadening is received.[33] Another function of the skimmer is to maintain the molecular

beam. At the nozzle the sample leaks out with a Mach number of 1 (corresponds to the

speed of sound). The Mach number is de�ned by the �ow velocity and the local speed
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of sound, which further depends on the temperature. Therefore, the cooling at adiabatic

expansion leads to a reduce of the local speed of sound, what results in an increasing Mach

number.

M =
v

a
(3.3)

with

a =

√
γRT

m
(3.4)

(Abbreviations: M = Mach number, v = �ow velocity, a = local speed of sound, γ = heat

capacity ratio, R = gas constant, T = temperature, m = molar mass)

This is only valid for the area between the aperture of the nozzle and the Mach disc

shock. At the Mach disc shock the �ow velocity is slower than the speed of sound and

the molecular beam collapses. By putting the skimmer in front of the Mach disc shock,

it is possible to prevent the collapse of the molecular beam. The distance X between

the aperture of the nozzle to the Mach disc shock can be calculated via Equation 3.5, to

determine the position of the skimmer.[34]

X = 0, 67D

√
p0
p1

(3.5)

The described processes are shown in Figure 3.6 in detail.

3.2.2. The Vacuum Apparatus

The vacuum apparatus (Figure 3.8) consists of three lineary connected vacuum chambers.

The chambers, which are connected by skimmers, have a decreasing pressure and were

termed expansion (VK1), bu�er (VK2) and measurement chamber (VK3). The �rst skim-

mer aperture (S1) has a diameter of 1mm, the second (S2) of 3mm. All chambers were

connected to a prevacuum, created with three rotary vane pumps (TRIVAC ) in combi-

nation with roots (RUVAC ). These pumps work permanently, while the additional high

vacuum pumps were activated only for measurements. The high vacuum pumps were an

oil di�usion pump (Leybold DI 8000 ) in the �rst and a turbomolecular pump (Leybold

TURBOVAC ) in the second and third vacuum chamber. In the last chamber a cold trap
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T0,p0

M <<1

Background Pressure p1

M =1

M >>1

M <1

Mach Disc Shock

M >1
Compression Waves
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Barrel Shock

Jet Boundary

Skimmer

N N N

vvv

Reservoir

p2 < p1p1< p2p0

p2

T0, p0

M <<1

Reservoir

Figure 3.6.: Scetch of a supersonic expansion, the di�erent zones and directions of the
molecules as well as the velocity distribution by passing the nozzle and the skimmer.[35]
Abbreviations: M = Mach number, T = temperature, p = pressure, N = number of
particles, v = velocity
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(ba�e) is additionally placed. With this setup a decreasing pressure of 10-5 bar in the

�rst chamber up to a pressure of 10-7 bar in the last chamber is achieved. At the end

of the last chamber a quadrupole (QP) is located and connected to the prevacuum and

a turbomolecular pump (TP3). The quadrupole is used to align the molecular beam for

perfectly passing the skimmers. At the beginning of measurements, the �exible tube to

the reservoir is vented with noble gas (argon) and the sample is poured in. The reservoir

and the nozzle can be heated via heating sleeves (Mickenhagen) up to 250 ◦C to transfer

the sample into the gas phase for the expansion. In the third vacuum chamber (VK3)

the UV laser beam and the molecular beam hit each other in right angle. The resulting

�uorescence light is detected via imaging optics onto the photomultiplier (PM) and the

spectrum is recorded on the computer. Figure 3.7 shows a closer look on the path of

the molecular beam. For Stark measurements two nickel grids exist above and below the

position, where the laser beam and the molecular beam cross. The round nickel grids

have diameter of 50mm and a stitch density of 28 wires per centimeter, which allows 95%

transmission of the �uorescence light. A voltage up to 10000V can be applied on the grids

(5000V on each). The distance of the grids is 2.349(5) cm, which results in an electric �eld

up to 4200V/cm.[15] To determine the applied voltage precisely, a voltagemeter (Vitrek

4700 Precicion HV Meter) is used.[15, 36]
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Figure 3.7.: Path of the molecular beam trough the chambers.[15, 26].
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Noble gas supply

VK1

Oil difussion pump

S1

TP1

VK2

S2

Nozzle
Reservoir

TP2

VK3
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QP

PM AO

Prevacuum

Baffle

Figure 3.8.: Schematic setup of the molecular beam apparatus. Abbreviations: VK
= vacuum chamber, S = skimmer, TP = turbomolecular pump, AO = imaging optic,
PM = photomultiplier, QP = quadrupol.[26]
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4 | Spectrum Evaluation via Evolu-

tionary Algorithms

The rovibronic �uorescence spectra are evaluated via evolutionary algorithms. These

algorithms are inspired by evolutionary processes in the nature and are a powerful tool

to solve complex optimization problems. The prerequisite for using these algorithms on

evaluation of rotationally resolved spectra, is the existence and knowledge of a suitable

Hamiltonian. The Hamiltonian describes the positions and intensities of the spectral bands

and therefore several parameters are needed to �t the spectrum (see Chapter 2.1). These

parameters are the rotational constants in the electronic ground and �rst excited state

(A�, B� and C� and A', B' and C', respectively), the angle of the transition dipole moment

θ relative to the main inertial axis a� and φ relative to c�, respectively, the relative position

of the electronic origin ν0, the Lorentzian width and the temperature parameters T1 and

T2 and their weighting factor ω. The temperature parameters can be lead back to the two-

temperature model. This model is used to determine the population of the corresponding

energy level (Equation 4.1).

ni = e
Ei
kT1 + ωe

Ei
kT2 (4.1)

(Abbreviations: ni: Population of the Rotational Level i, Ei: Energy of the Level i, k:

Boltzmann Constant, T1: Temperature 1, T2: Temperature 2, ω: Weighting Factor)

For Stark experiments and therefore for the �tting process three dipole moment param-

eters µ′′
a, µ

′′
b , µ

′′
c for the electronic ground state and µ′

a, µ
′
b, µ

′
c for the �rst excited state

are needed. Additionally, the Hamiltonian for zero �eld spectra does not work anymore

for Stark experiments and a di�erent Hamiltonian has to be implemented for the correct

description of the positions and line intensities of the spectrum.

To start the �tting process, a set of start values as well as the upper and lower limit of

the parameters range is de�ned and grouped to form several individuals. Every individual
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4. Spectrum Evaluation via Evolutionary Algorithms

is a possible solution and corresponds to a simulated spectrum. The quality of the �t of

the simulated spectra to the experimental spectrum is monitored and described by a cost

function (Equation 4.2). The cost function compares the integrals of the simulated and

experimental spectrum and will be zero for perfect agreement.

C =
N∑
i=1

(
pexpi

W exp
− pcalci

W calc

)2

(4.2)

(Abbreviations: C = cost function, N = number of spectrum points , pi = ith spectrum

point , W = integral of the spectrum)

If the cost function reaches a su�cient agreement, the �tting process will be stopped

and is accomplished. Otherwise, the worst individuals will be dismissed and individuals

with good agreement parameters according to the experimental spectrum will be selected

and their information will be combined via a crossover process for reproduction. Finally,

the evaluation of the �tness will start again over the cycle, until a good cost function and

thus a good agreement of the simulated and experimental spectrum is reached. In general

a su�cient agreement is reached after 400 - 600 cycles. (Figure 4.1)[37, 38]
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Figure 4.1.: Sketch of the genetic algorithm process.[39]
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5.1. Abstract

Conformational assignments in molecular beam experiments are often based on rela-

tive energies, although there are many other relevant parameters, such as conformer-
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dependent oscillator strengths, Franck-Condon factors, quantum yields and vibronic cou-

plings. In the present contribution, we investigate the conformational landscape of 1,3-

dimethoxybenzene using a combination of rotationally resolved electronic spectroscopy

and high level ab initio calculations. The electronic origin of one of the three possible

planar rotamers (rotamer (0, 180) with both substituents pointing at each other) has not

been found. Based on the calculated potential energy surface of 1,3-dimethoxybenzene in

the electronic ground and lowest excited state, we show that this can be explained by a

distorted non-planar geometry of rotamer (0, 180) in the S1 state.

5.2. Introduction

The investigation of equilibria between conformers or rotamers, which are separated by

intermediate barriers (≈ 5-10 kJ/mol) and/or have small absolute energy di�erences (<

1 kJ/mol) compared to the thermal energy kT per mol at room temperature (≈ 2.48

kJ/mol at 25 ◦C), has only been made possible by the development of molecular beam

techniques.[40, 41] The stabilization of selected low energy conformers at the resulting

low temperatures in molecular beams, along with the simpli�cation of the spectra due

to population of few quantum states at these temperatures, aids in the assignment of

observed spectral features to particular molecular species. On the other hand, however, the

cooling in molecular beams is far from thermodynamic equilibrium, and di�erent degrees

of freedom cool down at individual rates. Mostly, a delicate balance between several

factors determines the number and type of conformers observed in a molecular beam,

including the energy di�erences of the conformers, barrier heights, the �nal temperature

in the molecular beam, and the ratio of vibrational to conformational cooling. [42�46]

Here, we focus on the rotamer distribution in three hydroxy and/or methoxybenzenes;

1,3-dihydroxybenzene, 1-hydroxy-3-methoxybenzene, and 1,3-dimethoxybenzene (see Fig-

ure 5.1; two dihedral angles2, de�ning the orientations of the substituents with respect

to the chromophore distinguish the di�erent rotamers of each constitutional isomer). 1,3-

dihydroxybenzene (resorcinol) has been the topic of several experimental and computa-

tional studies. [47�52] Using rotationally resolved laser induced �uorescence spectroscopy,

two rotamers could be identi�ed in the molecular beam spectra as (180, 180) / (0, 0) and

(180, 0). [53] Wilke et al.[54] examined the rotamers of 1-hydroxy-3-methoxybenzene and

2Two dihedral angles, which de�ne the orientation of the substituents with respect to the chromophore
are selected. Two carbon atom of the chromophore and both heavy atoms of the individual substituents
are needed. The �rst angle starts at the lowest unsubstituted carbon atom in the benzene ring C(2) and
the second one at C(4), so that both angles are formed by C(2)C(1)O(7)C(9) and C(4)C(5)O(8)C(10).
For systems with two identical substituents, rotamer (180, 180) and (0, 0) are equivalent.
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Figure 5.1.: Structures of the low energy rotamers of 1,3-dihydroxybenzene, 1-
hydroxy-3-methoxybenzene, and 1,3-dimethoxybenzene with their main inertial axes.
The nomenclature for the rotamers uses the dihedral angles of the hydroxy and methoxy
groups, respectively. For details see text.
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found three di�erent rotamers, namely (180, 180), (180, 0) and (0, 0). Breen et al.[55] as-

signed three vibronic bands in the resonant two-photon ionization (R2PI) molecular beam

spectrum of 1,3-dimethoxybenzene at 36 101.5, 36 163.9, and 36 256.9 cm−1 to the elec-

tronic origins of three di�erent rotamers. Yang et al.[56] performed two-color resonant two-

photon mass-analyzed threshold ionization spectroscopy to investigate selected rotamers

of 1,3-dimethoxybenzene in their cationic states. They found three di�erent ionization po-

tentials for the three lowest-energy bands in the R2PI spectrum of 1,3-dimethoxybenzene

from ref.[55] and also concluded the existence of three di�erent rotamers.

Surprisingly, rotamer (0, 180) has not be observed in molecular beam experiments of

1,3-dihydroxybenzene and 1-hydroxy-3-methoxybenzene, while all structures have been

assigned in the case of 1,3-dimethoxybenzene.[55, 56] In the present contribution, we use a

combination of rotationally resolved electronic spectroscopy and high-level quantum me-

chanical calculations to investigate the conformational landscape of 1,3-dimethoxybenzene

and compare it to that of 1,3-dihydroxybenzene and 1-hydroxy-3-methoxybenzene. In con-

trast to the results of Breen [55] and Yang [56], only two of the three conformers could

be found and identi�ed. Several reasons for the absence of the missing conformers are

discussed.

5.3. Experimental section

5.3.1. Experimental procedures

1,3-Dimethoxybenzene (≥ 98%) was purchased from Sigma-Aldrich and used without

further puri�cation. To record rotationally resolved electronic spectra, the sample was

heated to 60◦C and co-expanded with 550 mbar of argon into the vacuum through a 200

µm nozzle. After the expansion, a molecular beam was formed using two skimmers (1 mm

and 3 mm) linearly aligned inside a di�erentially pumped vacuum system consisting of

three vacuum chambers. The molecular beam was crossed at right angles with the laser

beam 360 mm downstream of the nozzle. To create the excitation beam, 10 W of the 532

nm line of a diode pumped solid state laser (Spectra-Physics Millennia eV) pumped a single

frequency ring dye laser (Sirah Matisse DS) operated with Rhodamine 110.The output of

the dye laser was frequency doubled in an external folded ring cavity (Spectra Physics

Wavetrain) with a resulting power of about 5 mW during the experiments. The spectral

bandwidth in the UV is 800 kHz. The �uorescence light of the samples was collected

perpendicular to the plane de�ned by laser and molecular beam by an imaging optics

setup consisting of a concave mirror and two plano-convex lenses onto the photocathode
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of a UV enhanced photomultiplier tube (Thorn EMI 9863QB). The signal output was then

discriminated and digitized by a photon counter and transmitted to a PC for data recording

and processing. The relative frequency was determined using a quasi confocal Fabry-Perot

interferometer. The absolute frequency was obtained by comparing the recorded spectrum

to the tabulated lines in the iodine absorption spectrum.[31] A detailed description of the

experimental setup for rotationally resolved laser induced �uorescence spectroscopy has

been given previously. [57, 58]

5.3.2. Quantum chemical calculations

Structure optimizations were performed employing Dunning's correlation-consistent po-

larized valence triple zeta (cc-pVTZ) basis set from the Turbomole library. [59, 60] The

equilibrium geometries of the electronic ground and the lowest excited singlet states were

optimized using the approximate coupled cluster singles and doubles model (CC2) employ-

ing the resolution-of-the-identity approximation (RI).[61�63] Vibrational frequencies and

zero-point corrections to the adiabatic excitation energies were obtained from numerical

second derivatives using the NumForce script. [64] A natural-bond-orbital (NBO) analy-

sis [65] was performed at the optimized geometries by using the wavefunctions from the

CC2 calculations as implemented in the Turbomole package. [66]

Calculations of the potential energy surface (PES) were performed using the Scan key-

word in Gaussian 09 package at DFT/B3LYP/cc-pVTZ level of theory. [67] It was built

by scanning the two dihedral torsional angles in steps of 5◦ from 0◦ to 360◦.

5.3.3. Fits of the rovibronic spectra using evolutionary algorithms

Evolutionary algorithms allow us to make a quick and successful automatic assignment

of the rotationally resolved spectra, even for large molecules and dense spectra. [68�71]

Beside a correct Hamiltonian to describe the spectrum and reliable intensities inside the

spectrum, an appropriate search method is needed. Evolutionary strategies are a powerful

tool to handle complex multiparameter optimizations and �nd the global optimum. For the

analysis of the presented high-resolution spectra, we used the covariance matrix adaptation

evolution strategy (CMA-ES), which is described in detail elsewhere. [72, 73] In this

variant of global optimizers mutations are adapted via a CMA mechanism to �nd the

global minimum, even on rugged search landscapes that are additionally complicated due

to noise, local minima and/or sharp bends.
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5.4. Results

5.4.1. Computational Results

Table 7.1 summarizes the molecular properties of three low energy rotamers of 1,3-

dimethoxybenzene at the CC2/cc-pVTZ level of theory. These are the rotational con-

stants in the ground (A′′, B′′, C ′′) and lowest electronically excited (A′, B′, C ′) states,

their changes upon excitation (∆A, ∆B, ∆C) and the inertial defects of the respective

states (∆I). Apart from structural parameters, also electronic information such as the

orientation of the transition dipole moment (TDM) vector and the adiabatic excitation

energy ν0 are compiled in Table 7.1.

Table 5.1.: Molecular properties of the thee possible rotamers of 1,3-
dimethoxybenzene at CC2/cc-pVTZ level of theory. For details see text.

(180, 180) / (0, 0) (180, 0) (0, 180)
A′′ / MHz 2539 3486 1892
B′′ / MHz 893 771 1108
C ′′ / MHz 666 636 705
∆I ′′ / uÅ2 -6.40 -6.40 -6.41
A′ / MHz 2482 3358 1863
B′ / MHz 880 763 1091
C ′ / MHz 655 626 695
∆I ′ / uÅ2 -6.42 -6.42 -7.44
∆A / MHz -57 -128 -29
∆B / MHz -13 -8 -17
∆C / MHz -11 -10 -10
θ / ◦ 6 0 0
ν0 / cm−1 36 809 36 986 36 455

The TDM-orientation is given by the angle θ of the TDM-vector with the principal

inertial a-axis. As can be seen from Table 7.1, the TDM-vectors of rotamer (180, 0) and

(0, 180) are aligned perfectly along the a-axis, while that of rotamer (180, 180) / (0, 0)

is rotated by less than 10◦ towards the b-axis. Since the TDM depends on the charge

redistribution upon electronic excitation, its orientation can be inferred from the molecular

orbitals and the coe�cients of the respective excitations that are shown in Figure 5.2. For

all three possible rotamers, the lowest electronically excited state is dominated by a LUMO

← HOMO excitation with smaller contributions of a LUMO+3← HOMO-1 transition and

LUMO← HOMO-1 for rotamer (180, 180) / (0, 0). From Figure 5.2, it becomes clear that

the electron density upon excitation is transferred along the inertial a-axis which leads
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HOMO
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0.86 -0.48 0.91 -0.36 0.86 0.45 -0.12

Figure 5.2.: Frontier orbitals of the di�erent rotamers of 1,3-dimethoxybenzene and
the coe�cients of the respective excitations according to CC2/cc-pVTZ calculations.

to an angle θ of 0◦ for the highly symmetric rotamers (180, 0) and (0, 180) with its point

group C2v.

The CC2-calculated relative energies of the possible rotamers, the barriers separating

the di�erent rotamers and the adiabatic excitation energies from the ground to lowest

electronically excited singlet state are shown in Figure 5.3.

The rotamers (180, 180) and (0, 0) are equivalent and therefore have the same en-

ergy, which is the lowest in the electronic ground state of all possible rotamers of 1,3-

dimethoxybenzene. Rotating one of the methyl groups by ±180 ◦ leads to a destabiliza-

tion of 226 cm−1 for rotamer (0, 180) and 188 cm−1 for rotamer (180, 0). In the lowest

electronically excited state, rotamer (0, 180) is the more stable one and (180, 0) the less,

with an energy gap of around 500 cm−1. Given these facts, the excitation energies are

expected to increase in the order (0, 180) < (180, 180) / (0, 0) < (180, 0).

The barriers separating the minima in the ground state were calculated by varying

the dihedral angles of the substituent with the chromophore in steps of 10◦. Thus, the

transition states belong to structures with one of the substituent perpendicular to the

45



5. Publication on Rotamers of 1,3-Dimethoxybenzene

chromophore, as it is the case for 2-methoxyphenol [74] and 3-methoxyphenol [54]. The

resulting barriers are around 1400 cm−1 above the global minimum of rotamer (180, 180)

/ (0, 0) and in general agreement with the results from Yang et al. [56]

(180, 180) (0, 180) (0, 0) (180, 0)

226 
188 

S0

36 809 36 455 36 809 36 986
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128  
493 

13
52

 

14
14
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14
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Figure 5.3.: Relative energies of the possible rotamers of 1,3-dimethoxybenzene ac-
cording to CC2/cc-pVTZ calculations. All energies are given in cm−1.

Rotating both substituents simultaneously leads to saddle points in the same energy

range as the transition states for the one-dimensional rotation. This is shown in the two-

dimensional potential energy surface shown in Figure 5.4. The minima and transition

states are located at lines that are parallel to the individual coordinates of each of the

rotations. Three di�erent paths, which connect the equivalent minima (180, 180) and (0, 0),

are possible. A one-dimensional rotation of one methoxy group along dihedral angle 1 in

Figure 5.4 leading to rotamer (0, 180) is followed by a one-dimensional rotation of the

other methoxy group along dihedral angle 2. Interchanging the order of rotation results in
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Figure 5.4.: Two-dimensional potential energy surface of 1,3-dimethoxybenzene in
the ground state created by varying the dihedral angles of the substituents with the
aromatic plane in steps of 5◦ at DFT/B3LYP/cc-pVTZ level of theory.

a path with the (180, 0) rotamer as intermediate. Both paths follow saddle points, which

are about 1400 cm−1 above the minimum structures. The direct (concerted) transition

from (180, 180) to (0, 0) has the highest barrier of the three di�erent paths with a value

greater than 2300 cm−1 Thus, the motions can be treated in a one-dimensional manner;

no cooperative e�ects of the rotations of both substituents are expected.

5.4.2. Experimental results

Figure A.3 shows the rotationally resolved spectrum of the electronic origin of the lowest

energy band in the resonant two-photon ionization (R2PI) spectrum recorded by Yang et

al.[56], denoted as the A band. The spectrum of the second lowest energy band, denoted

as the B band, is shown in Figure A.4. Both experimental spectra are accompanied by a

simulation using the best parameters from a CMA-ES �t, given in Table 5.2. These include

the rotational constants in the electronic ground (A′′, B′′, C ′′) and �rst electronically
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excited (A′, B′, C ′) states, the respective inertial defects (∆I), the angle of the TDM

vector with the inertial a-axis (θ), the excited state lifetime (τ) and the origin frequency

(ν0).

Table 5.2.: Molecular parameters obtained from a CMA-ES �t of the rovibronic spec-
tra of three transition bands of 1,3-dimethoxybenzene. This includes the ground and
excited state rotational constants. Double-primed constants belong to the ground state
and single-primed to the excited state. The angle of the transition dipole moment with
the main inertial axis a is given by θ and the adiabatic excitation energy by ν0.

A band B band C band
A′′ / MHz 2533.44(45) 3461.98(360) 2533.17(60)
B′′ / MHz 887.52(2) 768.20(4) 887.41(12)
C ′′ / MHz 663.11(2) 634.01(4) 663.04(7)
∆I ′′ / uÅ2 -6.78 -6.74 -6.79
A′ / MHz 2477.65(45) 3338.30(360) 2483.22(61)
B′ / MHz 875.60(3) 760.63(4) 873.59(13)
C ′ / MHz 652.93(3) 624.86(4) 653.61(8)
∆I ′ / uÅ2 -7.14 -7.03 -8.8
∆A / MHz -55.80(1) -123.68(1) -49.96(4)
∆B / MHz -11.93(1) -7.57(1) -13.82(2)
∆C / MHz -10.18(1) -9.15(1) -9.44(2)
θ / ◦ ±14.5(1) 0.03 ±12(2)
τ / ns 12.1(1) 17.0(1) 4.1(5)
ν0 / cm−1 36117.61(2) 36185.72(1) 36268.75(10)

The electronic origins of both rotamers show a small deviation of less than one wavenum-

ber compared to their low resolution values. [56] The A band is dominated by a-type

transitions with less than 10% of b-type contributions. Hence, the TDM vector is almost

parallel to the inertial a-axis and makes an angle of approximately 15◦ with it. For reasons

of symmetry, which will be discussed in the next section, the θ angle of the B band was set

to zero. The �t of the line shapes to Voigt pro�les using a Gaussian (Doppler) contribution

of 18 MHz yielded Lorentzian contributions of 13.11 ± 0.1 MHz for the A band and 9.35

± 0.1 MHz for the B band. These line widths are equivalent to excited lifetimes of 12.1

± 0.1 ns for the A and 17.0 ± 0.2 ns for the B band.

The C band, which was assigned by Yang et al.[56] to the origin of another rotamer,

has a considerably smaller intensity than the A and B bands. The rovibronic spectrum

of the C band is shown in Figure S1 of the online supporting material. The �t of this

band resulted in the same rotational constants as for the electronic ground state of the A

band and slightly di�erent rotational constants for the excited state. Thus, it is obvious

that the C band is not the origin of another rotamer, as assumed by Yang et al.[56] and
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Breen et al.[55] They assigned the C band to the missing (0, 180) rotamer. According to

the present analysis, it can safely be assigned to a vibronic band, which is built on the A

origin. The resulting molecular parameters are shown in Table 5.2.

-30 000 -10 000 0 10 000 30 000

-18 000 -14 000 -10 000 -6000

relative frequency [MHz]

Experiment

Experiment

Simulation

Simulation

1,3-Dimethoxybenzene,  A band

Figure 5.5.: Rotationally resolved spectrum of the electronic origin of the A band of
1,3-dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters,
given in Table 5.2. A modi�ed version of this Figure with the residues of the �t is
available in the ESI

.

5.4.3. Conformational assignment

While the vibrational frequencies of di�erent rotamers are often quite similar, rotational

constants or inertial moments are extremely sensitive to conformational changes. As a

consequence of this, even the slightest geometry changes can lead to dramatically di�erent

sets of rotational constants, especially if heavy atoms are involved. This can be seen
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Figure 5.6.: Rotationally resolved spectrum of the electronic origin of the B band of
1,3-dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters,
given in Table 5.2. A modi�ed version of this Figure with the residues of the �t is
available in the ESI
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from the calculated and experimental rotational constants of the di�erent rotamers of

1,3-dimethoxybenzene in Table 7.1 and 5.2. Going from rotamer (0, 180) to (180, 180) /

(0, 0), which is accompanied by a single rotation of a methyl group about 120◦, leads to a

change of around 700 MHz in the A′′ and 200 MHz in the B′′ constant. These changes are

one third of the absolute values! Similar values are observed for a second rotation of the

other methyl group, ending in rotamer (180, 0). Since all rotamers are planar (at least in

the electronic ground state) and the inertial c-axis is perpendicular to the aromatic plane,

the rotational constant C remains almost una�ected by the geometry changes. However,

each rotamer shows a characteristic set of rotational constants, which makes it possible to

assign the observed bands to the respective structures.

Comparing the rotational constants of the experimental A and B band from Table 5.2

with the calculated values of all possible rotamers in Table 7.1, it becomes obvious that the

A band belongs to rotamer (180, 180) / (0, 0) and the B band to rotamer (180, 0), which is

in agreement with the assignment made by Yang et al. [56] A direct comparison between

the ab initio and experimental rotational constants is problematic, since the experimental

constants are vibrationally averaged, while ab initio constants are equilibrium constants.

In �rst approximation, vibrational averaging between rotamers of the same molecule is

similar. Thus, the vibrational averaging e�ect cancels out in the di�erence of the rotational

constants of di�erent rotamers. The experimental A and B band have a di�erence of -

931.56 MHz (-863.67 MHz) in the A′′ (A′), +119.31 MHz (+114.96 MHz) in the B′′ (B′)

and +29.11 MHz (+28.68 MHz) in the C ′′ (C ′) rotational constant. This �ts well with

the deviations of the rotational constants of the (180,180/ 0,0) and the (180,0) rotamer,

which are -947 MHz (-876 MHz) for A′′ (A′), +122 MHz (+117 MHz) for B′′ (B′) and +30

MHz (+29 MHz) for C ′′ (C ′). This enables us to assign the A band to rotamer (180,180/

0,0) and the B band to rotamer (180,0).

A further con�rmation of this assignment comes from the comparison of the calculated

and experimental adiabatic excitation energies. The electronic origin of the A band shows

a redshift of 68 cm−1 compared to that of the B band. The combination of rotamers

(180, 180) / (0, 0) and (180, 0) exhibit a calculated red shift of 177 cm−1 while the electronic

origin of rotamer (0, 180) is redshifted by more than 300 cm−1.
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5.5. Discussion

The �rst question that we address is the planarity of the rotamers observed for 1,3-

dimethoxybenzene in both electronic states. The inertial defect4 of the planar singly

methoxy substituted benzene (anisole) in the ground state has been determined to -3.409

uÅ2 using microwave spectroscopy[75] and to -3.584 uÅ2 in the lowest excited singlet state

by rotationally resolved laser induced �uorescence spectroscopy.[76] The experimentally

determined inertial defect for the A rotamer (180, 180) / (0, 0) is -6.78 uÅ2 for the elec-

tronic ground state and -7.14 uÅ2 for the electronically excited state. For the B rotamer

(180, 0), -6.74 and -7.03 uÅ2 are found. These values are slightly less than twice the iner-

tial defect of anisole in its respective states. The larger inertial defect in the excited state

points to an increased contribution of out-of-plane vibrations, as in the case of anisole.

From the point of view of the inertial defects, both rotamers have a planar heavy atom

structure.

Changing the methoxy group to a hydroxy group results in a planar structure with an

inertial defect of -0.031 and -0.18 uÅ2 in the lowest two singlet states of phenol. [77] The

same holds true for the two experimentally observed rotamers of 1,3-dihydroxybenzene

(180, 180) / (0, 0) and (180, 0), with inertial defects close to zero in both states. [50, 53]

For the mixed molecule 1-hydroxy-3-methoxybenzene, the three experimentally observed

rotamers (180, 180), (0, 0) and (180, 0) possess equally planar heavy atom structures in

both states. This can be inferred from their inertial defects of -3.50, 3.46, and 3.47 uÅ2

in the electronic ground and -3.80, -3.75 and -3.73 uÅ2 in the lowest electronically excited

state. [54]

Table 5.3.: Summary of di�erent excitation energies of the 1,3-dimethoxybenzene
rotamers at CC2/cc-pVTZ level of theory. All energies are given in cm−1.

(180, 180) / (0, 0) (180, 0) (0, 180)

∆Eadiabatic incl. ZPE 36 809 36 986 36 455
∆Eadiabatic excl. ZPE 38 334 38 428 37 837
∆Evertical @ opt. S0 geometry 39 807 39 728 39 476
∆Evertical @ opt. S1 geometry 36 784 37 059 34 546

However, for the fourth possible rotamer of 1-hydroxy-3-methoxybenzene (0, 180), the-

ory predicts a non-planar structure in the lowest electronically excited state, which is

the reason for its absence in molecular beam studies due to a vanishingly small Franck-

4The inertial defect is de�ned as Ic − Ia − Ib, where the Ig are the moments of inertia with respect to
the main inertial axes g of the molecule.
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Figure 5.7.: Franck-Condon simulations of the excitation spectra of the possible ro-
tamers of 1,3-dimethoxybenzene at CC2/cc-pVTZ level of theory. The individual spec-
tra are normalized to the total area of all bands within this spectrum.
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Condon factor for the origin excitation. [54] Looking at the calculated inertial defects

of 1,3-dimethoxybenzene in Table 7.1 shows that the excited state value of the (0, 180)

rotamer is higher by more than 1 uÅ2 compared to the other rotamers. This is caused

by puckering of the hydrogen atom at C2 out of the aromatic plane by 24◦. In order to

evaluate this e�ect, Franck-Condon simulations of the excitation spectra of all possible

conformers of 1,3-dimethoxybenzene have been calculated and are summarized in Figure

5.7. They have been obtained from the ab initio optimized ground and excited state struc-

tures of each rotamer and the respective Hessian using the program FCFit,[78, 79] which

computes the excitation spectrum in the FC approximation in the basis of multidimen-

sional harmonic oscillator wavefunctions. While the excitation spectra of the (180, 0) and

(180, 180) / (0, 0) rotamers are quite similar, with only a few vibronic bands with signi�-

cant intensities, most of the oscillator strength of the (0, 180) rotamer is distributed over

higher vibronic levels. Consequently, the Franck-Condon factor for the origin excitation

of the (0, 180) rotamer is dramatically smaller than for the other rotamers.

Table 7.4 summarizes the adiabatic and vertical excitation energies for all rotamers at

CC2/cc-pVTZ level of theory. Inspection of the vertical excitation energies, calculated at

the optimized ground state geometry, and comparing them to the one at the optimized

excited state geometry, shows that the di�erence for rotamer (0, 180) is almost twice

that of the other rotamers. This con�rms that the geometry change upon excitation is

considerably larger for this rotamer. Although rotamer (0, 180) is the most unstable in

the ground state, its energy di�ers by less than 250 cm−1 compared to the most stable

one. Thus, it is unlikely that one of the rotamers is not populated thermally prior to

expansion. Additionally, the barrier heights from Figure 5.3 and the potential energy

surface, given in Figure 5.4, rule out the possibility of a depopulation of one rotamer

into another. Therefore, the small Franck-Condon factor seems to be the most plausible

explanation for the absence of rotamer (0, 180) in our experiments.

A similar assumption based on intensities has already been made by Yang et al.[56] ,

where the origin peak of the most intense band (A) assigned to the (180, 180) / (0, 0)

rotamer is observed to be more than ten times higher than the one of band C, which

they assigned to the rotamer (0, 180). However, in both experiments from Breen [55] and

Yang [56] the band, that they assign to the electronic origin of rotamer (0, 180) lies at the

highest energy, while our CC2-calculations predict the lowest excitation energy compared

to the other rotamers. The inertial parameters of the C band, which we obtained from the

analysis of the rovibronic spectrum in the present study, clearly shows that the C band is

a vibronic band belonging to the A origin. Thus, the origin of the (0, 180) still remains
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Table 5.4.: Natural charges from a natural population analysis (NPA) for all possible
rotamers of 1,3-dimethoxybenzene using the CC2/cc-pVTZ wave functions. For atomic
labeling see Figure 5.1. The bold marked values designate the atomic positions where
the natural charges (or di�erences of natural charges) are highest.

(180, 180) / (0, 0) (180, 0) (0, 180)
qS0 qS1 ∆q qS0 qS1 ∆q qS0 qS1 ∆q

C1 0.32 0.29 -0.03 0.31 0.28 -0.03 0.32 0.29 -0.03
C2 -0.35 -0.42 -0.07 -0.30 -0.36 -0.07 -0.40 -0.48 -0.09

C3 0.31 0.28 -0.04 0.31 0.28 -0.03 0.32 0.29 -0.03
C4 -0.27 -0.21 0.06 -0.32 -0.24 0.08 -0.27 -0.19 0.08
C5 -0.16 -0.28 -0.11 -0.16 -0.27 -0.11 -0.17 -0.29 -0.12

C6 -0.33 -0.23 0.10 -0.32 -0.24 0.08 -0.27 -0.19 0.08
O7 -0.47 -0.43 0.05 -0.47 -0.43 0.05 -0.47 -0.43 0.05
O8 -0.47 -0.43 0.05 -0.47 -0.43 0.05 -0.47 -0.43 0.05
C9 -0.21 -0.21 -0.01 -0.21 -0.21 -0.01 -0.21 -0.21 -0.01
C10 -0.21 -0.21 0.00 -0.21 -0.21 -0.01 -0.21 -0.21 -0.01
H2 0.22 0.22 0.00 0.22 0.22 0.00 0.21 0.20 -0.01
H4 0.21 0.20 -0.01 0.21 0.20 -0.01 0.21 0.20 -0.01
H5 0.20 0.20 0.00 0.20 0.20 0.00 0.20 0.20 0.00
H6 0.21 0.20 -0.01 0.21 0.20 -0.01 0.21 0.20 -0.01
H9.1 0.18 0.18 0.00 0.18 0.18 0.00 0.18 0.18 0.00
H9.2 0.16 0.17 0.01 0.16 0.16 0.01 0.16 0.17 0.01
H9.3 0.16 0.17 0.01 0.16 0.16 0.01 0.16 0.17 0.01
H10.1 0.18 0.18 0.00 0.18 0.18 0.00 0.18 0.18 0.00
H10.2 0.16 0.17 0.01 0.16 0.16 0.01 0.16 0.17 0.01
H10.3 0.16 0.17 0.01 0.16 0.16 0.01 0.16 0.17 0.01
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undetected.

In order to explain this observation, a natural bond orbital (NBO) analysis has been

performed. In general, the methoxy group is a mesomeric donating substituent which

increases the electron density inside the chromophore. As was already observed for 5-

hydroxyindole [80] and various conformers of serotonin [81], there exists a conformation-

dependent shift of electron density from the substituent to the chromophore depending

on the orientation of the oxygen lone-pair with respect to the chromophore. The negative

charge is highest at the atom opposite to the lone pair. This is con�rmed by the results

of the NBO analysis in the ground state of the di�erent 1,3-dimethoxybenzene rotamers,

summarized in Table 5.4. Thus, inside the chromophore the electron density at C2 and C6

for rotamer (180, 180) / (0, 0), at C4 and C6 for rotamer (180, 0), and at C2 for rotamer

(0, 180) has the highest value. In the electronically excited state the situation changes.

For all rotamers, a shift of around 0.11 elementary charges from the substituents into

the chromophore upon excitation was calculated. However, this mainly a�ects C2 and

C5 where the natural charges become signi�cantly negative compared to the respective

ground state values. Since for rotamer (0, 180), C2 exhibits already an extremely negative

charge in the electronic ground state, it becomes the most negative atom in the whole

molecule in the excited state. As a consequence of this, the charges are no longer perfectly

delocalized as is typical for most aromatic compounds. Thus, the chromophore of rotamer

(0, 180) loses its planarity in the excited state. In the online supporting material, the

dihedral angles inside the chromophore of the di�erent rotamers of 1,3-dimethoxybenzene

are given which con�rm the planar structure for rotamer (180, 180) / (0, 0) and (180, 0)

and the non-planar structure for rotamer (0, 180).

5.6. Conclusion

Two rotamers of 1,3-dimethoxybenzene were studied using rotationally resolved electronic

spectroscopy and assigned to the (180, 180) / (0, 0) (A band) and (180, 0) structure (B

band) based on their rotational constants. Computational results of the conformational

landscape reveal a planar structure for both rotamers which is con�rmed by the experi-

mental inertial defects. However, for the third possible rotamer (0, 180), theory predicts

a non-planar geometry in the lowest electronically excited state. The strong geometry

change upon excitation results in a remarkably small FC-factor for the respective origin

compared to that of the other rotamers and was not observed in our experiments. The

band, which was assigned before by Breen and Yang [55, 56] to this "missing" rotamer
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has clearly been shown to be due to a vibronic band of the (180, 180) / (0, 0) rotamer.

For closely related systems with two adjacent substituents (1,2-dimethoxybenzene, 1,2-

dihydroxybenzene and 1-hydroxy-2-methoxybenzene), rotamer (0, 180) is not a stable

structure due to steric hindrance.[56, 82�84] Nevertheless, this cannot be used as an argu-

ment for the respective meta-substituted systems because both methyl groups are around

500 pm away from each other. Thus, electronic e�ects have to be responsible for the

absence of this rotamer. This has been proven for 1,3-dimethoxybenzene by NBO calcula-

tions, which show that the electron density at the C(2) ring carbon atom, located between

the two methoxy groups, is considerably increased upon electronic excitation. This partial

charge localization leads to a decrease in aromaticity and an out-of-plane puckering of

the C(2) atom. Since the electronic ground state is planar, the FC factor for the origin

is much smaller than for the other rotamers. Similar results have been observed for 1-

hydroxy-3-methoxybenzene[54] and can be expected for 1,3-dihydroxybenzene. Also for

these systems, rotamer (0, 180) has not been observed experimentally in molecular beam

studies although the energetic di�erences are small enough in the ground state to allow

for thermal population, while the barriers between the rotamers are su�ciently high to

avoid collisional relaxation into the lowest minimum at the PES.

The present study nicely shows the importance of molecular structural parameters in

the determination of di�erent rotamer or conformer structures. While the di�erences of

inertial parameters (rotational constants) are large, di�erent ionization potentials, di�erent

ion spectra and/or di�erent vibrational spectra are not su�ciently sensitive to give a

straightforward answer in these cases.
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6.1. Abstract

Rotationally resolved electronic Stark spectra of di�erent rotamers of 1,2-, 1,3-, and 1,4-

dimethoxybenzene have been recorded and analyzed using evolutionary strategies. The

experimentally determined dipole moments as well as the transition dipole moments are

compared to the results of ab initio calculations. For the electronic ground states of

the experimentally observed dimethoxybenzenes, the permanent dipole moments can be

obtained from vectorial addition of the monomethoxybenzene dipole moment. However,

this is not the case for the electronically excited states. This behavior can be traced back

to a state mixing of the lowest electronically excited singlet states.

1E-mail: mschmitt@uni-duesseldorf.de
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6.2. Introduction

The knowledge of excited state dipole moments and of transition dipole moments are

important prerequisites for the understanding of resonance energy transfer processes

like Förster Resonant Energy Transfer (FRET)[85, 86] and for molecular excitonic

interactions.[87] While experimental dipole moment measurements in the electronic ground

state are straightforward, their exact values in electronically excited states can only be

determined reliably using gas phase spectroscopic methods. Despite numerous attempts

to improve the original Lippert-Mataga theory,[88�94] for a determination of excited state

dipole moments (or at least their changes from the ground state values), the results are not

very encouraging.[95�97] On the other hand, theoretical approaches frequently fail, when

the excited states involve considerable charge transfer character.[98] Very subtle changes

of the electron densities can change both magnitude and direction of the excited state

dipole moments considerably.

Ligands, which show mesomeric (+M for electron releasing or −M for electron-

withdrawing groups) e�ects cause large electron density changes upon electronic excitation

of the chromophore. The hydroxy or methoxy groups e.g. shift electrons into an aromatic

chromophore via their +M e�ect. This e�ect is substantially larger in the lowest excited

singlet states of methoxy- and hydroxy-substituted benzenes,[77, 99] leading to quinoidal

structures upon excitation, especially in the ortho and para disubstituted conformers.[100]

However, also inductive (+I or −I) e�ects and even through-space e�ects in�uence the elec-
tron distribution between the ligand and the chromophore. For the hydroxy and methoxy

substituents, it has been found, that the adjacent C-atom to which the lone pairs of the

O-atom points, has the lower electron density.[54, 81, 101] Thus, it is interesting to inves-

tigate the dipole moments of di�erent rotamers of disubstituted benzenes, which either

can talk to each other electronically (ortho and para), or communicate only via inductive

e�ects (meta).

Structural changes upon electronic excitation have been addressed by rotationally re-

solved electronic spectra of (mono)methoxy substituted benzene (anisole) in the groups

of Becucci[99] and Pratt,[76] and of (mono)hydroxybenzene (phenol) in the groups of

Meerts[77] and Schmitt.[102] For anisole, no spectral splitting due to the hindered three-

fold internal rotation of the methoxy group has been observed, probably due to the high

barriers for this motion.

Molecular beam R2PI spectra of 1,2-, 1,3- and 1,4-dihydroxybenzene have been re-

ported by Dunn et al., from which they concluded the existence of two rotamers
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for 1,4-dihydroxybenzene and of three rotamers for 1,2- and 1,3-dihydroxybenzene,

respectively.[47] Bürgi and Leutwyler studied 1,2-dihydroxybenzene (catechol), using hole-

burning spectroscopy.[83] They found, that all bands in the vibronic spectrum belong to

a single rotamer. Myszkiewicz et al. presented a study on 1,3-dihydroxybenzene (resor-

cinol), using rotationally resolved laser induced �uorescence spectroscopy.[53] Only two

rotamers could be identi�ed in the molecular beam spectra of 1,3-dihydroxybenzene. Two

1,4-dihydroxybenzene (benzoquinone) rotamers have been studied at rotational resolution

in the group of Pratt and the two origins were assigned to the cis and trans rotamers

on the basis of their di�erent nuclear spin statistical weights and the di�erent rotational

constants.[100]

Huang et al.[103] measured the vibrational spectrum of 1,2-dimethoxybenzene (1,2-

DMB) in the S1 and in the D0 states and found only one conformer in the resonant two-color

ionization spectrum. A high resolution study of 1,2-DMB and its water cluster has been

performed in the Pratt group.[82] They could show, that all bands in the vibronic spectrum

have the same rotational constants in the ground state and belong therefore to the same

rotamer, which was identi�ed from a comparison to quantum chemical calculations as the

trans-1,2-DMB rotamer. Three bands, labelled by A, B, and C at 36101.5, 36163.9, and

36 256.9 cm−1 in the R2PI molecular beam spectrum of 1,3-dimethoxybenzene (1,3-DMB)

have been assigned to the origins of three di�erent rotamers by Breen et al.[55] Yang

et al.[56] performed two-color resonant two-photon mass-analyzed threshold ionization

spectroscopy to investigate selected rotamers of 1,2-DMB and 1,3-DMB in their ionic

states. They found three di�erent ionization potentials for the bands A to C in the R2PI

spectrum of the 1,3-conformer from ref.[55] and also concluded the existence of three

di�erent rotamers. However, Schneider et al.[104] could show, that the C-band is in fact

not due to another rotamer, but is a vibronic transition that is build on the electronic A

band origin. Oikawa et al.[105] and Tzeng et al.[106] investigated structures and vibrations

of 1,4-dimethoxybenzene (1,4-DMB) conformers in their S0 and S1 states. They found

two planar rotamers, which they named cis and trans. Yamamoto et al..[107] recorded

the �uorescence emission spectra of both rotamers of 1,4-DMB. They found that the cis

rotamer of 1,4-DMB selectively forms complexes with polar solvent molecules, while both

the cis and the trans rotamer form complexes with unpolar solvent molecules. In the

following we will present a thorough study of the permanent dipole moments of several

rotamers of the three isomeric DMBs in the ground and the �rst electronically excited

singlet state and of the transition dipole moments for the transition connecting these two

states.
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6.3. Computational Methods

6.3.1. Quantum chemical calculations

Structure optimizations were performed employing Dunning's correlation consistent po-

larized valence triple zeta (cc-pVTZ) basis set from the Turbomole library. [59, 60]

The equilibrium geometries of the electronic ground and the lowest excited singlet states

were optimized using the approximate coupled cluster singles and doubles model (CC2)

employing the resolution-of-the-identity approximation (RI).[61�63] Anharmonic normal

mode analyses have been performed to compute vibrational averaging e�ect on the inertial

defects of the molecules under consideration. Such an anharmonic analysis is implemented

in the Gaussian program package. [108] The procedure for the calculation of cubic and

of some of the quartic force constants utilizes numerical derivatives of the analytically

determined Hessian with respect to the normal coordinates. We performed the analysis

at the MP2 level with the 6-311G(d,p) basis set.

6.3.2. Fits of the rovibronic spectra using evolutionary algorithms

Evolutionary algorithms have proven to be perfect tools for the automated �t of rotation-

ally resolved spectra, even for large molecules and dense spectra. [68�71] Beside a correct

Hamiltonian to describe the spectrum and reliable intensities inside the spectrum, an ap-

propriate search method is needed. Evolutionary strategies are powerful tools to handle

complex multi-parameter optimizations and �nd the global optimum. For the analysis of

the presented high-resolution spectra we used the covariance matrix adaptation evolution

strategy (CMA-ES), which is described in detail elsewhere. [72, 73] In this variant of global

optimizers mutations are adapted via a covariance matrix adaptation (CMA) mechanism

to �nd the global minimum even on rugged search landscapes that are additionally com-

plicated due to noise, local minima and/or sharp bends. The analysis of the rotationally

resolved electronic Stark spectra is described in detail in ref. [109]

6.4. Experimental Methods

1,2-Dimethoxybenzene (≥ 99%), 1,3-Dimethoxybenzene (98%) and 1,4-Dimethoxybenzene

(≥ 98%) were purchased from Sigma-Aldrich and used without further puri�cation. The

samples were heated to 60◦C (for 1,2- and 1,3-Dimethoxybenzene) and 100◦C (for 1,4-

Dimethoxybenzene) and co-expanded with 200 - 300 mbar of argon into the vacuum
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through a 200 µm nozzle. After the expansion a molecular beam was formed using

two skimmers (1 mm and 3 mm, 330 mm apart) linearly aligned inside a di�erentially

pumped vacuum system consisting of three vacuum chambers. The molecular beam was

crossed at right angles with the laser beam 360 mm downstream of the nozzle. To cre-

ate the excitation beam, 10 W of the 532 nm line of a diode pumped solid state laser

(Spectra-Physics Millennia eV) pumped a single frequency ring dye laser (Sirah Matisse

DS) operated with Rhodamine 110. The light of the dye laser was frequency doubled in an

external folded ring cavity (Spectra Physics Wavetrain) with a resulting power of about 25

mW (1,2-Dimethoxybenzene) and about 80 mW (1,3- and 1,4-Dimethoxybenzene) during

the experiments. The �uorescence of the samples was collected perpendicular to the plane

de�ned by laser and molecular beam using an imaging optics setup consisting of a concave

mirror and two plano-convex lenses onto the photocathode of a UV enhanced photomulti-

plier tube (Thorn EMI 9863QB). The signal output was then discriminated and digitized

by a photon counter and transmitted to a PC for data recording and processing. The

relative frequency was determined with a quasi confocal Fabry-Perot interferometer. The

absolute frequency was obtained by comparing the recorded spectrum to the tabulated

lines in the iodine absorption spectrum.[31] A detailed description of the experimental

setup for the rotationally resolved laser induced �uorescence spectroscopy has been given

previously. [57, 58]

To record rotationally resolved electronic Stark spectra, a parallel pair of electro-formed

nickel wire grids (18 mesh per mm, 50 mm diameter) with a transmission of 95% in the

UV was placed inside the detection volume, one above and one below the molecular beam

- laser beam crossing with an e�ective distance of 23.49 ± 0.05 mm. [109] In this setup

the electric �eld is parallel to the polarization of the laser radiation. With an achromatic

λ/2 plate (Bernhard Halle, 240-380nm), mounted on a linear motion vacuum feedthrough,

the polarization of the incoming laser beam can be rotated by 90◦ inside the vacuum.

6.5. Results

6.5.1. Computational Results

The nomenclature for the rotamers of the three isomeric dimethoxybenzenes we adopt

here, refers to the dihedral angles of the methoxy groups with respect to the aromatic

plane. The numbering starts at the lowest number in the benzene ring, at the position

adjacent to the �rst substituent. For the �rst rotamer of 1,2-DMB in Figure 6.1 the �rst

dihedral angle formed by C(2)C(1)O(7)C(9) is 180◦, the second by C(3)C(2)O(8)C(10) is
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0◦. Thus, the labeling for this rotamer is (180/0). The second rotamer has a dihedral

angle C(2)C(1)O(7)C(9) of 0◦ and C(3)C(2)O(8)C(10) of 0◦, therefore named (0/0).
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Figure 6.1.: Structures of the rotamers of 1,2-dimethoxybenzene, 1,3-
dimethoxybenzene, and 1,4-dimethoxybenzene with their principal inertial axes.
The (180/180) rotamers of all thee conformers are equivalent to the (0/0) rotamer.
For 1,4-dimethoxybenzene (0/180) and (180/0) are also equivalent structures. The
(0/180) rotamer of 1,2-dimethoxybenzene is no stable minimum due to steric hindrance
of the neighboring methoxy groups.
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The (180/0) rotamer of 1,2-DMB was optimized at the CC2//cc-pVTZ level of theory

in the S0 and the lowest excites singlet state S1 and found to be the most stable conformer

of 1,2-DMB. The Cartesian coordinates of all stable structures are given in the online sup-

porting material. Starting the optimization at the (0/0) geometry, the structure converges

to a gauche rotamer with one methoxy group tilted out of the aromatic plane, while the

other methoxy group stays in-plane. The energy of this rotamer is 6.2 kJ/mol higher then

the lowest energy rotamer (180/0), cf. Table 6.1. Under molecular beam conditions, this

conformer is probably not populated. Furthermore, the experimentally determined iner-

tial defects (cf. section Experimental Results) prove heavy-atom planarity for all observed

rotamers. Therefore, this rotamer is omitted from the further discussion. Con�ning the

optimization of the (0/0) rotamer to a planar heavy atom arrangement, leads to a �rst

order transition state. For the (0/180) rotamer the methyl groups overlap within their

van der Waals radii. A structure optimization starting from this geometry converges to

the most stable (180/0) rotamer.

Three 1,3-DMB rotamers, shown in the second line of Figure 6.1 have been found to be

energetically compatible with cooling conditions in a molecular beam. The lowest energy

rotamer is (0/0), followed by (180/0), which is 2.2 kJ/mol higher in energy and (0/180),

which is 2.7 kJ/mol higher. All three rotamers are planar in the electronic ground state.

The (0/0) and (180/0) structures are also planar in the electronically excite state, while

the six-ring of the (0/180) rotamer is titled considerably out-of-plane in the excited S1-

state. This non-planarity upon electronic excitation has already been reported by Wilke

et al. [104].

The smallest energetic di�erence between the two stable rotamers is found for 1,4-DMB.

The (180/0) rotamer is more stable by 1.1 kJ/mol than the (0/0) rotamer. Also for 1,4-

DMB, both rotamers have planar heavy atom structures in both electronic states.

Additionally, we calculated the dipole moments of anisole (monomethoxybenzene) at the

CC2/cc-pVTZ level of theory for both electronic states. These quantities will be utilized

in the following for construction of the dipole moments of the dimethoxybenzenes from

vector addition arguments. They are given in Table 6.2.

The dipole moments in ground and lowest excited singlet states of anisole and of the

the most stable rotamers of 1,2-DMB, 1,3-DMB, and 1,4-DMB are compiled in Tables 6.2,

6.3, 6.4, and 6.5. The rotamers, with the methoxy groups symmetric to the b-axis, have

for symmetry reasons no component of the dipole moment in a direction.
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6.5.2. Experimental Results

Permanent dipole moments and transition dipole moment of anisole

The rotationally resolved electronic spectrum of anisole (monomethoxybenzene) has been

presented and analyzed before.[76, 99] However, no Stark measurements have been per-

formed until now, and the dipole moment in the excited singlet state is not known ex-

perimentally. For anisole in solution an excited state dipole moment from solvatochromic

shifts has been reported.[110] However, agreement with gas phase Stark data are usually

bad, and the components in the inertial frame of the molecule were not given. Since the

orientation of the dipole moments in the excited state are needed in the discussion of the

DMBs, we measured and analyzed the Stark spectrum of anisole. The dipole moments

have been obtained from a combined �t to the Stark spectra in parallel as well as in

perpendicular arrangement of laser polarization and electric �eld.[109] The �t using the

CMA-ES algorithm yielded the parameters given in Table 6.2. The dipole components,

which have been obtained by Desyatnyk et al. [75] using microwave Stark spectroscopy,

have been kept �xed in our �t, due to the inherently larger accuracy of the MW values.

Experimental rotational constants and dipole moments of both electronic states are in

good agreement with the results for the CC2//cc-pVTZ optimized structure. From the

ratio of intensities of the a and the b lines of anisole, the angle of the TDM with the

inertiala axis can be determined to be 72◦ in close agreement to the theoretical value.

Permanent dipole moments and transition dipole moment of 1,2-DMB

Fig.6.2 shows the rotationally resolved electronic spectrum of the origin band of 1,2-DMB

at zero �eld and at a �eld strength of 400.24V/cm with parallel orientation of electromag-

netic and electric �eld (∆M = 0). The zero-�eld spectrum of 1,2-DMB has been measured

before in the group of David Pratt and its inertial parameters are reported in Ref. [82].

The zero-�eld spectrum was �t using a rigid rotor Hamiltonian,[111] while the spectrum

with electric �eld was �t using a Stark rigid rotor Hamiltonian with ∆M = 0 selection

rules.[109, 112, 113]

The experimental rotational constants and the permanent dipole moments in both elec-

tronic states, which are derived from the �t of the Stark spectrum are given in Table 6.3

and compared to the calculated dipole moments of both rotamers of 1,2-DMB. Both, the

inertial parameters and the dipole moments point to the (180/0) rotamer to be respon-

sible for the origin band of 1,2-DMB. The small dipole moment of 0.17 D in the ground

state and 0.78 D in the electronically excited state makes an angle θD of 90◦ with the
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Table 6.2.: Calculated rotational constants, permanent electric dipole moments µ and
their components µi along the main inertial axes i=a, b, c of anisole compared to the
respective experimental values. Doubly primed parameters belong to the electronic
ground and single primed to the excited state. θD is the angle of the dipole moment
vector with the main inertial a-axis. A positive sign of this angle means a clockwise
rotation of the dipole moment vector onto the main inertial a-axis. θ is the angle of the
transition dipole moment with the main inertial a-axis. A positive sign of this angle
means a clockwise rotation of the dipole moment vector onto the main inertial a-axis.

theory experiment
A′′ / MHz 5019 5028.84414(19)1
B′′ / MHz 1578 1569.364308(68)1
C ′′ / MHz 1210 1205.825614(41)1

∆I ′′ / amu Å2 -3.29 -3.409
µ′′
a / D 0.58 0.691

µ′′
b / D 1.20 1.051

µ′′ / D 1.33 1.261
θ′′D / ◦ 64 56.7
A′ / MHz 4773 4795.17(13)
B′ / MHz 1566 1555.68(4)
C ′ / MHz 1188 1184.45(3)
∆I ′ / amu Å2 -3.20 -3.58
µ′
a / D 1.55 1.59(3)

µ′
b / D 1.70 1.50(3)

µ′ / D 2.30 2.19(4)
θ′D / ◦ +48 ±43.4
θ / ◦ 73 69.70(1)
ν0 / cm−1 371792 36384.07
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inertial a-axis in both states, which means that it is oriented along the inertial b-axis of

the molecule. Also the transition dipole moment is purely b-axis polarized with an angle

θ of 90◦. This value has already been reported by the Pratt group.[82] They presented

a �t of the zero-�eld spectrum of 1,2-DMB with pure b-type selection rules. Thus, for

1,2-DMB, the dipole moments in both electronic states, as well as the transition dipole

moment are collinear.

The CC2/cc-pVTZ calculated rotational constants of the (180/0) rotamer are in very

good agreement with the experimentally determined parameters. This holds for the ground

state rotational constants, as well as for the excited state. The changes of the rotational

constants upon electronic excitation are all negative and similarly small (∆A = −21.5
MHz, ∆B = −20.7 MHz, ∆C = −9.9 MHz).

Table 6.3.: Calculated rotational constants, permanent electric dipole moments µ and
their components µi along the main inertial axes i=a, b, c of the (180/0) and the (0/0)
conformers of 1,2-dimethoxybenzene compared to the respective experimental values.
Doubly primed parameters belong to the electronic ground and single primed to the
excited state. θD is the angle of the dipole moment vector with the main inertial a-axis.
A positive sign of this angle means a clockwise rotation of the dipole moment vector
onto the main inertial a-axis.

theory experiment
(180/0) (0/0)2 A band

A′′ / MHz 1679 1751 1663.1(1)
B′′ / MHz 1348 1375 1349.8(1)
C ′′ / MHz 755 778 752.6(1)
∆I ′′ / amu Å2 -6.40 -6.58 -6.80
µ′′
a / D 0.00 1.87 0.00

µ′′
b / D 0.05 1.42 0.17(22)

µ′′ / D 0.05 2.35 0.17(22)
θ′′D / ◦ 90 37 90(1)
A′ / MHz 1658 1734 1641.6(1)
B′ / MHz 1322 1369 1329.1(1)
C ′ / MHz 742 773 742.7(1)
∆I ′ / amu Å2 -6.42 -6.82 -7.68
∆A / MHz -21 -17 -21.5
∆B / MHz -26 -6 -20.7
∆C / MHz -13 -23 -9.9
µ′
a / D 0.00 3.48 0.00

µ′
b / D 0.97 0.92 0.78(4)

µ′ / D 0.97 3.59 0.78(4)
θ′D / ◦ 90 14 90(1)
θ / ◦ 90 40 90
ν0 / cm−1 37884 355862 35751
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Figure 6.2.: Rotationally resolved electronic spectrum of the electronic origin of the
A band of 1,2-DMB at zero �eld and at 400.24 V/cm ∆M=0 selection rules, along with
a simulation with the best CMA-ES �t parameters.
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Permanent dipole moments and transition dipole moment of 1,3-DMB

Three origin bands of di�erent rotamers of 1,3-DMB have been observed by Tzeng et al.[55]

and Breen et al.[55] using resonant two-photon ionization spectroscopy and labelled A, B

and C. The zero-�eld spectra of these three bands of 1,3-DMB have been presented

previously by Schneider et al.[104]. They showed, that the C band is not due to a third

rotamer, but instead a vibronic band build on the A band origin. The rotational constants

for the �t of A and the B band in the two electronic states have been set �xed to the

values from this publication and only the dipole moment components in both states have

been �r. Fig. 6.3 shows the rotationally resolved electronic spectrum of the A band of

1,3-DMB at zero �eld and at 400.24V/cm. The zero-�eld and Stark spectra of the B band

are shown in the online supporting material, see Figure A.5.

The experimental rotational constants and the permanent dipole moments from CMA-

ES �ts of both bands are given in Table 6.4 and compared to the calculated molecular

parameters of the three most stable rotamers of 1,3-DMB. From the comparison of the

rotational constants it is clear, that the A band belongs to the (0/0) rotamer and the

B band to the (180/0) rotamer. Although the (0/180) rotamer is only by 2.7 kJ/mol

less stable than the most stable (0/180) rotamer, it has not been observed in molecular

beam experiments. This �nding has been explained in a previous publication by the non-

planarity of the (0/180) rotamer in the electronically excited states, which causes a small

Franck-Condon factor in the excitation spectrum.[104]

It should be mentioned, that not only the ground state rotational constants of the A and

the B band of 1,3-DMB allow for a straightforward assignment of the origin bands to the

(0/0) and (180/0) rotamers, but also the changes of the rotational constants upon elec-

tronic excitation show very good agreement for both rotamers. Interestingly, the changes

of the A rotational constants are quite di�erent: ∆A for the (0/0) rotamer decreases by

55.79 MHz, while ∆A for the (180/0) rotamer decreases by 123.68 MHz. ∆B and ∆C are

both small and negative.

The permanent dipole moment of the A band, which is assigned to the (0/0) rotamer,

has components along both the a and the b inertial axes, which result in an absolute

dipole moment of 1.19 D in the ground state and of 1.42 D in the excited state. The

dipole moments make angles θD with the a axis of 15◦ in the electronic ground state and

of 29◦ in the excited state. The transition dipole makes an angle θ with the a axis of 14.5◦.

Thus, dipole moment and transition dipole moment have roughly the same orientation in

the molecular frame.

The permanent dipole moment of the B band, which is assigned to the (180/0) rotamer,
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Figure 6.3.: Rotationally resolved electronic spectrum of the electronic origin of the
A band of 1,3-DMB at zero �eld and at 400.24V/cm−1 with 80% transitions of ∆M=0,
along with a simulation with the best CMA-ES �t parameters.
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Table 6.4.: Summary of the calculated and experimental permanent electric dipole
moments µ and their components µi along the main inertial axes i=a, b, c of the ro-
tamers of 1,3-dimethoxybenzene. Double primed parameters belong to the electronic
ground and single primed to the excited state. Additionally the angle θD of the dipole
moment vector with the main inertial a-axis is given.

theory experiment
(0/0) (180/0) (0/180) A band B band

A′′ / MHz 2539 3486 1892 2533.44(45) 3461.98(36)
B′′ / MHz 893 771 1108 887.52(2) 768.20(4)
C ′′ / MHz 666 636 705 663.11(2) 634.01(4)
∆I ′′ / amu Å2 -6.40 -6.40 -6.41 -6.78 -6.74
µ′′
a / D 1.04 0.00 0.00 1.15(4) 0.00

µ′′
b / D 0.79 1.52 2.62 0.31(5) 1.66(1)

µ′′ / D 1.30 1.52 2.62 1.19(5) 1.66(1)
θ′′D / ◦ 37 90 90 15(3) 90(1)
A′ / MHz 2482 3358 1863 2477.65(45) 3338.30(36)
B′ / MHz 880 763 1091 875.60(3) 760.63(4)
C ′ / MHz 655 626 695 652.93(3) 624.86(4)
∆I ′ / amu Å2 -6.42 -6.42 -7.44 -7.14 -7.03
∆A / MHz -57 -128 -29 -55.79 -123.68
∆B / MHz -13 -8 -17 -11.92 -7.57
∆C / MHz -11 -10 -10 -10.18 -9.15
µ′
a / D 1.71 0.00 0.00 1.25(4) 0.00

µ′
b / D 0.16 1.28 3.01 0.68(10) 1.36(1)

µ′ / D 1.72 1.28 3.01 1.42(8) 1.36(1)
θ′D / ◦ 6 90 90 29(5) 90(1)
θ / ◦ 6 0 0 ±14.5(1) 0.0 1

ν0 / cm−1 36809 2 369862 364552 36117.61(2) 36185.72(1)
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is oriented along the inertial b axis, with a slightly smaller absolute value in the excited

state (1.36 D) compared to the ground state (1.66 D). However, the transition dipole is

oriented along the a axis and thus rotated by 90◦ with respect to the individual permanent

dipole moments of both states. This surprising behavior will be explained later.

Permanent dipole moments and transition dipole of 1,4-DMB

1,4-DMB exists in two di�erent stable rotamers, named A and B by Oikawa et al.[105],

equivalent to the cis and trans 1,4-dihydroxybenzene (hydroquinone) rotamers, which

are according to the above nomenclature the (180/0) and the (0,0) rotamer, respectively.

Since the (0/0) rotamer has a center of symmetry, the resulting dipole moment should

be exactly zero by symmetry arguments. The rotationally resolved zero-�eld electronic

spectra of both rotamers have not been presented before and are used in the following to

determine the inertial parameters of the two rotamers.

In a �rst step, the zero-�eld spectra of the A (cf Figure 6.4) and the B (Figure A.6

of the online supporting material) bands were �t using CMA-ES algorithm, yielding the

inertial parameters in both electronic states. These are presented in Table 6.5, along with

the results of the CC2/cc-pVTZ calculations. The comparison of the experimental and

calculated rotational constants clearly shows, that the A band can be assigned to the

(0/0) rotamer, while the B band is due to the (180/0) rotamer. As for 1,2-DMB and

1,3-DMB also the changes of the rotational constants upon electronic excitation are very

well reproduced by the CC2 calculations. For both rotamers of 1,4-DMB large negative

changes of ∆A and ver small changes for ∆B and ∆C are found

Subsequently the Stark spectra were recorded at �eld strengths of 400.24 V/cm and

were �t using the CMA-ES algorithm. The spectrum of the A band does not show line

splittings or shifts, and for the permanent dipole moment in both states we determine an

upper limit of 0.1 D for the individual components and 0.14 D for the absolute value in

both states. The B band, which is due to the (180/0) rotamer has a dipole moment along

the inertial b axis of 2.76 D.
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-30000 -20000 -10000 0

-20000 -15000 -10000 -5000 0 5000
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Experiment
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1,4-Dimethoxybenzene, 0V/cm, A band

Experiment

Simulation

Figure 6.4.: Rotationally resolved spectrum of the electronic origin of the A band of
1,4-dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters.
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Table 6.5.: Molecular parameters of the two rotamers of 1,4-dimethoxybenzene from
a CMA-ES �t of the electronic zero-�eld spectra. The angle of the transition dipole
moment with the main inertial a-axis is given by θ and the adiabatic excitation energy
by ν0.

theory experiment
(0/0) (180/0) A band B band

A′′ / MHz 4477 3963 4494.55(20) 3995.84(8)
B′′ / MHz 699 721 693.99(4) 714.52(2)
C ′′ / MHz 609 615 606.26(4) 611.23(2)
∆I ′′ / amu Å2 -6.40 -6.39 -7.07 -6.96
µ′′
a / D 0.00 0.00 0.00(10) 0.001

µ′′
b / D 0.00 2.24 0.00(10) 2.23(1)

µ′′ / D 0.00 2.24 0.00(14) 2.23(1)
θ′′D / ◦ - 90 - 90(1)
A′ / MHz 4294 3794 4319.35(36) 3835.76(11)
B′ / MHz 701 724 695.47(5) 716.68(3)
C ′ / MHz 607 613 604.18(5) 609.05(3)
∆I ′ / amu Å2 -6.42 -6.43 -7.21 -7.14
∆A / MHz -183 -169 -175.2 -160.08
∆B / MHz +2 +3 +1.48 +2.16
∆C / MHz -2 -2 -2.08 -2.18
µ′
a / D 0.00 0.00 0.00 0.001

µ′
b / D 0.00 2.92 0.00 2.76(1)

µ′ / D 0.00 2.92 0.00 2.76(1)
θ′D / ◦ - 90 - 90(1)
θ / ◦ 81 90 71.91(1) 90.00
τ / ns - - 2.58(1) 2.64(1)
ν0 / cm−1 336742 339452 33629.66(21) 33849.63(11)
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-40000 -20000 0 20000 40000 60000

12000 14000 16000 18000

400.24 V/cm,  

relative frequency [MHz]

Experiment                                                                                    1,4 Dimethoxybenzene, 0V/cm, B band 
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∆ M = 0

0 V/cm 

Figure 6.5.: Rotationally resolved electronic spectrum of the electronic origin of the
B band of 1,4-DMB at zero �eld and at 400.24V/cm−1 with 80% transitions of ∆M=0,
along with a simulation with the best CMA-ES �t parameters.
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6.6. Discussion

6.6.1. Permanent Dipole Moments

Ground State

The molecular dipole moments of the three isomeric DMBs in their electronic ground states

can be derived from simple vector addition models. Each of the DMB dipole moments can

be thought as a sum of two individual anisole dipole moments whose orientations are given

by the mutual orientation and the position of the two methoxy groups in the aromatic

ring.

Using microwave Stark spectroscopy, the dipole moment components of anisole in the

electronic ground state has been determined by Desyatnyk et al. [75] to be µa = 0.6937(12)

D, µb = 1.0547(8) D from which a value of |µ| = 1.2623(14) D results for the absolute

dipole moment. The dipole moment makes an angle of 56.7◦ with the inertial a axis of

anisole (cf. Figure 6.6a).

Figure 6.6 shows the results of a vectorial addition of the dipole moments derived from

anisole for the 1,2-, 1,3-, and 1,4-DMB rotamers in this study. The dipole vectors have

been shifted from the anisole center of mass (COM) to the COM of the respective DMB for

sake of clarity. Figure 6.6a shows the dipole moment of anisole in its inertial axis frame.

For the only rotamer, which was observed for 1,2-DMB (180/0), the vector addition

shown in Figure 6.6b results in a cancelation of the a-components of the dipole moment in

the ground state. Since the angle between the two anisole dipole moment vectors is small,

the resulting dipole moment is oriented along the b-axis of the molecule and close to zero,

as determined experimentally. The exact analysis yields an angle of 170 ◦ between the two

vectors with a length of 1.26 D, resulting in a sum dipole moment of 0.2 D, close to the

experimental value of 0.17 D.

Two rotamers were observed for 1,3-DMB. For the (180/0) rotamer, the two anisole

dipole moments lie symmetrically about the b-axis and form an angle of 50◦ with the b-

axis (Figure 6.6c). The resulting dipole moment in b direction is 1.62 D, again in good

agreement with the experimental value for µb of 1.66 D. For the (0/0) rotamer, vector

addition of the two anisole dipole vectors results in a vector with both a and b components

(Figure 6.6d). Assuming an angle between the anisole fragment dipoles of 104◦ (as in the

(180/0) rotamer), numerical values of 1.20 D and 0.45 D for the dipole moment components

are obtained, in fair agreement with the experimental values of 1.15 D for µa and of 0.31

D for b.
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Figure 6.6.: a) Inertial axes and ground state dipole moment of anisole (from Ref.
[75]). b) Vector addition of the experimental anisole ground state dipole moment for
(180/0)-1,2-DMB. c) Vector addition of the experimental anisole dipole moment for
(180/0)-1,3-DMB. The resulting dipole moment (in red) is oriented along the b-axis.
d) Vector addition of the experimental anisole dipole moment for (0/0)-1,3-DMB. The
resulting dipole moment (in red) has components both on the a- and the b-axis. e)
Vector addition of the experimental anisole dipole moment for (180/0)-1,4-DMB. The
resulting dipole moment (in red) is oriented along the b-axis. f) Vector addition of the
experimental anisole dipole moment for (0/0)-1,4-DMB. The individual dipoles cancel
each other out.
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Also, for 1,4-DMB two rotamers have been found experimentally. While for the (0,0)

rotamer no dipole moment results, due to its inversion symmetry (Figure 6.6f), the (180/0)

rotamer shows a dipole moment in b direction, which has the largest value of all components

for the rotamers of the three DMB conformers, due to the small angle of 63◦ between the

anisole fragment dipoles. From this angle, we calculate a resulting dipole moment of 2.24

D in good agreement with the experimental value of 2.22 D.

Thus, for the electronic ground state, the dipole moments of all rotamers can nicely be

calculated from the anisole fragment dipole moments. For rotamers, in which the dipole

moment is oriented along one of the inertial axes, the agreement is very good, for the (0/0)

rotamer of 1,3-DMB, which shows an ab hybrid dipole , the agreement is fair. This ground

state additivity of bond dipole moments has already been shown for di�erent conformers

of aminophenol by Reese et al. [114] and for aminobenzonitrile by Borst et al. [115].

Excited State

In the following section, we will apply the same vector addition of bond dipole moments of

anisole to the excited states of the DMBs. The resulting dipole moment components in the

excited state have been determined to be µa = 1.59(3) D and µb = 1.50(3) D from which

a value of |µ| = 2.19(4) D results for the absolute dipole moment, cf. Table 6.2. Thus,

the absolute dipole moment of anisole increases by 0.93 D, and the angle between the

dipole moment vector and the inertial a axis changes from 56.7◦ to 43.4◦ upon electronic

excitation. The orientation and absolute value of the excited state anisole dipole is shown

in Figure 6.7a.

For 1,2-DMB we found that the dipole moment in b direction greatly increases from 0.17

D to 0.78 D. However, this increase is not found in the vectorial addition of the anisole

bond dipole moments. Figure 6.7b shows the result of the vector addition with the anisole

bond dipole moment added for each of the methoxy groups in 1,2-DMB. Although the

excited state dipole vector of anisole is larger by a factor of 4.6, the angle between the

inertial a axis and the dipole moment changes only by 10◦. Thus, both bond dipoles are

still nearly antiparallel and cancel each other nearly out.

Also for the (180/0) rotamer of 1,3-DMB vectorial addition completely fails for the

excited state dipole moment. For the ground state, a permanent dipole of 1.66 D in

b direction was determined experimentally, which decreases to 1.36 D upon electronic

excitation. Vector addition of the anisole dipoles, which include an angle of 100◦ should

lead to a value of 1.92 D (Figure 6.7c), i.e. an increase of 16% in spite of the experimentally

determined decrease of 8%.
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Figure 6.7.: a) Inertial axes and excited state dipole moment of anisole. b) Vector
addition of the experimental anisole excited state dipole moment for (180/0)-1,2-DMB.
c) Vector addition of the experimental anisole dipole moment for (180/0)-1,3-DMB.
The resulting dipole moment (in red) is oriented along the b-axis. d) Vector addition
of the experimental anisole dipole moment for (0/0)-1,3-DMB. The resulting dipole
moment (in red) has components both on the a- and the b-axis. e) Vector addition
of the experimental anisole dipole moment for (180/0)-1,4-DMB. The resulting dipole
moment (in red) is oriented along the b-axis. f) Vector addition of the experimental
anisole dipole moment for (0/0)-1,4-DMB. The individual dipoles cancel each other
out.
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Finally the same analysis for the (180/0) rotamer of 1,4-DMB leads to an excited state

dipole moment from vector addition of 3.35 D in b direction, much higher than the exper-

imentally observed value of 2.76 D, cf. Figure 6.7d.

6.6.2. Transition Dipole Moments

We start the discussion with the cases, in which dipole moments and transition dipole

moment (TDM) are oriented along one of the inertial axes. The S1 ← S0 TDMs of the

(180/0) rotamers of 1,2-DMB and 1,4-DMB are oriented along the inertial b-axis, as the

permanent dipole moments in the ground and excited states. For the (180/0) rotamer of

1,3-DMB the TDM is oriented along the inertial a-axis, while both ground and excited

state dipole moments are oriented along the b-axis. So we have the special case in (180/0)

rotamer of 1,3-DMB, that the permanent dipole moments in both states and the transition

dipole moment are perfectly perpendicular to each other. We recall the fact that the

expectation value of the permanent dipole moment is de�ned as ⟨Ψ′′|µ̂|Ψ′′⟩ for the ground
state, as ⟨Ψ′|µ̂|Ψ′⟩ for the excited state dipole moments, and as ⟨Ψ′|µ̂|Ψ′′⟩ for the transition
dipole moment. Here, the Ψ′′ and Ψ′ are the wave functions of the ground and excited

state, respectively and µ̂ is the dipole operator. In other words, the transition dipoles are

the o�-diagonal matrix elements of the three-dimensional position operator, multiplied

with the elementary charge and the permanent dipoles are the diagonal elements. For

dipole moments along one axis, the question arises, if a non-zero expectation value of

the dipole moment with respect to this axis de�nes also a non-zero expectation value

of the transition dipole moment with respect to the same axis. Obviously, this is not

the case for the (180/0) rotamer of 1,3-DMB. The molecular frontier orbitals and the

excitations, which contribute to the S1 ← S0 transitions of the observed rotamers of the

three dimethoxybenzenes are given in the ESI (Figures S3 - S5). For the discussion here,

the relative phases of the leading contributions to the transition are su�cient. Figure 6.8

shows, how the orientation of the TDM in the inertial axes frames can be derived from the

relative phases of the MOs. The upper row of the �gure shows the phases of the HOMOs

of the respective conformer, the second row those of the LUMOs and the third row gives

the product, from which the TDM orientation results.

The angles, which the TDMs make with the inertial axes in the (0/0) rotamers of 1,3-

DMB and of 1,4-DMB are determined only by the rotation of the inertial axis system,

due to the internal rotation of one of the methoxy groups. For both the 1,3-DMB and

1,4-DMB (0/0) rotamers the inertial axis systems are rotated by 15◦ with respect to the

(180/0) rotamers. The experimental TDM orientation of (0/0) 1,3-DMB makes an angle
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Figure 6.8.: TDM orientations of the experimentally observed rotamers of 1,2-DMB,
1,3-DMB, and 1,4-DMB. The lowest row shows the direct product of the phases of the
HOMO and the LUMO wavefunctions, the resulting TDM (in green) and the inertial
axes systems.

of 14.5◦ with the a-axis, in excellent agreement with the former consideration. For (0/0)

1,4-DMB the angle of the TDM with the a-axis is 72◦, close to the value expected from a

pure geometric axis rotation of 90◦ − 15◦ = 75◦.

The electronic character of the excited state can be described by the nodal planes of the

molecular orbitals involved in the transition. According to the particle-on-a-ring model for

cata-condensed hydrocarbons of Platt [116], nodes of the MOs, which bisect the bonds of

benzene lead to an La state, while nodes of the MOs, which which go through the atoms

of benzene lead to a Lb state. Heilbronner and Murrell have extended the original Platt

classi�cation of excited states for substituted benzenes, which have a C2 symmetry axis.

Here, the labels a and b distinguish the symmetry with respect to that symmetry axis.3

States, which give transitions that are parallel to the twofold axis have the label a, while

those transitions that are perpendicular to this axis are labelled as b.[117]

We start the discussion with the three rotamers, that have a twofold symmetry axis. For

the (180/0) rotamer of 1,2-DMB, the symmetry axis is the b axis, and the TDM is parallel

to this axis (Figure 6.8). Hence, the S1 ← S0 transition of 1,2-DMB is labelled as La

state, in agreement with the fact, that the leading contribution to the S1 ← S0 transition

of 1,2-DMB is LUMO ← HOMO (Figure A.7). For the (180/0) rotamer of 1,3-DMB, the

symmetry axis is still the inertial b axis, but now the TDM is oriented perpendicular to

3"For both the odd and even-atom systems, if the molecule has a two-fold symmetry axis passing through
an atom, then transitions to a states are polarized parallel to that axis, transitions to b states at right
angles to this."[117]
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Figure 6.9.: Nodes of the four frontier MOs for benzene and for the three symmetric
DMBs. The two (degenerate) LUMO ← HOMO transitions in benzene (La dashed
lines, Lb dotted) are forbidden by symmetry. The degeneracy is lifted by the sub-
stituents in the DMBs.
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that axis. Hence the resulting excited state is an Lb state for this isomer. Finally, for the

(180/0) rotamer of 1,4-DMB, the symmetry axis is the inertial b axis, which bisects the

bonds of the aromatic ring inn this case. The TDM parallel to this axis leading to an Lb

state.

Table 6.6.: Changes of the rotational constants upon electronic excitation. The ro-
tamers with C2 symmetry axis are (180/0), those without are (0/0) rotamers.

C2 axis no C2 axis
1,2-DMB 1,3-DMB 1,4-DMB 1,3-DMB 1,4-DMB

∆A / MHz -21.5 -123.7 -160.1 -55.8 -175.2
∆B / MHz -20.7 -7.6 +2.2 -11.9 +1.5
∆C / MHz -9.9 -9.15 -2.2 -10.2 -2.1
state La Lb Lb mixed La/Lb

These assignments are further supported by the experimentally observed changes of the

rotational constants upon electronic excitation. While excitation to an La state leads to

a benzenoid distortion of the ring, excitation to the Lb state results in an quinone-like

distortion. The �rst case will have the decrease of the rotational constants distributed

evenly, while the Lb excitation will show a large ∆A and much smaller ∆B and ∆C.

Table 6.6 shows exactly this behavior.

The electronically excited states of the unsymmetric (0/0) rotamer of 1,3-DMB are

mixed, what can be deduced from the intermediate changes of the rotational constants

(Table 6.6) and from the coe�cients of the MOs for the excitation to the lowest singlet state

(Figure A.8). While all other (symmetric) rotamers have components of the excitation from

HOMO to LUMO and from HOMO-1 to LUMO+1, there is some amount of HOMO-1 to

LUMO excitation in this rotamer. There is surprisingly little mixing of the excited states

in the unsymmetric (0/0) rotamer of 1,4-DMB. Therefore, the orientation of the TDM in

the molecular frame is determined by the amount, the inertial axes are rotated away from

the positions of the symmetric molecules.

6.7. Conclusions

For several rotamers of the three isomeric dimethoxybenzenes, the orientation and magni-

tudes of the permanent dipole moments in the ground (S0) and lowest excited singlet (S1)

states, and the orientation of the transition dipole moment for the S1 ←S0 transition have

been determined from rotationally resolved electronic Stark spectroscopy. The orientation

of the permanent dipole moments and of the transition dipole moment for excitation of
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the same electronically excited state of the DMB rotamers is not necessarily the same. For

1,2-DMB the permanent dipole moments in both states and the transition dipole moment

for the transition to the S1-state are all oriented along the inertial b axis. For 1,3-DMB the

permanent dipole moments lies along the b axis, while the TDM for the S1 ←S0 transition

is a-polarized. 1,4-DMB shows the same behavior as 1,2-DMB. All dipoles and the TDM

are oriented along the inertial b axis. For the (0/0) rotamers, which do not have the TDMs

oriented along one of the inertial axes, the angle of TDM with the inertial a axis is directly

obtained from the rotation of the inertial axis system upon internal rotation of one of the

methoxy groups by 180◦, i.e. the e�ect of the orientation of the oxygen lone pairs with

respect to the chromophore is small.

For all isomers and rotamers studied here, the ground state dipole moments of the

dimethoxybenzenes can be deduced from the dipole moment of anisole by bond dipole

moment vector addition. However, this is not true for the electronically excited singlet

state. Such a non-additivity of bond dipole moments has been found before by Reese et

al. [114] for cis and trans m-aminophenol. They assumed that the o�-axis substitution in

these isomers is responsible for a state mixing of S1 and S2 zero-order states4. We therefore

calculated the contributions to the excitation to the S1 and S2 states, respectively. They

are summarized in Table 6.7. For the symmetric (180/0) rotamers, the contributions to

the excitations to the S1 state are either HOMO-1 → LUMO and HOMO → LUMO+1

with di�erent relative phases, or nearly pure HOMO → LUMO excitations, i.e. can be

described in a pure La or Lb scheme. The respective S2 states have strong contributions

of mixed excitations. Thus, for the S1 state, there is no strong state mixing, which might

be responsible for the non-additivity of the excited state dipole moments.

4The 1Lb and 1La states in the notation of Platt [116].
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7.1. Abstract

The rotationally resolved electronic spectra of the origin bands of 3-cyanoindole, 3-

cyanoindole(d1), and the 3-cyanoindole-(H2O)1 cluster have been measured and analyzed

using evolutionary algorithms. For the monomer, permanent dipole moments of 5.90 D

for the ground state, and of 5.35 D for the lowest excited singlet state have been obtained

from electronic Stark spectroscopy. The orientation of the transition dipole moment is

that of an 1Lb state for the monomer. The water moiety in the water cluster could be
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determined to be trans-linearly bound to the NH group of 3-cyanoindole, with an NH· · ·O
hydrogen bond length of 201.9 pm in the electronic ground state. Like the 3-cyanoindole

monomer, the 3-cyanoindole-water cluster also shows an 1Lb-like excited singlet state. The

excited state lifetime of isolate 3-cyanoindole in the gas phase has been determined to be

9.8 ns, that of 3-cyanoindole(d1) has found to be 14.8 ns, while that of the 1:1 water cluster

is considerably shorter (3.6 ns). The excited state lifetime of 3-cyanoindole(d1) in D2O

solution has found to be smaller than 20 ps.

7.2. Introduction

Understanding solvent reorganization processes at a molecular level is a key to the deter-

mination of dipole moments of electronically excited molecules in solution. Beforehand,

the driving forces, which determine the solvent orientation in both electronic states have

to be investigated on a molecular level. Indole derivatives are especially interesting in

this respect, since they have two energetically close-lying excited singlet states, which

have considerably di�erent dipole moments. Dipole-dipole interactions with polar solvent

molecules lead to di�erent stabilization of the electronically excited states. Depending on

the dipole moments, even the energetic order of the lowest excited singlet states might

switch upon cluster formation or solvation in polar solvents.These states are called 1La and
1Lb in the nomenclature of Platt [116], adapted to indole by Weber [118]. The 1Lb state

has a small dipole moment and is lower in energy in apolar surroundings, while the 1La

state on the other hand has a comparatively large dipole moment, leading to an inversion

of the electronic state ordering in polar solvents. Some molecular systems change the

energetic order of the excited states already upon addition of the �rst water molecules to

the chromophore like azaindole. [119]

Indole, as chromophore of the aromatic amino acid tryptophane is extensively studied,

mainly regarding the location of the higher electronically excited 1La state relative to the

lowest 1Lb state, both experimentally [120�128] as well as theoretically. [129�134]

Exchange of one hydrogen atom in the chromophore by the highly polar cyano group,

changes the �uorescence properties of the indole chromophore considerably.[135, 136] 5-

cyanotryptophane is used as �uorescence probe of protein hydration.[137] Its chromophore,

5-cyanoindole has been studied using rotationally resolved electronic spectroscopy and

�uorescence emission spectroscopy in our group. [138�140] For 5-cyanoindole, we found

that the lowest electronically excited singlet state is of 1La character. The question arises,

if for other substitution positions, the cyano group has the same stabilizing e�ect to the
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1La state. Therefore, we varied the position from the 5-position, which is located in the

benzene ring of the chromophore, to the 3-position within the pyrrolic ring, in the present

study. The 3-cyanoindole system is of general interest, since di�erently cyano-substituted

indole derivatives �nd increasing interest as small �uorescence reporters in �uorescent

proteins.[135, 136]

Considerably less work has been performed on hydrogen bonded clusters of indole or

indole derivatives. Korter et al.[141] could show that the binary indole-water complex

undergoes considerable solvent reorientation upon excitation to the lowest excited singlet

state. The lowest excited singlet states of both the monomer and the water cluster,

in which the water is bound linearly to the pyrrolic NH group, have shown to be of 1Lb

character. Dipole moment of the indole-water complex was determined by Kang and Pratt

using rotationally resolved electronic Stark spectroscopy.[125] They found that the dipole

of the water molecule induces a dipole moment in the indole moiety, which amounts a

substantial fraction of 30-40% to the total dipole moment of the cluster. Azaindole-water

clusters have been examined using high resolution laser induced �uorescence (HRLIF)

spectroscopy. It could be shown that the lowest excited singlet state has 1Lb character,

while the excitation in the n=1 and n=2 water clusters is to the 1La state.[119]

Ahn et al. [142] investigated 3-cyanoindole and several 3-cyanoindole-water cluster,

using mass-selected resonant two-photon ionization (R2PI) and UV-UV hole-burning

(UVHB) spectroscopy. Assignments of the di�erent cluster structures were made on the

basis of a Franck-Condon analysis of the vibronic spectra. From the comparison of exper-

iment and FC simulation they concluded, that only the most stable conformer is present

in the molecular beam. According to ab initio calculations, this is the linearly N-H· · ·O
hydrogen bound complex.

In the present study, we investigate the electronic nature of the lowest excited state

of 3-cyanoindole, its dipole moments in both ground and excited singlet states and the

geometry and electronic nature of the binary 3-cyanoindole-water cluster using a combi-

nation of rotationally resolved �uorescence spectroscopy, rotationally resolved electronic

Stark spectroscopy, time-correlated single photon counting, and ab initio quantum chem-

ical calculations for a deeper understanding of the photophysics of electronically excited

3-cyanoindole.
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7.3. Experimental section

7.3.1. Experimental procedures

Rotationally resolved electronic (Stark) spectroscopy

3-Cyanoindole (> 95%) was purchased from Oxchem and used without further puri�cation.

To record rotationally resolved electronic spectra, the sample was heated to 200◦C and

co-expanded with 300 mbar of argon into the vacuum through a 200 µm nozzle. After

the expansion, a molecular beam was formed using two skimmers (1 mm and 3 mm)

linearly aligned inside a di�erentially pumped vacuum system consisting of three vacuum

chambers. The molecular beam was crossed at right angles with the laser beam 360 mm

downstream of the nozzle. To create the excitation beam, 10 W of the 532 nm line of a

diode pumped solid state laser (Spectra-Physics Millennia eV) pumped a single frequency

ring dye laser (Sirah Matisse DS) operated with Rhodamine 110. The �uorescence light

of the dye laser was frequency doubled in an external folded ring cavity (Spectra Physics

Wavetrain) with a resulting power of about 10 - 15 mW during the experiments. The

�uorescence light of the samples was collected perpendicular to the plane de�ned by laser

and molecular beam by an imaging optics setup consisting of a concave mirror and two

planoconvex lenses onto the photocathode of a UV enhanced photomultiplier tube (Thorn

EMI 9863QB). The signal output was then discriminated and digitized by a photon counter

and transmitted to a PC for data recording and processing. The relative frequency was

determined using a quasi confocal Fabry-Perot interferometer. The absolute frequency

was obtained by comparing the recorded spectrum to the tabulated lines in the iodine

absorption spectrum.[31] A detailed description of the experimental setup for rotationally

resolved laser induced �uorescence spectroscopy has been given previously. [57, 58] The

Stark plates consist of a parallel pair of electroformed nickel wire grids (18 mesh per

mm, 50 mm diameter) with a transmission of 95% in the UV. Their e�ective distance is

23.49 ± 0.05 mm, symmetrically aligned with respect to the laser beam. This distance

was calibrated using the accurately known dipole moment of benzonitrile.[109, 143]. The

polarization plane of the incoming laser beam can be rotated by 90◦ inside the vacuum

chamber by means of an achromatic λ/2 plate (Bernhard Halle 240 - 380 nm). The λ/2

plate can be pushed in or pulled out of the laser beam using a linear motion vacuum

feedthrough.
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Time-correlated single photon counting

Time-correlated-single-photon-counting (TCSPC) was performed with a DeltaFlex Ul-

tima spectrometer (HORIBA Jobin Yvon), equipped with a supercontinuum light source

SuperK Extreme EXR-20 and frequency doubler SuperK Extend-UV/DUV (both NKT

Photonics). The signal was recorded under magic angle conditions, a pulse repetition rate

of 19.2 MHz and a sample temperature of 20◦. The instrument response function (IRF,

FWHM approximately 60 ps) was recorded, using a scattering solution (Ludox) for each

excitation wavelength and used in the �ts applying an iterative reconvolution algorithm

to minimize χ2.

7.3.2. Quantum chemical calculations

Structure optimizations were performed employing Dunning's correlation-consistent po-

larized valence triple zeta (cc-pVTZ) basis set from the Turbomole library. [59, 60] The

equilibrium geometries of the electronic ground and the lowest excited singlet states were

optimized using the approximate coupled cluster singles and doubles model (CC2) employ-

ing the resolution-of-the-identity approximation (RI).[61�63] For the structure optimiza-

tions spin-component scaling (SCS) modi�cations to CC2 were taken into account.[144]

Vibrational frequencies and zero-point corrections to the adiabatic excitation energies were

obtained from numerical second derivatives using the NumForce script. [64] For the clus-

ter stabilization energies, the basis set superposition errors (BSSE) have been accounted

for, using the counterpoise corrections described by Boys and Bernardi [145] and imple-

mented in the JOBBSSE jobscript of turbomole. Additionally, the equilibrium geometries

of the lowest electronically excited singlet states were geometry optimized by means of a

time-dependent density functional theory (TD-DFT) gradient [146, 147] using the Becke,

three-parameter, Lee-Yang-Parr (B3-LYP) density functional. [148]

7.3.3. Fits of the rovibronic spectra using evolutionary algorithms

Evolutionary algorithms allow us to make a quick and successful automatic assignment

of the rotationally resolved spectra, even for large molecules and dense spectra. [68�71]

Beside a correct Hamiltonian to describe the spectrum and reliable intensities inside the

spectrum, an appropriate search method is needed. Evolutionary strategies are a power-

ful tool to handle complex multi-parameter optimizations and �nd the global optimum.

For the analysis of the presented high-resolution spectra, we used the covariance matrix

adaptation evolution strategy (CMA-ES), which is described in detail elsewhere. [73, 149]
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In this variant of global optimizers mutations are adapted via a CMA mechanism to �nd

the global minimum, even on rugged search landscapes that are additionally complicated

due to noise, local minima and/or sharp bends.

7.4. Results

7.4.1. Computational Results

3-cyanoindole

The optimization of 3-cyanoindole in the ground and lowest excited singlet state yields a

planar structure in both states both with genuine CC2 as well as with SCS-CC2. Contrary

to 5-cyanoindole, CC2 and the spin component scaled variant SCS-CC2 obtain the same

state as lowest excited singlet state. [138] The molecular parameters (rotational constants

A, B, and C in both electronic states, the inertial defects ∆I, the angle θ of the transition

dipole moment with the inertial a axis, and the zero-point corrected origin frequency

ν0) are compiled in Table 7.1 and are compared to the experimental results, which are

described in section 7.5.1.

The inertial defects of 3-cyanoindole in both states are exactly zero for the equilibrium

structures what immediately shows the planarity of the molecule.

The calculated angle of the transition dipole moment with the inertial a-axis is +4◦, cf.

Figure 7.1. To compare this value better with the transition dipole moment vector of bare

indole, the transition dipole moment (TDM) is rotated into the inertial axis frame of indole.

This yields an angle of +52◦ with the inertial a-axis of indole. The respective values in

indole (Lb) and 5-cyanoindole (La) are +38◦ and -12◦, respectively. Thus, the orientation

of the TDM in 3-cyanoindole, is clearly that of an 1Lb state. The main contributions to the

excitation to the lowest excited singlet state are 0.81(LUMO← HOMO-1)+0.43(LUMO+1

← HOMO)+0.24(LUMO+2← HOMO), cf. Figure 7.3, which are also representative for a

transition to a 1Lb state. The zero-point corrected adiabatic excitation energy amounts to

36156 cm−1 (36045 cm−1) at the CC2 (SCS-CC2) level of theory. The permanent dipole

moment in the ground state amounts to 5.95 D and to 5.51 D in the electronically excited
1Lb state.

An explicit caveat has to be given for the 1La -state optimization. This state is vertically

the second excited singlet state at SCS-CC2 level of theory. Optimization of this state

leads, independently of the starting geometry, into a conical intersection with the lowest

excited state. However, it is well-known, that the order of 1La and 1Lb states is reversed
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Figure 7.1.: Calculated structures, inertial axes and transition dipole moments of
3-cyanoindole and the 3-cyanoindole water cluster

.
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for time-dependent density functional theory (TD-DFT).[150�153] Therefore, we changed

the level of theory to TD-DFT using the B3-LYP functional and the cc-pVTZ basis set.

As expected, at TD-DFT level, the vertically lowest state is the 1La state, well below the
1Lb . Geometry optimization led to the lowest excited state, which remained the 1La state.

Thus, the 1La is also adiabatically the lowest excited singlet state at TD-DFT level. The

fact that TD-DFT, employing the B3-LYP functional reverses the order of 1La and 1Lb

states has been observed before in tryptamine.[153]

Figure 7.2.: Energies of the ground and excited 1La and 1Lb states of 3-cyanoindole
from SCS-CC2/cc-pVTZ calculations at the TD-B3-LYP/cc-pVTZ optimized geome-
tries. The optimized state is marked by an asterisk. In the left part of the �gure, the
1Lb is the geometry optimized state, in the middle the ground state, and in the right
part, the 1La state.

For tryptamine, the correct energetic order of the excited states could be obtained using

density functional multi-reference con�guration interaction (DFT-MRCI), which correctly

takes dynamic and static electron correlation into account, at the TD-DFT optimized

geometries. For 3-cyanoindole, the SCS-CC2 energy of the 1La state, which constitutes

the second electronically excited singlet state was calculated at the geometry of the 1Lb

state at TD-DFT level, where it is the lowest electronically excited singlet state. In this

geometry, the 1La is adiabatically also at SCS-CC2 level the lowest excited singlet state.

These �ndings are resumed in Figure 7.2. However, further optimization starting from
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this geometry again led to the conical intersection with the 1Lb state.

Using the SCS-CC2 energy at the TD-B3-LYP optimized structure for the 1La state an

angle of the TDM with the inertial a axis of -80◦ is calculated. The leading contributions

to the excitation are: 0.87(LUMO ← HOMO)+0.39(LUMO-1 ← HOMO+1). The zero-

point corrected adiabatic excitation energy amounts to 39392 cm−1 and the permanent

dipole moment to 5.18 D in the electronically excited 1La state, with an angle of +31◦ to

the inertial a-axis.

Table 7.1.: SCS-CC2/cc-pVTZ computed and experimental molecular parameters
of 3-cyanoindole (3-CI) and the N-deuterated isotopologue ((d1)). Doubly primed
parameters belong to the electronic ground and single primed to the excited state. θD
is the angle of the permanent dipole moment vector with the main inertial a-axis. A
negative sign of this angle means an anticlockwise rotation of the main inertial a-axis
onto the dipole moment vector, shown in Figure 7.1. θ is the angle of the transition
dipole moment vector with the main inertial a-axis. The same convention for its sign
is used as for θD. For details see text.

theory SCS-CC2 experiment
3-CI 3-CI(d1) 3-CI 3-CI(d1)

A′′ / MHz 2255 2171 2258.53(48) 2180.09(17)
B′′ / MHz 943 942 947.38(3) 950.80(2)
C ′′ / MHz 665 657 667.44(3) 660.88(1)
∆I ′′ / amuÅ2 0 0 -0.02 -0.02
µ′′
a / D +3.94 +3.96 ±4.15(1) -

µ′′
b / D -4.38 -4.34 ±4.20(1) -

µ′′ / D 5.89 5.89 5.90(1) -
θ′′D / ◦ +48.0 +47.53 ±45.3 -
A′ / MHz 2221 2140 2227.15(49) 2150.84(18)
B′ / MHz 931 931 937.46(4) 938.81(3)
C ′ / MHz 656 649 659.83(4) 653.59(2)
∆I ′ / amuÅ2 0 0 -0.08 -0.06
µ′
a / D +3.71 +3.75 ±4.14(1) -

µ′
b / D -3.91 -3.87 ±3.39(1) -

µ′ / D 5.39 5.39 5.35(1) -
θ′D / ◦ +46.5 +45.92 ±39.3 -
∆A / MHz -34 -31 -31.38(1) -27.90(1)
∆B / MHz -12 -12 -9.93(1) -9.64(1)
∆C / MHz -9 -9 -7.61(1) -7.71(1)
∆νLorentz / MHz - - 16.31(1) 10.72(1)
τ / ns - - 9.8(1) 14.8(1)
θ / ◦ +4 +4 ±15.3(1) ±3.16(73)
θT / ◦ -0.45 -0.45 ∓0.52(5) -
ν0 / cm−1 36045 36156 35299.36(12) 35306.58(15)

Apart from the two lowest excited ππ∗ states, the photophysics of indoles is governed
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by the repulsive πσ∗ state. We calculated the vertical excitation to all three states at

SCS-CC2/cc-pVTZ level of theory. While the two lowest ππ∗ states are relatively close

at the ground state geometry, there is a larger gap to the πσ∗ state, cf. Table 7.3. The

coe�cients for this transition are shown in Figure 7.3. The σ∗ orbital at the hydrogen

atom of the NH is di�use and collapses into the hydrogen 1s orbital upon distortion along

the NH coordinate, as has been shown by Sobolewski and Domcke.[133, 154�156] For 3-

cyanoindole, the πσ∗ − ππ∗ di�erence is by more than 1000 cm−1 smaller compared to

indole. The dipole moment of the πσ∗ state in indole is more than 5 D higher than in

the ground state, while for 3-cyanoindole only an increase of 2 D is found. The oscillator

strengths of the respective states of indole and 3-cyanoindole are of comparable size, with

the 1La oscillator strength between 2 and 3 times larger than for the 1Lb state.

Table 7.2.: SCS-CC2/cc-pVTZ computed vertical excitation energies, relative to the
energy of the lowest excitation in cm−1, excited state dipole moment µ and oscillator
strength f of indole and 3-cyanoindole.

indole 3-cyanoindole
E (cm−1) µ (D) f E (cm−1) µ (D) f

ππ∗ (Lb) 0 2.2 0.04 0 5.4 0.05
ππ∗ (La) 3534 5.0 0.09 1828 6.3 0.12
πσ∗ 13727 7.3 0.00 12552 7.6 0.00

3-cyanoindole-water

Several starting geometries for the optimization of the 3-cyanoindole-water cluster have

been employed. Three fundamentally di�erent binding motifs can be distinguished:

NH· · ·O-hydrogen bound structures (1a and 1b in Figure 7.1), CN· · ·H-hydrogen bound

structures (2 and 3 in Figure 7.1), and π-bound van der Waals structures. No stable van

der Waals bound minimum structure at the CC2-cc-pVTZ level of theory has been found.

All structures have been optimized both using genuine CC2, as well as SCS-CC2. Simi-

lar resulting structures have been found with both methods, with the exception, that at

SCS-CC2 level no stable structure 1b in the S1 state has been found.

The stabilization energies, including zero-point energy (ZPE) corrections and consider-

ing the BSSE are given in Table 7.4. Both NH· · ·O-hydrogen bound structures are by

about 7 and 6 kJ/mole more stable than the CN· · ·H-hydrogen bound structures. The

stabilization energies of 1a and 1b are too close to make a de�nite statement, which of

the two cluster structures is the more stable one. Both cluster structures show a slightly

larger stabilization in the excited state and slight red shifts of their adiabatic excitation
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LUMO+2

LUMO +1
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Figure 7.3.: Molecular orbitals of 3-cyanoindole with the coe�cients of the ππ∗ (Lb)
(blue), ππ∗ (La) (black) and πσ∗ (red) excitations according to SCS-CC2/cc-pVTZ
calculations.

101



7. Publication on 3-Cyanoindole and its Water Complex

energies relative to that of the monomer. The origin of conformer 1a is red-shifted by 16

cm−1, 1b shows a red-shift of 21 cm−1. The experimental value is 51 cm−1, cf. section

7.5.1.

The orientation of the transition dipole moment (Figure 7.1), as well as the main con-

tributions to the excitation to the lowest excited singlet state of 0.81(LUMO ← HOMO-

1)+0.41(LUMO+1 ← HOMO)-0.27(LUMO+2 ← HOMO), cf. Figure A.10 of the online

supporting material are indicative for a transition to the 1Lb state also for the 1:1 water

cluster.

7.4.2. Experimental results

3-cyanoindole

Figure 7.4 shows the rotationally resolved electronic spectrum of the origin of 3-cyanoindole

at 35299.36 cm−1 (0 on the scale of the �gure) along with the best �t at zero �eld (trace

b) and at a �eld strength of 851.11 V/cm trace c)). The electric �eld in the chosen set-up

is parallel to the polarization of the plane of the exciting light, thus ∆M = 0 selection

rules for the Stark spectrum hold. The spectrum was �t using a CMA-ES; the molecular

parameters from the �t are summarized in Table 7.1 and are compared to the results of

the SCS-CC2/cc-pVTZ calculations.

The origin band is an ab-hybrid with predominant a-type character. The exact analysis

yields an angle of ±15.3 ◦. The indeterminacy of the TDM orientation can be resolved by

comparison to the ab initio computed value of +4 ◦. Thus, the orientation, as shown in

Figure 7.1 seems to be the experimentally observed one. A more reliable determination

can be performed on the basis of the TDM angle in the deuterated isotopologue of 3-

cyanoindole, and on the relative orientation of transition moment and axis reorientation

angle, which will be presented in section 7.5.1.

A Lorentzian linewidth of 16.31 MHz corresponds to an excited state lifetime of 9.8 ns.

N-deuterated 3-cyanoindole

The knowledge of the position of the pyrrolic amino hydrogen in the inertial frame of

3-cyanoindole is crucial for the determination of the hydrogen bond length in the 3-

cyanoindole-water cluster. Therefore, we measured the spectrum of the N-D isotopologue,

which allows for the determination of the hydrogen coordinates through application of

Kraitchman's equations. Figure 7.5 shows the rotationally resolved electronic spectrum

of the origin of 3-cyanoindole-(d1) at 35306.58 cm−1 (0 on the scale of the �gure). The
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Table 7.3.: SCS-CC2/cc-pVTZ computed and experimental molecular parameters of
di�erent 1:1 3-cyanoindole-water complexes. For details see text.

SCS CC2/cc-pVTZ experiment
1a 1b 2 3 σ = 1 σ = 0 ∆σ

A′′ / MHz 1083 1093 1292 2015 1104.10 1100.04 -4.06
B′′ / MHz 745 743 739 559 728.29 728.01 -0.28
C ′′ / MHz 442 443 471 439 439.07 438.99 -0.08
∆I ′′ / amuÅ2 -2.33 -2.33 -1.92 -2.06 -0.6380 -2.3774
A′ / MHz 1091 1092 1279 1979 1099.63 1096.97 -2.66
B′ / MHz 734 734 731 554 724.63 724.33 -0.30
C ′ / MHz 440 440 466 434 437.28 437.20 0.00
∆I ′ / amuÅ2 -2.56 -3.25 -1.90 -2.46 -1.2938 -2.0979
∆A / MHz 8.10 -2.33 -12.85 -36.19 -4.47 -3.07
∆B / MHz -10.95 -8.79 -7.70 -5.44 -3.65 -3.68
∆C / MHz -2.56 -3.25 -4.84 -4.92 -1.79 -1.79
∆νLor./MHz - - - - 43.51 43.51
τ / ns - - - - 3.66 3.66
θ / ◦ -39 -39 -26 +13 ±48.26 ±48.26
ν0 / cm−1 36029 36024 35980 36140 35262.2 35261.9
∆ν0 /MHz - - - - -8977.46

Table 7.4.: Summary of stabilization energies (including ZPE and BSSE corrections)
and adiabatic excitation (including ZPE) and vertical excitation and emission energies
of four most stable isomers of the 3-cyanoindole-water cluster at SCS CC2/cc-pVTZ
level of theory.

1a 1b 2 3
∆Estab.(S0) /kJ mol−1 -28.46 -28.35 -20.41 -21.86
∆Estab.(S0) /cm−1 -2378.7 -2370.2 -1706.4 -2122.01
∆Estab.(S1) /kJ mol−1 -28.64 -28.61 -21.18 -20.71
∆Estab.(S1) /cm−1 -2379.9 -2391.3 -1770.7 -1731.2
∆Eadiabatic /cm−1 36029 36024 35980 36140
∆Evertical @ opt. S0 38832 38870 38884 38940
∆Evertical @ opt. S1 35843 35842 35735 36009
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Figure 7.4.: Rotationally resolved electronic spectrum of the electronic origin of 3-
cyanoindole at zero �eld and at 851.11 V/cm ∆M=0 selection rules, along with a
simulation with the best CMA-ES �t parameters.
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spectrum is composed mainly of a-type bands similar to the undeuterated species. The

results of the CMA-ES �t of the spectrum are summarized in Table 7.1, where they are

compared to the results of the SCS-CC2/cc-pVTZ calculations. The excited state lifetime

of 14.8 ns is considerably longer than that of undeuterated 3-cyanoindole.

relative frequency [MHz]

-20000 -10000 0 10000

-9000 -8000 -7000 -6000 -5000 -4000 -3000

N-deuterated 3-Cyanoindole                                                                                                   Experiment 
a)             

Simulation

Experiment  

Simulation

b)             

c)             

d)            

Figure 7.5.: Rotationally resolved electronic spectrum of the electronic origin of N-
deuterated 3-cyanoindole, along with a simulation with the best CMA-ES �t parame-
ters.

3-cyanoindole-water

Figure A.3 presents the rotationally resolved electronic spectrum of the origin of the binary

3-cyanoindole-water cluster at 35262.2 cm−1. This origin band is redshifted by 51 cm−1

relative to the origin of 3-cyanoindole at 35299.36 cm−1. The spectrum is split into two

subbands due to the large amplitude internal motion of the water moiety. The molecular
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symmetry group which takes this motion into account is G4, isomorphic with the point

group C2v. The lowest torsional state (with σ = 0) is of A1 symmetry, the energetically

following (with σ = 1) of B2 symmetry. Both subbands are �t using rigid asymmetric

rotor selection rules, with the di�erence of the vibronic origins as additional parameter.

Trace a) of Figure A.3 shows the experimental spectrum, trace b) the simulation using

the best �t parameters from Table 7.3. The following traces c) and d) give the individual

simulations for the two torsional subbands, due to the internal rotation of the water moiety.

The resulting molecular parameters are given in Table 7.3. The spectrum is an ab-hybrid

band with 56 % b-type and 44 % a-type character, and is split into two subbands by the

internal rotation of the water moiety. The splitting between the origins of the two sub-

bands amounts to 8977 MHz. The Lorentzian linewidth was determined to be 43 MHz,

leading to an excited state lifetime of 3.6 ns.

Excited state lifetimes

Since the question of excited state lifetimes is crucial for the discussion of the photophysical

properties of 3-cyanoindole we performed lifetime measurements of 3-cyanoindole and of

5-cyanoindole and indole in di�erent solvents using time correlated single photon counting.

Figure 7.7 presents the decay curves for indole, 3-cyanoindole, and 5-cyanoindole in ethyl

acetate. The excited state lifetimes of isolated indole, 5-cyanoindole, 3-cyanoindole, and

3-cyanoindole(d1) in ethyl acetate (EA) and of 3-cyanoindole(d1) in D2O are summarized

in Table 7.5.

7.5. Discussion

7.5.1. 3-Cyanoindole

Geometric and electronic structure of the excited state

The small negative inertial defects of 3-cyanoindole in the electronic ground state (-0.02

amu Å2) and in the lowest electronically excited state (-0.08 amu Å2) show its planarity in

both electronic states. In contrast to indole and 5-cyanoindole, the inertial defect decreases

slightly upon excitation to the S1 state.

The angle of the TDM with the inertial a-axis was determined experimentally to be

±15.3◦. In the following we will show two independent determinations of the sign of the

TDM angle, which do rely on the comparison to the calculated TDM orientation.
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Figure 7.6.: Rotationally resolved spectrum of the electronic origin of the 3-
cyanoindole-water cluster, along with a simulation using the best CMA-ES �t pa-
rameters.
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(EA) with monoexponential �ts and weighted residuals (w. res.). The instrument
response function (IRF) at the respective excitation wavelength is shown in light gray.
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The geometry change upon electronic excitation causes a reorientation of the inertial

axes of a molecule if its symmetry is su�ciently low. [157] The molecule �xed coordinate

system, which rotates with the molecule, and the space �xed coordinate system can be

interconverted by the Euler rotation matrix. In case of di�erent geometries of the two

states, which are connected by the spectroscopic transition, two moving axis systems, and

consequently two sets of Eulerian angles θ, φ, and χ are needed, one for each state. In this

way, the rotational selection rules, which are valid only for unchanged geometries, have to

be modi�ed. Hougen and Watson's approach to this problem is the diagonalization of the

rotational Hamiltonian for each state separately, and a rotation of the eigenvectors through

a rotation matrix containing the axis reorientation angles θT , φT , and χT . Pratt and

coworkers introduced a di�erent procedure. [158] In spite of rotating the wave functions,

they express the Hamiltonian of the excited state in the coordinates of the ground state.

Thus, the rotation of the eigenvectors is replaced by a rotation of the Hamiltonian about

the axis reorientation angles θT , φT , and χT . This approach has the big advantage that

the similarity transformation has to be applied only once, while in the Hougen-Watson

approach, each J block has to be rotated by means of a (2J+1)×(2J+1) rotation matrix.

When rotated, the excited state Hamiltonian has no longer the four group symmetry of

the ground state. Thus, the e�ect of axis reorientation is a change of the intensities of

several rovibronic lines. The line positions however are not altered, since the rotated

and unrotated eigenfunctions are related though a similarity transformation. Thus, the

eigenvalues of the rotated and unrotated Hamiltonian are the same. [158]

Pratt and coworkers have shown, how the relative orientation of the transition dipole

moment θ and the axis reorientation θT can be used to remove the indeterminacy of the

sign of θ. The combination of +θ/ + θT and −θ/ − θT have the same intensity pattern,

which in turn is di�erent for the +θ/− θT and −θ/+ θT combinations. From a �t of the

rovibronic intensities to the signed value of the axis reorientation angle, it can be deduced

if TDM and axis reorientation have the same or opposite signs.

From the SCS-CC2 optimized structures, the axis reorientation angle of the inertial

axis system upon electronic excitation θT can be determined using the relation for planar

molecules given by Hougen and Watson [157]:

tan(θT ) =

∑
i mi(a

′
ib

′′
i − b′ia

′′
i )∑

imi(a′ia
′′
i + b′ib

′′
i )

(7.1)

Here, the doubly primed coordinates refer to the principal axis system in the electronic

ground state and the singly primed quantities to the respective excited state inertial system
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and the mi are the atomic masses. Using the SCS-CC2 optimized structures for the 1Lb

state, we obtain an axis reorientation angle θT of -0.45◦ for the 1Lb state. Since the

optimization of the 1La state ran into a conical intersection at SCS-CC2 level of theory

(vide supra), the TD-DFT optimized geometry was used and an angle of 0.99◦ was obtained

for the 1La state. The calculated value for the 1Lb state is in good agreement with the

value from the �t of the spectrum using the axis reorientation Hamiltonian of 0.52◦.

Since axis reorientation has no e�ect on the eigenvalues, i.e. the energies of the rovi-

brational levels, the only quantity to be �t is the axis reorientation angle θT , leaving all

other parameters at their before determined values. However, only few lines are consider-

ably a�ected by axis reorientation. Improvement of the cost function in the course of the

optimization might therefore be concealed by the majority of lines whose intensities do

change. In order to circumvent this problem, we included only sections of the spectrum in

the �t, which show, guided by a preliminary simulation, strong intensity variations. Two

kind of solutions were obtained. The combination of θ positive and θT negative, as well as

θ negative and θT positive had a better cost function than the combination of both angles

positive or both angles negative. Therefore, we know, θT and θ must have di�erent signs.

Using the fact that θT is negative from the above considerations, θ must be positive.

To facilitate the comparison to other indoles, we transform the angle of the TDM to

refer to the pseudo C2-axis of indole. The results are shown in Table 7.5. Clearly, the

orientation of the TDM is the same as in indole, and the lowest excited singlet state of

3-cyanoindole can be assigned to an 1Lb like state, in contrast to 5-cyanoindole in which

the opposite sign of the TDM points to an 1La state.

Table 7.5.: Angles θ of the orientation of the transition dipole moment and excited
state lifetimes (molecular beam and solution) of 3-cyanoindole (3-CI), 5-cyanoindole
(5-CI) and the 3-cyanoindole-water cluster. In contrast to the θ values shown in Table
7.1, those given here are given with respect to the pseudo C2-axis of indole.
a Excitation of 3-cyanoindole and 3-cyanoindole(d1) in ethyl acetate (EA) at 283 nm.
b 3-CI(d1) has been measured in D2O with excitation at 283 nm.
c Excitation of indole in EA at 284 nm.
d Excitation of 5-cyanoindole in EA at 295 nm.

Indole 3-CI 3-CI(d1) 5-CI 3-CI-H2O
θ /◦ +38 [128] +35 +36 -12[138] +51
τ /ns 17.6 [128] 9.8 14.8 12[138] 3.9
τ(EA)solv./ns 3.1c 2.6a 2.7a 3.6d -
τ(H2O)solv./ns 4.5[135] <0.05[135] <0.02b 0.3[135] -

The fact that no stable minimum at SCS-CC2 level could be located for the 1La state,
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might arise from two di�erent reasons. (i) The 1La minimum might be so far outside

the Franck-Condon region, that our searches just missed the minimum structure and

followed instead the falling 1La potential right into the conical intersection (CI) with the
1Lb. Although we tried a plethora of starting geometries, which were constructed from

the known 1La geometries of indole and 5-cyanoindole, we cannot completely exclude this

reason. (ii) A much more probable explanation for this �nding is a very shallow 1La

minimum in the coordinate, which connects the 1La and the 1Lb through the CI. Such a

case was found for tryptamine.[159] Slightest deviations from the correct 1La geometry at

the chosen level of theory will then cause the optimization to run into the CI.

Excited state lifetimes

The S1 state lifetime of the isolated 3-cyanoindole was determined to be 9.8 ns, which is

shorter than the respective lifetimes of indole (17 ns) [128] and 5-cyanoindole (12 ns). [138]

In di�erent solvents a similar trend for the lifetimes indole and of the cyanoindoles was

found. Independent of the solvent, the �uorescence lifetime of 3-cyanoindole was always

shorter than that of 5-cyanoindole and of indole. [135] For the isolated 1:1 water complex

the shortest lifetime of 3.6 ns has been measured, cf. Table 7.5. Interestingly, also the

lifetime of 3-cyanoindole in water solution is the shortest (<0.05 ns[135]), followed by

the aqueous solution of 5-cyanoindole (0.3 ns[135]) and indole (4.5 ns[135]). The lifetime

of deuterated 3-cyanoindole in the gas phase is longer than that of the undeuterated

isotopologue (14.8 vs. 9.8 ns). A similar trend has been found for phenol (13.3 ns vs. 2.4

ns). Sobolewski and Domcke have shown, that along with the lowest two excited singlet
1La and 1Lb states, which are of ππ∗ character, a third state of πσ∗ character plays a crucial

role in the photophysics of these chromophores. [133, 154�156] This πσ∗ state is repulsive

along the OH coordinate for phenol and along the NH coordinate for indole and forms

conical intersections with the directly excited state and subsequently with the electronic

ground state. For excitations above the threshold, a rapid decay channel is open, which

connects the primarily excited ππ∗ state through a conical intersection (CI) with the πσ∗

state, and subsequently through a second CI, with the ground state. The ππ∗ − πσ∗

CI induces a barrier on the S1 potential energy surfaces, through which a wave packet,

prepared at the zero-point level of the primarily excited state can tunnel. This causes

the S1 state lifetime of phenol to be as short as 2.4 ns, while the lifetime of deuterated

phenol is considerably longer (13.3 ns) due to the lower zero-point energy. The same

behavior is found for 3-cyanoindole and its ND-deuterated isotopologue (Figure 7.8a).

The isotope e�ect on the excited state lifetime of indole is negligible (17.6 ns vs. 17.2 ns
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for the deuterated isotopologue[160]), a consequence of the larger barrier formed by the

ππ∗ − πσ∗ CI in indole. We therefore claim a lower barrier, formed on the S1 potential

energy surface, to be responsible for the shorter lifetime of 3-cyanoindol compared to indole

and 5-cyanoindole. The calculation of the vertically excited ππ∗ and πσ∗ states in section

7.4.1 strongly support this suggestion.

Figure 7.8.: Schematic potential energy pro�les along the NH stretch coordinate.
a) Conical intersection between ππ∗ and πσ∗ above the zero-point energy level of the ex-
cited state. The dashed line represents the zero-point energy level of the N-deuterated
isotopologue. The wave packet prepared at zero-point level (in red for the NH isotopo-
logue, in blue for the ND isotopologue) tunnels through the barrier, formed by the
ππ∗ − πσ∗ conical intersection
b) Same situation as in a) but the minimum of the second ππ∗ is shifted and forms a
new CI with the lower ππ∗ state.
c) The πσ∗ state is further stabilized with respect to the ππ∗ state. The zero point
energy level is above the conical intersection.

For the water clusters in the gas phase, only lifetimes for indole-H2O and 3-cyanoindole-

H2O (3.6 ns) are known experimentally. Indole-H2O however, is hard to compare, because

two very di�erent values are reported. Korter et al. determined a value of 5 ns from the
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Lorentz component to the full linewidth in a rotationally resolved electronic spectrum of

the origin band. [141] Arnold and Sulkes found a value of 21 ns using time-correlated single

photon counting after excitation of the electronic origin. [161] What is then the reason

for the short lifetime in the 1:1 cluster and the ultrashort lifetime in aqueous solution

of 3-cyanoindole? The answer to this problem is further complicated by the fact, that

depending on the relative stabilization of the di�erent excited states, conical intersections

not only between the ππ∗ and the πσ∗ states develop, but also between the lowest ππ∗

1La and 1Lb states[159] (cf. Figure 7.8b). Regarding the fact that the ππ∗− πσ∗ barrier of

3-cyanoindole is lower, than that of indole (vide supra), it seems plausible, that the πσ∗

potential is lowered even further through stabilization via the water dipole (Figure 7.8c).

The short lifetime would then originate from the increase of the nonradiative decay rate.

A conclusive answer, however can only be given, if the oscillator strengths to the fully

adiabatically optimized excited states along the dissociative NH coordinate are known.

These calculations are currently under way.

Dipole moments

The ground state dipole moment of 5.90 D decreases to 5.35 D in the excited singlet state.

The angle of the dipole moment with the inertial a-axis slightly decreases from 45 to 39 ◦

upon excitation. For bare indole, values of 1.963 D (S0) and 1.856 D (S1) with angles to

the a-axis of 45 and 33 ◦, respectively have been reported.[125] However, one has to keep

in mind, that the heavy cyano group rotates the inertial a-axis by 36 ◦ in the molecular

frame as shown in Figure 7.9.

For 5-cyanoindole we found a good additivity of the dipole moments of indole and of the

cyano fragment in the electronic ground state.[162] In this molecule, the indole dipole and

the dipole of the cyano fragment which is attached to the benzenoid ring, are nearly aligned.

For 3-cyanoindole, the individual dipoles form a large angle, and the cyano fragment is

attached to the pyrrolic ring. Figure 7.9b shows the experimental dipole moment vector of

3-cyanoindole (red, straight vector) and of indole (black, straight vector). Subtracting the

experimentally determined dipole moment vector of 3-cyanoindole from that of indole[125]

should lead to the dipole moment vector of the substituent (µ⃗CN = µ⃗3CN-indole− µ⃗indole). If

the dipole moment of indole and the cyano fragment is additive like in 5-cyanoindole, the

di�erence vector will point into the direction of the fragment dipole with the respective

length of the fragment dipole, cf. Figure 7.9b and c. The most appropriate dipole moments

to mimic the fragment dipole of the cyano group, attached to the pyrrole ring, are those

of methyl cyanide CH3CN, isopropyl cyanide (CH3)CHCN and benzonitrile C6H5CN. The
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Figure 7.9.: a) Inertial a-axis of indole (dashed line) and 3-cyanoindole (straight line).
The ground state dipole moment of 3-cyanoindole is shown as red vector with direction
from − to +, that of the excited state as blue vector.
b) Ground state dipole moments of 3-cyanoindole (red, straight), indole (black,
straight) and the di�erence vector (black, dotted).
c) Excited state dipole moments of 3-cyanoindole (blue, straight), indole (black,
straight) and the di�erence vector (black, dotted). In all cases the dipole vectors
are shifted from their position in the original molecule for sake of clarity.
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ground state dipole moment of methyl cyanide was determined by Steiner and Gordy to

be 3.913 D,[163] the dipole moment of isopropyl cyanide has been determined to 4.07 D by

Müller et al.[164] The most exact value of the benzonitrile dipole moment was reported by

Wohlfahrt et al. to be 4.5152 D.[143] Thus, a value of around 4 D for the cyano fragment,

colinear with the CN bond can be expected. Inspection of Figure 7.9b shows that the

fragment dipole indeed points in the same direction as the cyano fragment dipole. From

the vectorial di�erence of the ground state dipoles a fragment dipole moment of 5.5 D is

predicted, which is more than 1 D larger than expected from a simple additivity model.

Using the excited state dipole moments of indole and 3-cyanoindole, a value of 5.6 D

results in agreement with the fragment dipole determined from the ground state values.

Inspection of the direction of the fragment dipole in Figure 7.9c however shows that in the

excited state, even the direction of the dipole moment deviates from that of the fragment.

7.5.2. 3-Cyanoindole-water

Barrier to water torsion

The origin spectrum of the 3-cyanoindole-water cluster is split into two subbands, due to an

internal motion of the water moiety in the cluster. The basic theory for this motion of the

water moiety has been worked out in detail for phenol-water[77] and indole-water.[141]

Therefore, we keep the theoretical description short, all necessary equations and their

derivation can be found in Ref. [165] The motion of the water can be described as motion in

a periodic two-fold potential. The rotational levels split into two subtorsional components,

σ = 0 and σ = 1. This σ is chosen such that it represents the symmetry of the torsional

wavefunctions and therefore the torsional problem is diagonal in σ. The σ = 0 levels have

A symmetry and a spin statistical weight of 1, while the σ = 1 levels are of B symmetry

with a spin statistical weight of 3 in the G4 molecular symmetry group.[77] ∆σ = 0

selection rules hold for the transitions from the electronic ground to the excited state.

Since for the vibrational ground state (and for all even v states) the σ = 0 state is below

the σ = 1 state, the fact that the strong subtorsional band (σ = 1 ↔ σ = 1) is blue to

the weak band (σ = 0 ↔ σ = 0) immediately shows that the barrier in the electronically

excited state must be smaller than in the ground state. The energy di�erence of 8977.46

MHz between these subtorsional bands is given by di�erence in the subtorsional splittings

in the two electronic states Eσ=0 − Eσ=1.

Further information is contained in the di�erence of the rotational constants between

the σ = 0 and σ = 1 bands. Table 7.3 shows that in the electronic ground state mainly A
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changes, while B and C are nearly the same for the subtorsional levels. Thus, the torsional

axis is mostly parallel to the a inertial axis in the cluster. The di�erence of the rotational

constants between σ = 0 and σ = 1 bands (∆Bg =Bσ=0
g −Bσ=1

g ) contains the second order

perturbation terms, which can be used for an independent determination of the torsional

barrier. A Levenberg-Marquart �t of the subtorsional splitting and the di�erences of the

rotational constants yield barriers of 148 cm−1 for the S0 and of 125 cm−1 for the S1 state,

respectively for a torsional constant of 15.2 cm−1.

Structure of the water cluster

The inertial defects ∆I of both torsional sub-bands of the 3-cyanoindole-water cluster in

the ground and electronically excited state are small and negative (∆I ′′ = -0.6380 amu

Å2 of the of σ = 1 subband and -2.3774 amu Å2 of σ = 0) They are in the range of

what is expected for a structure in which all heavy atoms are in-plane. For indole-water

and phenol-water trans-linear hydrogen bond structures are found with inertial defects

of -1.412 amu Å2 (indole-water) and -2.086 amu Å2 (phenol-water). Thus, we conclude

that also 3-cyanoindole-water cluster forms a structure, in which only the hydrogen atoms

of the water moiety are located outside the plane of the chromophore in agreement with

the structures of the computed most stable complexes (a and b in Figure 7.1). Torsional

excitation of the water averages the position of the water hydrogen atoms with respect to

the plane. This explains, why the inertial defect of the σ = 1 component is smaller than

that of the σ = 0 component.

The position of the water molecule in the 3-cyanoindole-water cluster can be determined

from the rotational constants of the water cluster and the monomer, without further knowl-

edge of the monomer structure using a Kraitchman [166] analysis. The only assumption,

which is made therein, is that the structure of the monomer moiety does not change

upon cluster formation. While the original intention in using the Kraitchman equations

is the determination of the Cartesian coordinates of an isotopically substituted atom in

a molecule, it is also applicable in determining the center-of-mass (COM) distance of the

two constituents of binary clusters. This procedure has �rst been applied to noble gas

clusters of organic molecules,[167] which directly yields the position of the noble gas atom

in the inertial frame of the uncomplexed monomer. Later, it was extended to molecular

clusters of hydrogen donors with water, in which the distance of the water COM from the

COM of the organic molecule was determined. From the known structure of the water

moiety, and the position of the oxygen (phenol) or nitrogen (indole) in the inertial frame

of the monomer, also the heavy atom distance in hydrogen bonded clusters like N-H· · ·O
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or O-H· · ·O could be determined.

Using this method, we determined the distance between the COMs of the 3-cyanoindole

monomer and of the water moiety in the ground state to be 494.1 pm and in the elec-

tronically excited state to 492.1 pm. The Kraitchman analysis for the amino hydrogen

position in both the ground and excited states of 3-cyanoindole has been performed using

the rotational constants of 3-cyanoindole and of the N-deuterated 3-cyanoindole isotopo-

logue from Table 7.1. The r0 coordinates of the H-atom along with the r0 coordinates of

the water COM in the same reference frame are shown in Table 7.6.

Table 7.6.: Kraitchman r0 coordinates of the pyrrolic amino hydrogen atom and of
the water center of mass (COM) in pm.

State S0 S1
NH water NH water

a 7.4 155.3 7.6 157.2
b 285.3 469.1 283.9 466.3
R 285.4 494.1 284.0 492.1
NH· · ·O(exp.) 201.9 201.7
NH· · ·O(theo.) 192.6 192.3

From the so determined distance of the water COM from the amino hydrogen and the

known distance of the COM of the water moiety from the water oxygen atom, the NH· · ·O
distance can be determined to be 201.9 pm in the ground state and 201.7 in the excited

state. This is the lower limit under the assumption, that amino hydrogen, water COM

and oxygen atom are located on a straight line. If there is an angle α between the HOH

plane and the hydrogen bond, the resulting bond length would be smaller by a factor of

cos(α). For both conformers 1a and 1b this angle is smaller than 10 ◦, equivalent to a

reduction of less than 3 pm. The obvious di�erence between the experimental and the ab

initio value for the hydrogen bond length results from zero-point vibrational averaging of

the hydrogen bond along its very shallow stretching coordinate.

Electronic structure of the excited state

Table 7.5 shows that the orientation of the TDM vector of 3-cyanoindole-water, if trans-

formed into the principal axis system of indole, is the same as in indole and in the 3-

cyanoindole monomer, but opposite to that of 5-cyanoindole. The lowest excited state is

therefore an 1Lb like state as for the monomer. The reason for this deviant behavior can be

found in the fact, that for 3-cyanoindole the dipole moment in the 1La state is smaller than

in the 1Lb state. All other indoles have a larger 1La dipole moment and thus a stabilization
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of the 1La state with respect to the 1Lb state.

7.6. Conclusions

The dipole moment of 3-cyanoindole and its orientation in ground and lowest electronically

excited state could be determined to be very similar. The excited state lifetime of 3-

cyanoindole is considerably shorter than that of indole and 5-cyanoindole with the 1:1 water

cluster of 3-cyanoindole being especially short-lived. The electronic nature of the lowest

excited state is a locally excited (LE) state with strong 1Lb character. The adiabatically

higher lying 1La state has, in contrast to indole and 5-cyanoindole (and many other indole

derivatives), a smaller permanent dipole moment. Therefore, the 1Lb state is stabilized

stronger upon attachment of the polar water molecule than the 1La state. This causes the

1:1 water cluster to be also of 1Lb character. Although, we can con�rm the above statement

only for the binary water cluster, one might speculate that the exceptionally short lifetime

of 3-cyanoindole in water solution might be due to the fact, that the emitting state is

the 1Lb which is di�erent from the other cyanoindoles and indole in which 1La emission is

observed.[130]

The characterization of the emitting state could be performed using high resolution

(Stark) spectroscopy for the �rst time. Permanent dipole moments, transition dipoles,

�uorescence lifetimes and structures of the isolated molecule, as well as of the 1:1 water

cluster (with the exception of the permanent dipole moments) could be obtained for the

�rst time. These investigations show, that already the �rst solvating water molecule opens

the way to the unusually short life time of 3-cyanoindole in water solution. One might

ask, why we omitted the measurement of the Stark spectrum for the water cluster. Cer-

tainly, this would have added extremely important information about the function of the

water moiety in the photophysics of the monomer. Unfortunately, 3-cyanoindole behaves

di�erent than other cyanoindoles. Upon heating in the source chamber, 3-cyanoindole

sublimates into an extremely �ne powder, which clogs the ori�ce of the nozzle after a few

minutes even at strongly elevated temperatures of the nozzle. Since the time for opti-

mization of the cluster conditions was too short to get a better signal to noise ratio, we

were unable to record the Stark spectrum. The current investigations show, that already

the �rst solvating water molecule opens the way to the unusually short life time in water

solution.
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8 | Summary

Via high resolution laser induced �uorescence spectroscopy a lot of molecular parameters

were accessible to study several molecules. Namely, the three dimethoxybenzenes and

3-cyanoindole in this doctoral thesis. With the experimental results of this method, in

combination with ab initio calculations, structures were assigned, the nature of excited

states determined, �uorescence behavior compared and dipole moments investigated. The

chapters 5, 6 and 7 are dealing with these studies.

In Chapter 5, published under the heading Rotationally Resolved Electronic Spec-

troscopy of the Rotamers of 1,3-Dimethoxybenzene, the conformational landscape of 3-

dimethoxybenze was explored. For this, the origin bands of the three planar rotamers of

1,3-dimethoxybenzene were recorded rotationally resolved. The origin bands of theses ro-

tamers were received from publications via resonant two-photon ionization and two-color

resonant two-photon mass analyzed threshold ionization spectroscopy. Surprisingly, two

of the three bands had nearly the same rotational constants in the ground state, but not

in the �rst excited state. It was shown that one of these two bands is a vibrational band

of one rotamer. Consequently, the origins of the (0,0) and of the (180,0) were found and

assigned, while the origin of the (0,180) rotamer was assigned to a vibrational band of the

(0,0) rotamer. The results of quantum chemical calculations have shown a non-planar ge-

ometry of this roatmer in the S1 state, which results in a small Franck-Condon factor. The

non-observation of the (180,0) rotamer, in which the two groups are pointing at each other,

occurs also for similar molecules as 1,3-dihydroxybenzene and 1,3-methophenol in molecu-

lar beam experiments.[1, 2] The investigations via rotationally resolved spectroscopy have

shown that this method is an important tool for a �nal structural assignment of rotamers.

Chapter 6 focuses on the excited state dipole moments and on transition dipole moments

of the rotamers of 1,2-, 1,3- and 1,4-dimethoxybenzene. The results were released in

the Journal ChemPhysChem with the title Excited-State Dipole Moments and Transition

Dipole Orientations of Rotamers of 1,2-, 1,3, and 1,4-Dimethoxybenzene. In this study

additionally Stark-experiments, by application of an electric �eld were performed. These

121



8. Summary

experiments open the possibility to determine the permanent dipole moments of the elec-

tronic ground and �rst excited state. The analysis showed that the permanent dipole

moments in the electronic ground state can be derived by vectorial addition from the

dipole moment of the monomethoxybenzene. In the lowest electronically excited state

this worked only for asymmetric rotamers, but not for symmetrical. Reasons why this

approach has failed are given by investigation of their electronic nature in this state and

traced back on state-mixing in asymmetric rotamers.

Finally, investigations on 3-cyanoindole and its water cluster were performed and published

under Rotationally resolved electronic spectroscopy of 3-cyanoindole and the 3-cyanoindole-

water complex in the journal PCCP. Since the water moiety has several possible positions

to attach to the chromophore, structural investigations showed that the trans-linearly NH-

O hydrogen bond was observed. Its bond length was determined to 201 pm. Research on

the electronic nature of the monomer and the water cluster showed 1Lb character of the �rst

excited state for both systems. Further, the in�uence of solvents to �uorescence lifetime of

3-cyanoindole was revealed. The �uorescence lifetime from 3-cyanoindole decreases from

9.8 ns to 3.9 ns for its water cluster. In aqueous phase the lifetime was with 0.05 ns the

shortest. The same trend was observed for indole and 5-cyanoindole. The N-deuterated

3-cyanoindole showed the longest �uorescence lifetime. This �uorescence behavior can be

explained by the role of a πσ∗ state forming a conical intersection from the excited state

to the electronic ground state.

The studies on the above mentioned molecules via high resolution laser induced �uores-

cence spectroscopy showed that this technique, in combination with ab initio calculations,

is a powerful tool for investigations of molecular properties. Structural assignments were

made, the electronic nature of excited states were determined and �uorescence behavior

explained.
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A | Online Supporting Material

A.1. Rotationally Resolved Electronic Spectroscopy of

the Rotamers of 1,3-Dimethoxybenzene

Figure A.1.: Graphical Abstract: Only two of three di�erent rotamers of 1,3-
dimethoxybenzene can be observed in molecular beam experiments. The missing ro-
tamer adopts a non-planar ring structure upon electronic excitation and is absent due
to small Franck-Condon factors. The di�erent behavior of the three rotamers is a
consequence of di�erent electron densities in the aromatic ring, which partly lift the
aromaticity.
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A. Online Supporting Material

Electronic Supporting Material

The online supporting material contains the one �gure with the rotationally resolved elec-

tronic spectrum of the C-band of 1,3-dimethoxybenzene (Figure A.2), modi�ed versions

of Figures 5 and 6 of the main paper with added residues of the �t, and tables with the

Cartesian coordinates of the CC2/cc-pVTZ optimized structures of the (180, 180), (0,

180), and (180, 0) rotamers in their S0 and S1 states, respectively (Tables A.1 to A.6).

Furthermore, the dihedral angles of the three rotamers are compared in Table A.7.

Figure A.2.: Rotationally resolved spectrum of the electronic origin of the C band of
1,3-dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters,
given in Table 2 of the main publication.
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A.1. Supplementary to Chapter 5

Figure A.3.: Modi�ed version of Figure 5 of the main paper, along with the residues
of the �t. Rotationally resolved spectrum of the electronic origin of the A band of 1,3-
dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters,
given in Table 2 of the main publication.
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A. Online Supporting Material

Figure A.4.: Modi�ed version of Figure 6 of the main paper, along with the residues
of the �t. Rotationally resolved spectrum of the electronic origin of the B band of 1,3-
dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters,
given in Table 2 of the main publication.
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A.1. Supplementary to Chapter 5

Table A.1.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of the (180,
180) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.20820052 -0.00196223 -1.11432118
c 0.01128903 0.00059650 0.36998304
c 0.15869541 0.00139076 3.00129312
c 2.55392723 -0.00053052 4.13041856
c 4.74699941 -0.00305763 2.70082224
c 4.56482537 -0.00383312 0.05525691
o -2.19340290 0.00220815 -0.97459382
c -4.45317050 0.00459887 0.47803233
o 6.80769360 -0.00631611 -1.21756510
h 1.98347890 -0.00218489 -3.14130539
h -1.51256164 0.00344158 4.16788246
h 2.68831484 -0.00005498 6.17087590
c 6.64133331 -0.00695732 -3.89897704
h 6.59715833 -0.00437499 3.56501998
h -5.99055028 0.00540001 -0.87913151
h -4.57743571 -1.67812605 1.66467168
h -4.57465527 1.68835507 1.663494277
h 8.57567008 -0.00873511 -4.579508013
h 5.66357999 -1.68947649 -4.58359368
h 5.66631622 1.67676605 -4.58454606
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A. Online Supporting Material

Table A.2.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of the (180,
0) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.64031916 0.00089978 -1.12085448
c 0.36690703 0.00187427 0.21041212
c 0.37439989 0.00244476 2.84492847
c 2.66346284 0.00208508 4.17677518
c 4.91527321 0.00108816 2.80923839
c 4.95001041 0.00050171 0.17492832
o -1.95545274 0.00341887 3.95567917
c -1.98134028 0.00388183 6.64164168
o 2.41422554 0.00024840 -3.69202582
h -1.40678759 0.00219042 -0.80289667
h 2.71698084 0.00265829 6.21432397
h 6.69104537 0.00082995 3.82390507
h 6.73248236 -0.00027412 -0.81363773
h -3.96000823 0.00454144 7.18044126
h -1.06003974 -1.67970828 7.39785754
h -1.05907338 1.68719461 7.39729645
c 4.71498608 -0.00073046 -5.07821517
h 4.17439276 -0.00113500 -7.05639993
h 5.83472360 1.68254174 -4.66845409
h 5.83385514 -1.68435552 -4.66753230
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A.1. Supplementary to Chapter 5

Table A.3.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of the (0,
180) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.19021604 -0.00001405 -1.19930000
c -0.05921458 -0.00034247 0.19786066
c 0.07374323 -0.00011837 2.84258796
c 2.40604415 0.00000421 4.07672490
c 4.61179385 0.00001592 2.64387875
c 4.53311243 0.00000436 0.01474538
o -2.00686823 0.00028887 4.37287822
c -4.39367424 0.00011179 3.14586764
o 2.26285887 0.00012765 -3.78107630
h 2.44501046 0.00019994 6.11826130
h 6.42306034 0.00000046 3.59237749
h 6.23325589 -0.00014366 -1.11612212
h -1.86192050 -0.00104862 -0.74608010
c -0.10525292 0.00021882 -5.04379786
h -5.79290039 0.00034028 4.64514778
h -4.63562879 1.68439509 1.97820545
h -4.63559982 -1.68452649 1.97870332
h 0.33002230 0.00048761 -7.04787759
h -1.20250338 -1.68432700 -4.57793826
h -1.20258812 1.68459211 -4.57751006
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A. Online Supporting Material

Table A.4.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of the (180,
180) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.17208582 -0.00235493 -1.25040988
c -0.00216500 0.00037515 0.33592625
c 0.15176911 0.00130885 3.02902142
c 2.55279608 -0.00061952 4.26229640
c 4.76343575 -0.00312148 2.69336637
c 4.55531760 -0.00394462 0.02614732
o -2.23112087 0.00205487 -0.94019774
c -4.50212129 0.00484336 0.51477679
o 6.80872991 -0.00620654 -1.21596842
h 1.94172559 -0.00350330 -3.27078087
h -1.55399135 0.00352468 4.14746771
h 2.69271171 0.00004278 6.29424791
c 6.70297172 -0.00675969 -3.91283189
h 6.64269937 -0.00435881 3.49522693
h -6.02995857 0.00579617 -0.85198499
h -4.61847944 -1.68087101 1.69390661
h -4.61518019 1.69171589 1.69257094
h 8.65430158 -0.00830255 -4.54169037
h 5.73889609 -1.69110101 -4.60305598
h 5.74128232 1.67862926 -4.60382582
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Table A.5.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of the (180,
0) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.62838065 0.00093485 -1.13907145
c 0.26919017 0.00197621 0.15479900
c 0.35293341 0.00250077 2.84420287
c 2.67712071 0.00208551 4.20773738
c 5.03185532 0.00116064 2.87548764
c 4.98343294 0.00053646 0.17043459
o -1.95032777 0.00340072 3.98189840
c -2.00041808 0.00386621 6.67741242
o 2.43852395 0.00032560 -3.70097291
h -1.49943777 0.00226413 -0.85549183
h 2.67956700 0.00246482 6.24706412
h 6.80130586 0.00094738 3.88629606
h 6.74136352 -0.00022937 -0.86327053
h -3.98497232 0.00454490 7.19125821
h -1.08367947 -1.68240699 7.42747010
h -1.08267303 1.68984135 7.42690849
c 4.73501625 -0.00079272 -5.11321221
h 4.16966543 -0.00122503 -7.08371286
h 5.84726202 1.68512547 -4.70442893
h 5.84625350 -1.68712500 -4.70339713
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Table A.6.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of the (0,
180) rotamer 1,3-dimethoxybenzene (in bohr).

c 2.41674795 0.10180528 -1.14182430
c -0.24927471 -0.02400580 -1.59447058
c -1.71401179 -0.09387413 0.68106410
c -0.65341084 -0.11917591 3.14035866
c 2.01660166 -0.23576342 3.51736697
c 3.52062125 0.07838551 1.29837347
o -4.28730389 -0.03260409 0.66278141
c -5.48185557 0.10690265 -1.75655131
o 4.12469718 0.36606914 -3.04943372
h -1.95473150 0.00672643 4.71324175
h 2.83805131 -0.22318557 5.38019356
h 5.54346598 0.36146470 1.40430108
h -0.99706295 -0.71849157 -3.36363207
c 3.13105682 0.51586745 -5.55739271
h -7.47305481 0.40904434 -1.37239600
h -4.71340333 1.67185923 -2.85186166
h -5.23515424 -1.65731934 -2.79187411
h 4.72617794 0.98823308 -6.75580938
h 2.34175506 -1.29724041 -6.13607869
h 1.68404825 1.97591978 -5.67451458

Table A.7.: Dihedral angles of the di�erent rotamers of 1,3-dimethoxybenzene ac-
cording to the optimized CC2/cc-pVTZ structures. The atomic labeling is given in the
full text article. All angles are given in degree.

(180, 180) / (0, 0) (180, 0) (0, 180)
S0 S1 S0 S1 S0 S1

C1C2C3C4 0.0 0.0 0.0 0.0 0.0 1.9
C2C3C4C5 0.0 0.0 0.0 0.0 0.0 4.0
C3C4C5C6 0.0 0.0 0.0 0.0 0.0 -9.5
C4C5C6C7 0.0 0.0 0.0 0.0 0.0 9.5
C5C6C1C2 0.0 0.0 0.0 0.0 0.0 -4.0
C6C1C2C3 0.0 0.0 0.0 0.0 0.0 -1.9
H2C2C3C4 180.0 180.0 180.0 180.0 180.0 155.9
H4C4C5C6 180.0 180.0 180.0 180.0 180.0 168.8
H5C5C6C1 180.0 180.0 180.0 180.0 180.0 178.9
H6C6C1C2 180.0 180.0 180.0 180.0 180.0 174.4
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A.2. Excited state dipole moments and transition

dipole orientations of di�erent rotamers of 1,2-,

1,3, and 1,4-dimethoxybenzene

-20000 -10000 0 10000

-3500 -3000 -2500 -2000 -1500 -1000 -500 0

400.24 V/cm,  ∆ M = 0

0 V/cm 

Experiment                                                                              1,3 Dimethoxybenzene, 0V/cm, B band 
Simulation 

relative frequency [MHz]

Figure A.5.: Rotationally resolved electronic spectrum of the electronic origin of the
B band of 1,3-DMB at zero �eld and at 400.24V/cm−1 with 80% transitions of ∆M=0,
along with a simulation with the best CMA-ES �t parameters.
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Experiment

Experiment

Simulation

Simulation

1,4-Dimethoxybenzene,  B band

-40000 -20000 0 20000 40000 60000

16000 18000 20000 22000 24000 26000 28000

relative frequency [MHz]

Figure A.6.: Rotationally resolved spectrum of the electronic origin of the B band of
1,4-dimethoxybenzene, along with a simulation using the best CMA-ES �t parameters.
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HOMO

HOMO-1

LUMO

LUMO+1

(180, 0) / (0, 180)

0.89 -0.40

Figure A.7.: Molecular orbitals of 1,2-dimethoxybenzene
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HOMO

HOMO-1

LUMO

LUMO+1

(180, 0) (0, 180) (180, 180) / (0, 0)

0.86 -0.48 0.91 -0.36 0.86 0.45 -0.12

Figure A.8.: Molecular orbitals of 1,3-dimethoxybenzene
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HOMO

HOMO-1

LUMO

LUMO+3

(180, 0) / (0, 180) (180, 180) / (0, 0)

0.93 0.32 0.92 -0.31 -0.10

HOMO-5

Figure A.9.: Molecular orbitals of 1,4-dimethoxybenzene
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A.3. Rotationally Resolved Electronic Spectroscopy of

3-Cyanoindole and the 3-Cyanoindole-water

complex

The supporting online material contains:

� A �gure with the molecular orbitals of the 3-cyanoindole-water cluster.

� A table with the CC2/cc-pVTZ computed and experimental molecular parameters of

di�erent 1:1 3-cyanoindole-water complexes.

� A table with the CC2/cc-pVTZ computed stabilization energies of the di�erent 1:1

3-cyanoindole-water complexes.

� Tables with the Cartesian coordinates of the CC2/cc-pVTZ and SCS-CC2/cc-pVTZ

optimized structures of 3-cyanoindole (Table A.10 - A.13) and the 3-cyanoindole water

complexes (Table A.14-A.29) 1a, 1b, 2, 3 in their S0 and S1 states, respectively.

Table A.8.: CC2/cc-pVTZ computed and experimental molecular parameters of dif-
ferent 1:1 3-cyanoindole-water complexes. For details see text.

CC2/cc-pVTZ experiment
1a 1b 2 3 σ = 1 σ = 0 ∆σ

A′′ / MHz 1100 1113 1305 2025 1104.10 1100.04 -4.06
B′′ / MHz 750 747 750 567 728.29 728.01 -0.28
C ′′ / MHz 447 448 477 444 439.07 438.99 -0.08
∆I ′′ / uÅ2 -2.34 -2.34 -1.91 -2.12 -0.6380 -2.3774
A′ / MHz 1121 1119 1279 2009 1099.63 1096.97 -2.66
B′ / MHz 739 740 731 560 724.63 724.33 -0.30
C ′ / MHz 446 447 466 439 437.28 437.20 0.00
∆I ′ / uÅ2 -2.33 -3.31 -1.88 -3.75 -1.2938 -2.0979
∆A / MHz 21.01 6.01 -26.06 -16.33 -4.47 -3.07
∆B / MHz -10.97 -6.57 -28.29 -6.91 -3.65 -3.68
∆C / MHz -0.55 -1.03 -10.91 -4.40 -1.79 -1.79
∆νLor./MHz - - - - 43.51 43.51
τ / ns - - - - 3.66 3.66
θ / ◦ -20 -16 -25 +34 ±48.26 ±48.26
ν0 / cm−1 36335 36280 36093 36501 35262.2 35261.9
∆ν0 /MHz - - - - -8977.46
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LUMO+2

LUMO +1

LUMO

HOMO

HOMO-1

0.81

0.41

-0.27

Figure A.10.: Molecular orbitals of 3-cyanoindole water cluster (1a) with the coe�-
cients of the respective excitations according to SCS-CC2/cc-pVTZ calculations. Only
π-orbitals were considered.
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Table A.9.: Summary of stabilization energies (including ZPE and BSSE corrections)
and adiabatic excitation (including ZPE) and vertical excitation and emission energies
of four most stable isomers of the 3-cyanoindole-water cluster at CC2/cc-pVTZ level
of theory.

1a 1b 2 3
∆Estab.(S0) /kJ mol−1 -32.08 -32.06 -24.20 -25.38
∆Estab.(S0) /cm−1 -2681.70 -2679.89 -2023.1 -2122.01
∆Estab.(S1) /kJ mol−1 -29.94 -30.57 -24.96 -21.26
∆Estab.(S1) /cm−1 -2502.6 -2555.6 -2086.3 -1777.0
∆Eadiabatic /cm−1 36335 36280 36093 36501
∆Evertical @ opt. S0 39299 39357 39322 39503
∆Evertical @ opt. S1 36002 33724 32614 34073

Table A.10.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of 3-
Cyanoindole (in bohr).

c -2.31860350 -4.71208238 -0.00237471
c 0.34505222 -4.71876513 -0.00206834
c 1.72123137 -2.48274302 -0.00176550
c 0.34710443 -0.22946807 -0.00165995
n 1.16269474 2.24767183 -0.00132971
c -0.87176619 3.84603113 -0.00129166
c -3.06707244 2.42460399 -0.00158323
c -2.33217045 -0.18705951 -0.00182482
c -3.67829789 -2.46885021 -0.00226125
h -3.31687886 -6.49569444 -0.00274291
h 1.34135663 -6.50360103 -0.00201287
h 3.76654136 -2.49512894 -0.00159832
h -0.63823912 5.86825568 -0.00106641
c -5.56529264 3.37276034 -0.00158999
h -5.72373272 -2.46842242 -0.00254132
h 2.98035993 2.80824638 -0.00113812
n -7.67456788 4.11051580 -0.00157987
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Table A.11.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of 3-
Cyanoindole (in bohr).

c -0.38812082 -3.83487540 0.07146021
c 2.24004126 -3.38839598 0.00288695
c 3.17310639 -0.86722703 0.04338136
c 1.37256577 1.08308504 0.15215508
n 1.67347712 3.62885202 0.21556824
c -0.67867807 4.94852297 0.32807896
c -2.54939811 3.06977902 0.32895680
c -1.34402699 0.64277833 0.22315865
c -2.22844909 -1.84134292 0.18255211
h -1.06325777 -5.76575037 0.03981881
h 3.53418536 -4.96348344 -0.08016863
h 5.17607565 -0.46207249 -0.00721536
h -0.77182565 6.97566037 0.37016868
c -5.18127510 3.44123174 0.41813629
h -4.22697939 -2.26530633 0.23265957
h 3.36919202 4.50248639 0.19263515
n -7.40694457 3.68306709 0.49123914

Table A.12.: SCS CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of
3-Cyanoindole (in bohr).

c -2.31879816 -4.72113457 -0.00223036
c 0.35084906 -4.72497653 -0.00204012
c 1.72285892 -2.48740682 -0.00185721
c 0.34295897 -0.22964943 -0.00191268
n 1.16487242 2.25154597 -0.00133592
c -0.87606086 3.84890934 -0.00120510
c -3.06839866 2.43030251 -0.00161916
c -2.33063849 -0.18983957 -0.00209655
c -3.67806966 -2.47828788 -0.00239326
h -3.31566816 -6.50613706 -0.00222625
h 1.34852910 -6.50978426 -0.00207969
h 3.76838477 -2.49588137 -0.00159686
h -0.64279591 5.87132784 -0.00085618
c -5.57583118 3.39006973 -0.00154992
h -5.72349295 -2.48080295 -0.00289781
h 2.98007428 2.81184887 -0.00104787
n -7.67105447 4.13616617 -0.00148406
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Table A.13.: SCS CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of
3-Cyanoindole (in bohr).

c -2.31314536 -4.74038251 -0.00233793
c 0.38627504 -4.78743558 -0.00205848
c 1.80161090 -2.49354956 -0.00169251
c 0.39305489 -0.22927146 -0.00169440
n 1.16962481 2.22845791 -0.00141271
c -0.89351095 3.91681323 -0.00117351
c -3.08481895 2.45938963 -0.00160334
c -2.37889064 -0.15462168 -0.00203060
c -3.74520547 -2.43441622 -0.00234170
h -3.32359336 -6.51822115 -0.00254925
h 1.35257002 -6.58558124 -0.00215590
h 3.84429582 -2.48901068 -0.00142463
h -0.62582255 5.93100026 -0.00072382
c -5.60068821 3.38749672 -0.00161580
h -5.78725044 -2.46090772 -0.00253656
h 2.99036628 2.78121524 -0.00143713
n -7.70715283 4.10529481 -0.00164073

Table A.14.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of 3-
Cyanoindole water 1a (in bohr).

c -0.47709694 -3.87415680 0.07362869
c 2.14308746 -3.39487669 0.00581837
c 3.08664693 -0.94506230 0.04400719
c 1.32829895 1.02217280 0.15255500
n 1.69971084 3.59846111 0.21201183
c -0.58443551 4.79573634 0.31551514
c -2.50052786 3.00853752 0.32562212
c -1.31435759 0.57208874 0.22194654
c -2.22160471 -1.91714301 0.18144851
h -1.13476242 -5.80949670 0.04065728
h 3.44576512 -4.96844720 -0.07775805
h 5.09678815 -0.57182061 -0.00784941
h -0.71728792 6.82670652 0.37547158
c -5.12452540 3.49863411 0.42016400
h -4.23181739 -2.29308781 0.23321821
h 3.42100321 4.45045330 0.18188580
n -7.32991749 3.85344698 0.49800662
o 6.81743382 5.48895961 0.09797955
h 7.94861904 5.19472297 1.49056459
h 7.84950172 5.26590611 -1.38207855
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Table A.15.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of 3-
Cyanoindole water 1a (in bohr).

c -0.38105345 -3.83893075 0.07104077
c 2.23569351 -3.38570202 0.00336583
c 3.16355004 -0.85564384 0.04465052
c 1.35596294 1.08631767 0.15327724
n 1.66868498 3.62903100 0.21518646
c -0.67651928 4.94764299 0.32548900
c -2.55322145 3.07127666 0.32836306
c -1.34698477 0.63452648 0.22340654
c -2.22961258 -1.85074071 0.18249469
h -1.05120922 -5.77198341 0.03841591
h 3.53469908 -4.95765835 -0.07957431
h 5.16234083 -0.43306498 -0.00437962
h -0.76963448 6.97457317 0.37563546
c -5.18266883 3.44816550 0.41781414
h -4.22694121 -2.28093242 0.23260354
h 3.40444914 4.47083358 0.18623731
n -7.40784925 3.69929659 0.49144544
o 6.81898056 5.36715589 0.09607916
h 7.89057050 4.89104121 1.48663756
h 7.79128496 4.95653074 -1.38537371
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Table A.16.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of 3-
Cyanoindole water 1b (in bohr).

c 14.01062475 -3.02670173 2.32387528
c 16.35968064 -4.27112174 2.13769368
c 18.45811401 -3.08710787 1.09481879
c 18.13699180 -0.60954591 0.23926933
n 19.84927211 1.01399071 -0.86275675
c 18.69043472 3.25821062 -1.39327318
c 16.18309502 3.13847019 -0.64165215
c 15.78740553 0.67087326 0.41189409
c 13.69687053 -0.56490369 1.47226207
h 12.42363855 -4.01694839 3.14870986
h 16.53081291 -6.19006173 2.82217356
h 20.26474338 -4.03379350 0.94755928
h 19.69953830 4.79712735 -2.26497305
c 14.36682978 5.08313456 -0.87274371
h 11.89037178 0.38384441 1.61859348
h 21.68617777 0.58077377 -1.21395540
n 12.81079422 6.67861017 -1.04382922
o 24.87580944 -0.95216566 -1.51606613
h 26.30957139 -0.58045430 -0.46235115
h 25.59524736 -1.56900952 -3.06720467
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Table A.17.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of 3-
Cyanoindole water 1b (in bohr).

c 14.04829139 -3.07604036 2.29115137
c 16.36687216 -4.30373337 2.23705212
c 18.52563161 -3.03732767 1.23623811
c 18.19152211 -0.57244521 0.34596300
n 19.86977778 1.01991601 -0.75772613
c 18.72950249 3.34039392 -1.61148123
c 16.18204293 3.16814479 -0.72891891
c 15.79052063 0.72167956 0.39300839
c 13.70886291 -0.53793050 1.35318907
h 12.41603207 -4.04211340 3.05864661
h 16.53995039 -6.20772237 2.95244732
h 20.36409198 -3.93123774 1.16781678
h 19.88406395 5.02385296 -1.74552548
c 14.31367591 5.03121955 -0.93555793
h 11.86275005 0.34182902 1.40041567
h 21.69639660 0.51836717 -1.12472716
n 12.69088375 6.57886350 -1.06790683
o 24.79929644 -1.09732172 -1.57051895
h 26.35331439 -0.56466837 -0.79108352
h 25.29254446 -1.67050475 -3.22443831
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Table A.18.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of 3-
Cyanoindole water 2 (in bohr).

c -0.84541036 -4.05462108 -0.35397617
c 1.78917761 -4.11797589 0.03520499
c 3.19216254 -1.91364697 0.29571365
c 1.86921612 0.36547366 0.15344416
n 2.71811115 2.82789755 0.33317146
c 0.73731690 4.46820079 0.07532844
c -1.45653751 3.08741648 -0.27862750
c -0.77896997 0.45743610 -0.23520503
c -2.16254454 -1.78905516 -0.49415684
h -1.86139052 -5.81750383 -0.55051332
h 2.74371388 -5.92318022 0.13218439
h 5.21505408 -1.96856043 0.59269460
h 1.00398758 6.48467620 0.15680589
c -3.91606049 4.05812062 -0.62329953
h -4.18871000 -1.73949508 -0.79324121
h 4.52629472 3.35109982 0.60850050
n -6.01821145 4.75698423 -0.92285527
o -8.49505060 -0.42383422 -1.27327369
h -9.21293345 -0.42583235 0.39645736
h -8.10254071 1.34110780 -1.53595888
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Table A.19.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of 3-
Cyanoindole water 2 (in bohr).

c -0.85238860 -4.03429696 -0.27104076
c 1.74859696 -4.18103609 0.06637571
c 3.17728715 -1.92327143 0.28842820
c 1.88485906 0.38726382 0.14958286
n 2.76627081 2.78552086 0.22825943
c 0.80263155 4.67033001 -0.20965245
c -1.46076161 3.19209420 -0.31895676
c -0.81596857 0.55018545 -0.20455033
c -2.18730674 -1.65386230 -0.42885748
h -1.94771861 -5.75441708 -0.43619701
h 2.67980995 -5.99427114 0.16726094
h 5.20386399 -1.97576726 0.57006295
h 1.01889541 6.50329632 0.67969363
c -3.94027466 4.05455677 -0.57407178
h -4.21610082 -1.62222397 -0.73205982
h 4.62425277 3.22465122 0.24740370
n -6.10208585 4.64387249 -0.78337105
o -8.33207265 -0.52573725 -1.35650999
h -9.33890264 -0.58121395 0.15576581
h -7.95621189 1.25903429 -1.51916779
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Table A.20.: CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of 3-
Cyanoindole water 3 (in bohr).

c -0.69382954 -4.02381608 0.03258585
c 1.93148558 -3.57906734 0.07686186
c 2.90589648 -1.14350127 0.19504916
c 1.16943838 0.84205423 0.26807445
n 1.55376232 3.42020682 0.38776307
c -0.71375070 4.65753136 0.42253177
c -2.63518159 2.88123492 0.32332175
c -1.47912773 0.42987777 0.22453607
c -2.41549430 -2.04543367 0.10503377
h -1.37463060 -5.94895124 -0.05932216
h 3.21711682 -5.16710559 0.01815495
h 4.92328095 -0.80809589 0.22951186
h -0.87583594 6.68658895 0.51480693
c -5.24063488 3.45515022 0.33768254
h -4.43048304 -2.39575248 0.07152071
h 3.25108452 4.27709932 0.45186277
n -7.41400679 3.98174636 0.36156347
o -4.57804958 9.35764669 0.41149673
h -5.84394736 8.12982252 0.88021074
h -5.03829997 9.76476340 -1.29951927
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Table A.21.: CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of 3-
Cyanoindole water 3 (in bohr).

c -0.67572528 -4.00970142 0.10850208
c 1.93039793 -3.65753954 0.19671344
c 2.92963595 -1.16261155 0.26817577
c 1.21315870 0.85148859 0.24266643
n 1.61840115 3.37993848 0.22551951
c -0.67799789 4.84621184 -0.00090087
c -2.62158950 2.97834453 0.09710405
c -1.49971657 0.50697311 0.15033260
c -2.44036503 -1.93190668 0.06843265
h -1.43117603 -5.91046612 0.06337441
h 3.18701810 -5.26511616 0.21776621
h 4.94593761 -0.82705998 0.35536141
h -0.76425516 6.75665039 0.71613484
c -5.21975375 3.46722924 0.13123072
h -4.45120333 -2.29196107 -0.03229937
h 3.35665520 4.16909791 0.16069278
n -7.42261326 3.91066335 0.18450785
o -4.78863885 9.37038303 0.73448502
h -6.01877638 8.08545390 1.13752922
h -4.95060059 9.50592716 -1.07160176
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Table A.22.: SCS CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of
3-Cyanoindole water 1a (in bohr).

c -0.50943508 -3.90443260 0.07320923
c 2.11849563 -3.43424635 0.00586308
c 3.07027473 -0.98860819 0.04461428
c 1.31509552 0.99040069 0.15317802
n 1.70251905 3.57009586 0.21286945
c -0.58142877 4.77677615 0.31610840
c -2.50309642 3.00164567 0.32567182
c -1.32384398 0.55233671 0.22172815
c -2.24356123 -1.93918462 0.18081130
h -1.17503783 -5.83761571 0.03988463
h 3.41472599 -5.01395943 -0.07766346
h 5.08181446 -0.62214869 -0.00671240
h -0.70437275 6.80847168 0.37609827
c -5.13561258 3.51485475 0.42034122
h -4.25518008 -2.30755291 0.23226457
h 3.41839590 4.41933230 0.18365533
n -7.32670823 3.89190795 0.49772843
o 6.87863147 5.54238500 0.09530881
h 8.02878180 5.35704486 1.49019913
h 7.93006440 5.42423187 -1.38234324
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Table A.23.: SCS CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of
3-Cyanoindole water 1a (in bohr).

c -0.45796106 -3.89295986 0.07624751
c 2.20165044 -3.43699398 0.00103662
c 3.16856639 -0.92003646 0.03568034
c 1.36419282 1.04382456 0.14642949
n 1.68734228 3.59423192 0.20239687
c -0.64750612 4.86778804 0.31271328
c -2.54048039 3.04093719 0.32672774
c -1.36844775 0.59685976 0.22402020
c -2.29267290 -1.89654728 0.18882912
h -1.11993158 -5.82795253 0.04718166
h 3.48108436 -5.02609680 -0.08297634
h 5.17138894 -0.52554053 -0.01981592
h -0.75309503 6.89647847 0.36981764
c -5.18106380 3.49460249 0.42524408
h -4.29334924 -2.30304254 0.24379359
h 3.40396714 4.45128104 0.16905854
n -7.38176752 3.81664090 0.50591543
o 6.88094157 5.50691401 0.10350224
h 7.97739931 5.11265909 1.49906503
h 7.90026414 5.20868751 -1.37205212
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Table A.24.: SCS CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of
3-Cyanoindole water 1b (in bohr).

c 13.97494317 -3.03152503 2.33306627
c 16.32696199 -4.28401126 2.15294129
c 18.42876387 -3.10453451 1.11402893
c 18.11487672 -0.62068436 0.25319264
n 19.84051137 0.99821880 -0.84804944
c 18.68418591 3.24752250 -1.38295913
c 16.17856996 3.13606222 -0.63872660
c 15.77283631 0.66269304 0.41925873
c 13.67176818 -0.57033442 1.47818881
h 12.38332878 -4.01784286 3.15497854
h 16.49179270 -6.20330412 2.83984352
h 20.23368617 -4.05565580 0.97233750
h 19.70057740 4.78242017 -2.25353223
c 14.36547903 5.09983480 -0.88080912
h 11.86688357 0.38226970 1.61933238
h 21.67295292 0.56951335 -1.19750718
n 12.83062784 6.70003094 -1.06202630
o 24.98024636 -0.89708539 -1.56751792
h 26.42022204 -0.54930847 -0.51514425
h 25.68680970 -1.54105830 -3.11285244
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Table A.25.: SCS CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of
3-Cyanoindole water 1b (in bohr).

c 14.08777992 -3.05789027 2.33457602
c 16.46947179 -4.31405722 2.14541063
c 18.60080004 -3.06810047 1.06093088
c 18.20821441 -0.56971226 0.20730805
n 19.84043708 1.08459180 -0.89325833
c 18.65047525 3.39976636 -1.44982740
c 16.14663465 3.20580464 -0.66640587
c 15.77259678 0.73663851 0.39243065
c 13.68823946 -0.51777225 1.46683517
h 12.51429575 -4.06387999 3.16851119
h 16.64212833 -6.22798077 2.83561654
h 20.42206839 -3.97680454 0.89612163
h 19.65838463 4.93131495 -2.32644908
c 14.26923525 5.10917029 -0.86966686
h 11.86201344 0.38046405 1.63694665
h 21.68075925 0.68125391 -1.25776423
n 12.67439027 6.65472471 -1.01480411
o 25.03873553 -0.63928710 -1.69897144
h 26.06582575 -1.02218262 -0.24853123
h 25.33353805 -2.02284074 -2.84096487
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Table A.26.: SCS CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of
3-Cyanoindole water 2 (in bohr).

c -0.82454230 -4.06523776 -0.35142410
c 1.81644522 -4.12520094 0.03610277
c 3.21476140 -1.91880762 0.29458516
c 1.88567929 0.36465736 0.15304890
n 2.74074952 2.83104445 0.33381389
c 0.75290801 4.46986096 0.07736585
c -1.43850146 3.09205667 -0.27441561
c -0.75744217 0.45443678 -0.23227542
c -2.14071818 -1.79991012 -0.49001110
h -1.83911941 -5.82958418 -0.54661934
h 2.77254978 -5.93030834 0.13234957
h 5.23822618 -1.96919329 0.58985604
h 1.01879978 6.48660595 0.15932707
c -3.90609513 4.08043035 -0.61623422
h -4.16591661 -1.75602545 -0.78796504
h 4.54672888 3.35422851 0.60659820
n -5.99000458 4.80180461 -0.90900485
o -8.62049107 -0.42886496 -1.28284493
h -9.32442874 -0.41629308 0.39243870
h -8.22291342 1.32900808 -1.56629355
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Table A.27.: SCS CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of
3-Cyanoindole water 2 (in bohr).

c -0.82211776 -4.07223455 -0.34752152
c 1.84556001 -4.18733937 0.03845709
c 3.28750236 -1.92896104 0.30372312
c 1.94130768 0.36846504 0.16175154
n 2.75933413 2.80508758 0.33385206
c 0.75158465 4.55066774 0.07786400
c -1.44476557 3.13410582 -0.27174068
c -0.79979186 0.50359473 -0.23229323
c -2.20103649 -1.73570916 -0.48751083
h -1.85962494 -5.82325871 -0.54766482
h 2.76759645 -6.00648213 0.12557564
h 5.30921917 -1.97021823 0.59525743
h 1.06063339 6.55666592 0.16309449
c -3.92312997 4.08171740 -0.61662459
h -4.22514144 -1.71316897 -0.78070498
h 4.57317534 3.31333701 0.60279305
n -6.02190751 4.76319006 -0.91401815
o -8.63272107 -0.46771840 -1.28226071
h -9.36961245 -0.43567081 0.37860957
h -8.23938912 1.28863808 -1.58224049
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Table A.28.: SCS CC2/cc-pVTZ calculated optimized S0 cartesian coordinates of
3-Cyanoindole water 3 (in bohr).

c -0.68087267 -4.05140866 0.03714122
c 1.94923204 -3.59986200 0.08287741
c 2.91655941 -1.16210256 0.19771274
c 1.17144271 0.82488749 0.26617574
n 1.55768322 3.40873503 0.38184650
c -0.71819819 4.64046989 0.41308312
c -2.63513386 2.86558992 0.31570308
c -1.47054895 0.40801691 0.22142618
c -2.40434097 -2.07499680 0.10503928
h -1.35763426 -5.97864895 -0.05217401
h 3.23784673 -5.18644095 0.02772779
h 4.93309441 -0.82047003 0.23313910
h -0.87466506 6.66951374 0.50157219
c -5.25457300 3.43769151 0.32618161
h -4.41857602 -2.42987873 0.07045338
h 3.25118644 4.26772220 0.44594665
n -7.41997551 3.95108338 0.34551774
o -4.60259498 9.46197226 0.41531202
h -5.87899949 8.25645895 0.90552799
h -5.08213900 9.88366641 -1.28648273
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Table A.29.: SCS CC2/cc-pVTZ calculated optimized S1 cartesian coordinates of
3-Cyanoindole water 3 (in bohr).

c -0.68143478 -4.06540726 0.02006554
c 1.99000330 -3.65312386 0.06821297
c 3.00195346 -1.15817371 0.19848949
c 1.22985863 0.83534880 0.27439412
n 1.58151661 3.38884997 0.40076745
c -0.72706349 4.70259448 0.43758414
c -2.64071327 2.89919505 0.33028904
c -1.51569456 0.43992376 0.22496380
c -2.48165266 -2.03660361 0.09724981
h -1.37290899 -5.98719592 -0.07833854
h 3.24555321 -5.26175500 0.00521494
h 5.01457465 -0.81291224 0.23823755
h -0.84763253 6.72990725 0.54117168
c -5.26399879 3.44599745 0.34140007
h -4.48978637 -2.40563919 0.05982002
h 3.28211519 4.23954465 0.46851401
n -7.43725664 3.92842559 0.36011666
o -4.64880958 9.49948993 0.36831143
h -5.91870386 8.34408117 0.97828434
h -5.10112652 9.69945169 -1.38102153
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