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und Marion Hofmeister für ihre Unterstützung in administrativen Angelegen-
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Abstract

This thesis addresses the experimental characterization of sophisticated mole-
cules, whose complex functionalities originate mainly in charge-separation
and electron transfer. The molecules under investigation are promising can-
didates for next-generation optoelectronic devices, such as molecular wires,
molecular batteries or applications in non-linear optics. In order to inves-
tigate their exceptional optical, magnetic and electronic properties, opti-
cal spectroscopy together with EPR/ENDOR (Electron Paramagnetic Res-
onance/Electron Nuclear Double Resonance) spectroscopy were applied.
The work performed comprises experimental studies on the photophysics and
quenching behavior of a biologically important flavin derivative, as well as
on an intramolecular excimer of pyrene. Extended Wurster-type p-phenyl-
enediamines as well as non-planar push-pull chromophores were investigated
in terms of their absorption/emission characteristics in a variety of solvents.
The electron distribution in charge-separated species was established by mag-
netic resonance and theoretical calculations. The results constitute a prereq-
uisite for a deeper understanding of the functionalities of these molecules.

Zusammenfassung

Inhalt dieser Dissertation ist die experimentelle Charakterisierung hochent-
wickelter Moleküle, deren komplexe Funktionalitäten hauptsächlich in La-
dungstrennung und Elektronentransfer begründet liegen. Die untersuchten
Moleküle sind vielversprechende Kandidaten für optoelektronische Bausteine
der nächsten Generation, wie z.B. molekulare Drähte, molekulare Batte-
rien oder Anwendungen in nicht-linearer Optik. Die außergewöhnlichen op-
tischen, magnetischen und elektronischen Eigenschaften dieser Moleküle wur-
den mithilfe von optischer Spektroskopie und ESR/ENDOR (Elektronenspin-
resonanz/Electron Nuclear Double Resonance) untersucht.
Die Arbeit umfasst experimentelle Studien zur Photophysik und des Löschver-
haltens eines biologisch relevanten Flavin Derivates, sowie an einem intramo-
lekularen Pyren-Excimer. Verlängerte Wurster-ähnliche p-Phenylendiamine
sowie nicht-planare push-pull Chromophore wurden hinsichtlich ihrer Ab-
sorptions- und Emissionseigenschaften in verschiedenen Lösungsmitteln un-
tersucht. Magnetische Resonanz und theoretische Berechnungen erlaubten
Rückschlüsse auf die Elektronenverteilung in ladungsgetrennten Zuständen.
Die erhaltenen Ergebnisse stellen eine Voraussetzung für ein tieferes Verständ-
nis der Funktionalitäten dieser Verbindungen dar.

vii



viii



Contents

1 Introduction 1

I Theoretical Background 5

2 Electron Paramagnetic Resonance 7
2.1 Physical Fundamentals . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 The Spin of an Electron . . . . . . . . . . . . . . . . . 8
2.1.2 Zeeman Splitting and Resonance Condition . . . . . . 10
2.1.3 Relaxation . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Electron-Nuclear Interaction . . . . . . . . . . . . . . . . . . . 12
2.2.1 Nuclear Spin and Nuclear-Zeeman Effect . . . . . . . . 12
2.2.2 Hyperfine Splitting . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Hyperfine Splitting of Equivalent Nuclei . . . . . . . . 16

2.3 Isotropic Hyperfine Structure of π Radicals . . . . . . . . . . . 16
2.3.1 Spin Polarization . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Hyperconjugation . . . . . . . . . . . . . . . . . . . . . 19

3 Electron Nuclear Double Resonance 21
3.1 Principles of ENDOR . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 The Steady-State ENDOR Effect . . . . . . . . . . . . 23
3.2 The ENDOR Spectrum . . . . . . . . . . . . . . . . . . . . . . 24

4 Paramagnetic Organic Species 27
4.1 Neutral Radicals . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Radical Anions . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2.1 Generation of Radical Anions . . . . . . . . . . . . . . 28
4.3 Radical Cations . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3.1 Generation of Radical Cations . . . . . . . . . . . . . . 30
4.4 Biradicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.5 Higher Spin States . . . . . . . . . . . . . . . . . . . . . . . . 33

ix



II Experiments 35

5 Quenching Experiments with 3-(Carboxymethyl)-lumiflavin 37

5.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Spectra of 3-(Carboxymethyl)-lumiflavin . . . . . . . . . . . . 39

5.3 Quenching Experiments . . . . . . . . . . . . . . . . . . . . . 40

5.4 Summary of Rate Constants . . . . . . . . . . . . . . . . . . . 43

5.5 Supplementary Material on Experimental Data . . . . . . . . 45

6 Photophysics of an Intramolecular Pyrene Excimer 51

6.1 Introduction to Pyrene Excimers . . . . . . . . . . . . . . . . 51

6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.3 Data Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.3.1 Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.3.2 Emission and Excitation Spectra . . . . . . . . . . . . 55

6.3.3 Quantum Yield . . . . . . . . . . . . . . . . . . . . . . 55

6.3.4 Estimation of Absorbing and Emitting Species . . . . . 56

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.4.1 Experiments in Hexane/Acetonitrile . . . . . . . . . . . 57

6.4.2 Experiments in Tetrahydrofuran . . . . . . . . . . . . . 60

6.4.3 Experiments in Propyl Acetate/Butyronitrile Mixtures 61

6.4.4 Experiments in Paraffin Oil . . . . . . . . . . . . . . . 62

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.6 Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7 Extended Phenylenediamines 69

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7.2.1 EPR/ENDOR . . . . . . . . . . . . . . . . . . . . . . . 72

7.2.2 Electrochemistry . . . . . . . . . . . . . . . . . . . . . 73

7.2.3 Photophysics . . . . . . . . . . . . . . . . . . . . . . . 73

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 74

7.3.1 EPR/ENDOR Results . . . . . . . . . . . . . . . . . . 74

7.3.2 Electrochemistry . . . . . . . . . . . . . . . . . . . . . 80

7.3.3 Photophysics . . . . . . . . . . . . . . . . . . . . . . . 81

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

7.5 Supplementary Material . . . . . . . . . . . . . . . . . . . . . 85

7.5.1 Solvatochromism . . . . . . . . . . . . . . . . . . . . . 85

7.5.2 Additional Spectra Representations . . . . . . . . . . . 88

x



8 Non-Planar Push-Pull Chromophores 91
8.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
8.2 Donor-Substituted Tetracyanobutadienes . . . . . . . . . . . . 93

8.2.1 Monomeric Donor-Substituted TCBDs . . . . . . . . . 93
8.2.2 Oligomeric Donor-Substituted TCBDs . . . . . . . . . 98
8.2.3 Oligomeric Donor-Substituted TCBDs with Triphenyl-

amine Core . . . . . . . . . . . . . . . . . . . . . . . . 105
8.3 Donor-Substituted Tetracyanoquinodimethanes . . . . . . . . 108

8.3.1 Optical Properties . . . . . . . . . . . . . . . . . . . . 108
8.4 Donor-Substituted F4-Tetracyanoquinodimethanes . . . . . . . 114

8.4.1 Optical Properties . . . . . . . . . . . . . . . . . . . . 115
8.4.2 Magnetic Properties . . . . . . . . . . . . . . . . . . . 117

8.5 Donor-Substituted Octacyano[4]dendralenes . . . . . . . . . . 120
8.5.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . 120
8.5.2 Magnetic Properties . . . . . . . . . . . . . . . . . . . 121

A Glossary of Compounds 125

List of Abbreviations 133

xi



xii



Chapter 1

Introduction

In the constant search for new materials, multifunctional organic molecules
have gained increasing importance in the recent past as next-generation com-
pounds for molecular optoelectronic devices. The interdisciplinary search in-
volves the fields of organic chemistry, coordination chemistry and physical
chemistry. After all, it has been extensively promoted by the increasing pop-
ularity of nanotechnology and nanoscience. [1]

Molecules employed in optoelectronic devices have to feature complex
functionalities. Interestingly, the functionalities of these sophisticated mole-
cules originate in basic chemical transformations, particularly charge-separa-
tion or electron transfer. [1, 2, 3]

However, the relationship between structural geometry and molecular
properties of these multifunctional molecules is not straightforward and ren-
ders an effective search difficult. Advantageously, Electron Paramagnetic
Resonance (EPR) and optical spectroscopy can be applied in order to estab-
lish correlations between the molecules’ geometry and their unusual optical,
magnetic and electronic properties.

The present thesis addresses the characterization of charge-transfer mole-
cules featuring versatile functionalities. It contributes to the understanding
of how these molecules interact, how they react to external stimuli and how
modifications in the molecular design influence and control their molecular
properties. Applying Electron Paramagnetic Resonance together with opti-
cal spectroscopy allows us to elaborate principle differences between various
donor-acceptor systems and to shed light onto electron distribution upon
electron addition or removal, respectively.
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2 1 Introduction

The obtained results permit a better insight into how these molecules
function and are intended to contribute to facilitating the selective design
of novel materials. The charge-transfer molecules under investigation within
the scope of this work are promising candidates for potential applications in:

• Molecular wires. Molecular wires feature long-distance electron transfer
and are reported to even conduct electrical current [4]. Applications
reach from light-emitting diodes to single-molecule conductors, flash
memory devices, chemical sensors or light harvesting arrays [5, 6].

• Molecular batteries. Molecules applied in molecular batteries have to
feature exceptional electron uptake and storage capacities, such as e.g.
dendritic donor-acceptor systems [7].

• Organic photovoltaic devices. Eligible candidates for application in or-
ganic photovoltaic devices have to feature e.g. broad absorption spec-
tra combined with high extinction coefficients as well as suitable redox
energies [8].

• Non-linear optics. Materials featuring non-linear optical properties can
potentially facilitate all-optical computing and signal-processing [9, 10].

In the first part of the present thesis, the concepts of EPR, ENDOR and
of paramagnetic organic species in general are elucidated to an extent rele-
vant to this work. The chapters on EPR (chapter 2) and ENDOR (chapter 3)
constitute an attempt to cover the physical fundamentals of two instrumen-
tal techniques used to characterize paramagnetic species within the scope of
this work. The author likes to stress that emphasis was intentionally placed
on a phenomenological approach to these topics, as an exact derivation of
quantummechanical coherences should be ceded to theoreticians. Chapter
4 is intended to give a short overview of organic radicals, especially the
methods of their generation. These three chapters establish the theoretical
background.

The second part of this thesis is devoted to the experiments performed.
It can be structured in three subject areas, comprising quenching experi-
ments with a biologically relevant molecule (chapter 5), the photophysical
characterization of a pyrene-derived excimer (chapter 6) as well as the main
project, the photophysical and EPR/ENDOR investigations on novel organic
materials (chapters 7 and 8).
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Chapter 7 deals with the analysis of extended Wurster-type p-phenylene-
diamines. The molecules under investigation in this chapter serve as precur-
sor substances for push-pull chromophores. Their analysis in terms of their
electronic properties and their absorption/emission behavior in various sol-
vents, respectively, make up a central core topic of this thesis. We succeeded
in generating radical anions by means of reduction on a K metal mirror and
prove their existence by EPR/ENDOR. Given the dominance of examples for
radical cations of p-phenylenediamines in the literature, the characterization
of radical anions of this type can be considered a substantial contribution to
this field.

Chapter 8 covers the characterization of non-planar push-pull chromophor-
es in terms of their optical and magnetic properties. The non-planar push-
pull chromophores under investigation can be organized in four groups:

• donor-substituted tetracyanobutadienes (section 8.2),

• donor-substituted tetracyanoquinodimethanes (section 8.3),

• donor-substituted F4-tetracyanoquinodimethanes (section 8.4) and

• donor-substituted octacyano[4]dendralenes (section 8.5).

All molecules have in common that they act as strong electron acceptors,
despite substitution with donor moieties, and feature exceptional intramolec-
ular charge-transfer interactions. An application of these molecules as next-
generation compounds for optoelectronic devices seems promising, as they
act as environmentally stable p-type dopants. [7]
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Part I

Theoretical Background
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Chapter 2

Electron Paramagnetic
Resonance

Electron Paramagnetic Resonance (from now on referred to as EPR), also
called Electron Spin Resonance (ESR), is a spectroscopic method working
most commonly in the X-band microwave region of the electromagnetic spec-
trum. Definite resonance conditions being met, EPR studies the interactions
between electronic magnetic moments and a magnetic field. EPR is a pow-
erful technique for the selective detection of paramagnetic species. An EPR
spectrum is usually visualized as the first derivative of the absorption spec-
trum.

Since the first magnetic resonance experiments were reported by E. K.
Zavoisky on salts of transition metals in 1945 in Kazan (today in the Russian
Federation) [11], as well as by Cummerow [12] and Bagguley [13] at almost
the same time, the technique of Electron Paramagnetic Resonance was ex-
ploited rapidly. Its wide scope of applications in chemistry [14], physics, biol-
ogy [15], materials sciences and food industry did not become fully amenable
until technological progress promoted advancement from continuous-wave to
pulsed-EPR [16] and multiresonance techniques such as Electron Nuclear
Double Resonance (ENDOR) [17] or TRIPLE resonance techniques [18], re-
spectively.

Today, EPR spectroscopy constitutes an established and valuable method
for the selective and incontrovertible detection of paramagnetic species.
Molecules amenable to EPR spectroscopy can either be inherently paramag-
netic or be transformed to paramagnetic stages by means of e.g. chemical
methods or light irradiation. A surprisingly large number of molecules pos-
sesses unpaired electrons, however most substances are diamagnetic in their

7



8 2 Electron Paramagnetic Resonance

parent state and can be studied by means of Nuclear Magnetic Resonance
(NMR). It is thus not surprising that today, NMR is a more wide-spread
technique, even though EPR was developed one year before NMR. However,
it is the selectivity for paramagnetic species that makes EPR so interesting.

Systems which can be studied by means of EPR comprise organic and in-
organic radicals, i.e. biradicals, triplet radicals, stages of higher multiplicity
as well as transition group ions or natural systems [19, 20]. Time-resolved
EPR techniques are applied to study transient radical species (e.g. in [21]).

Among industrial applications of EPR spectroscopy, the determination of
anti-oxidant capacity in beer [22], wine [23] and tea [24] by means of spin-
trapping technique is widely-spread. In biological sciences, EPR spectroscopy
is e.g. applied to the study of photosynthetic systems [25, 26]. Practical ap-
plications in medical sciences include the usage of EPR for quality control for
orthopedic polyethylene implants in terms of radiation degradation as well
as radiation dosimetry with the stable radical of L-alanine. In environmental
sciences, EPR spectroscopy is used for the detection of polycyclic aromatic
hydrocarbons after oxidation to their radical cations [15].

In order to elucidate the phenomenon of electron paramagnetic resonance
in the liquid phase, this chapter starts with an introduction to the spin of an
electron and the Zeeman effect. Different models giving rise to the typical
pattern of EPR spectra will be presented. Furthermore, this chapter includes
the physical fundamentals for ENDOR, a double resonance technique, which
shall be described in more detail in chapter 3.

2.1 Physical Fundamentals

2.1.1 The Spin of an Electron

Electrons possess an intrinsic, non-classical, mechanical angular momentum
called spin. After the experiments of Stern and Gerlach, which prove that the
magnetic moment of an electron can only have two discrete energy levels, the
concept of spin was first introduced by Uhlenbeck and Goudsmit five years
later in 1925 [27].
The electron spin is characterized by its spin quantum number S = 1/2,
whereas its z component is characterized by the magnetic spin quantum
number mS. An electron can now exist in two spin states, namely
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S

S

B

ms = +1/2

ms = {1/2

Figure 2.1: Precession of the spin �S in z direction about the magnetic field �B.
[28]

mS = +1/2 : spin-up (↑) or α and

mS = −1/2 : spin-down (↓) or β
which are degenerate as long as there is no external magnetic field present.
[28, 29]

In a magnetic field �B, the spin can be regarded as a vector �S precessing
about �B in z direction. This is illustrated in figure 2.1. [28]

The magnetic moment �μe comes associated to the spin as a rotating
charge:

�μe = geμB
�S (2.1)

where ge stands for the dimensionless g factor of the free electron (ge =
2.0023∗). μB is the Bohr magneton (μB = -9.2741*10-24 J/T)

μB =
−|e|h
4πme

(2.2)

where e is the electronic charge, h is Planck’s constant (h = 6.624*10-34 Js)
and me is the mass of an electron. Note that the Bohr magneton is negative,
which means that �μe and �S are antiparallel (see figure 2.1). [29]

∗ ge = 2.002319304386(20), one of the most accurately known physical constants [19].
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2.1.2 Zeeman Splitting and Resonance Condition

When the electron is placed into a magnetic field, the energy E is determined
by the size of the magnetic moment �μe and the strength of the magnetic field
B:

E = −�μe · �B = ge|μB|mSB (2.3)

where B is the magnetic field strength in tesla (T)∗.

As a consequence, the energies are different for α and β spins in a magnetic
field.

Eαe = +(1/2)ge|μB|B for mS = +1/2

Eβe = −(1/2)ge|μB|B for mS = −1/2
(2.4)

This splitting of the energy is called Zeeman splitting and is illustrated in
figure 2.2. Spin inversions thus follow the selection rule ΔmS = ±1.

Absorption of electromagnetic radiation hνe can raise the electron spin
from its β state (the lower Zeeman energy state) to its α state (the higher
Zeeman energy state) if it complies with two requirements:

• The magnetic vector of the radiation hνe has to be perpendicular to
the direction of the magnetic field �B and

• its energy has to equal the energy difference between α and β states.

hνe = Eα − Eβ = ge|μB|B (2.5)

Equation 2.5 is of fundamental importance in EPR spectroscopy and is known
as resonance condition.
The ratio between frequency νe and magnetic field strength B is given by the
gyromagnetic ratio of the electron γe and equals 28.024MHz/mT for the free
electron. [28, 29]

γe =
νe
B

=
ge|μB|

h
(2.6)

∗ 1 tesla (T) = 1 kg/sC = 1 Js/Cm2 = 1Vs/m2 = 1*104 gauss (G) [19]



2.1 Physical Fundamentals 11

B = 0

B

E

h�e
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Figure 2.2: Energy-level scheme of a free electron showing Zeeman splitting as
a function of the magnetic field strength B.

2.1.3 Relaxation

Subject of the EPR experiment is not a single electron, but many interacting
electrons. Therefore, Boltzmann distribution law as given in equation (2.7)
has to be considered:

nα

nβ

= exp

(−(Eαe − Eβe)

kT

)
= exp

(−ge|μB|B
kT

)
(2.7)

where k stands for Boltzmann constant (k = 1.3806*10-23 J/K) and T is the
absolute temperature in K.
According to the Boltzmann distribution, the populations of the α and β
states, nα and nβ, respectively, are equal in the absence of a magnetic field.
For B > 0, nβ is about 1/1000th part larger than nα which means that more
spins reside in the lower level energy state at room temperature [29]. Ab-
sorption of hνe now lifts the spins from the β to the α state whereas as a
next step stimulated emission from α to β will take place. The Einstein co-
efficients being equal for the up- and down-transitions [30], it is due to the
small excess of spins in the lower state that a net absorption of hνe can be
observed. [28]

The returning of the so-called “hot spins” to the lower energy level β is
enabled via spin-lattice relaxation: The lattice, so to speak the environment
of the spins, is taking up the emitted energy and thus restores the thermal
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equilibrium. This relaxation effect allows for a continuous absorption in the
continuous-wave EPR experiment (CW-EPR). [29, 31]
The efficiency of spin-lattice relaxation is given by the inverse of the spin-
lattice relaxation time Te, the time it takes for 1/e of all “hot spins” to drop
down. Spin-lattice relaxation can be attributed to spin-orbit coupling, which
due to a lack of heavy atoms is weak for organic radicals. The spin-relaxation
time is therefore rather long for organic radicals. [28]

2.2 Electron-Nuclear Interaction

In general, the EPR spectrum does not consist of a single line, as one would
expect due to the explanations given above. In fact, most EPR spectra con-
sist of several lines – the hyperfine structure – as a result of the interaction
of the unpaired electron with the nucleus. [32]

2.2.1 Nuclear Spin and Nuclear-Zeeman Effect

Analogous to the electrons, nuclei possess a nuclear spin �I and a nuclear
magnetic moment �μn.

�μn = gnμN
�I (2.8)

where gn is the g factor of the nucleus, which is positive as for protons or
negative as for 15N. μN is the nuclear magneton (μN = 5.0508*10-27 J/T). A
selection of nuclear spins I is given in table 2.1. Note that the nuclear mag-
netic moment �μn is about three orders of magnitude smaller than its electron
counterpart �μe due to the fact that μN is smaller than the Bohr magneton
μB by a factor of mp/me = 1836. [28]

The nuclear-Zeeman effect now describes the energy of nuclear spins as a
function of the magnetic field [28, 19]:

E = −�μn · �B = −gnμNmIB (2.9)

where mI is the nuclear magnetic spin quantum number. This gives

Eαn = −(1/2)gnμNB for mI = +1/2

Eβn = +(1/2)gnμNB for mI = −1/2
(2.10)

The resonance condition for NMR transitions can thus be expressed as
follows [28]:

hνn = gnμNB (2.11)
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Table 2.1: Nuclear spin quantum numbers I of selected magnetic nuclei.

12C, 16O 0
1H, 13C, 15N 1/2
14N 1
39K 3/2
25Mg 5/2
133Cs 7/2

2.2.2 Hyperfine Splitting

The nuclear magnetic moment �μn itself gives rise to a magnetic field which
interacts with the electron spin and influences the resonance condition. This
leads to a splitting up of the EPR line into 2I + 1 components – the hyper-
fine splitting. A small selection of nuclear spins relevant to EPR studies on
organic radicals is given in table 2.1. [29]

The hyperfine interaction is composed of two terms: the classical, dipo-
lar term Edip leading to anisotropic hyperfine splitting and the quantum-
mechanical Fermi contact term EFc responsible for isotropic hyperfine split-
ting. [28]

Dipolar Interaction Term

The dipolar interaction describes the hyperfine field external to the nucleus
in a classical way. Edip depends on the angle between the magnetic field and
the vector joining the magnetic moment of the electron and of the nucleus
in the form of 3 cos2 φ− 1. Furthermore, Edip decreases with the third power
of the distance between the electron and the nucleus. [28]
In liquid media, the dipole-dipole interaction is thus usually averaged out by
the Brownian motion. Therefore, Edip leads to anisotropic hyperfine splitting
in solid media, i.e. solid samples or frozen solutions. [32]

Fermi Contact Term

The second contribution to hyperfine splitting is made up by the quantum-
mechanical Fermi contact term EFc. EFc deals with the hyperfine field of the
electron spin which enters the nuclear volume. It is responsible for isotropic
splitting i.e. it is not dependent on spatial orientation.
The hyperfine coupling constant A is a function of the electron spin density
ϕS on the nucleus and constitutes the distance between two EPR lines of
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a multiplet [29]. While the unit of the hyperfine coupling constant A is
Joule (or a frequency unit, e.g. MHz, for A/h), the unit of the hyperfine
splitting constant a is Tesla. The interconversion of the two constants follows
a = A/hg|μB| [19]. As only s orbitals allow for spin density to be present at
the position of the nucleus, ϕS is equivalent to the s orbital spin population
(for spin density see equation 2.20). [33]

A = (2μ0/3)ge|μB|gnμNϕS (2.12)

where μ0 is the permeability of vacuum (μ0 = 4π*10-7 T2m3/J). [19]

At high magnetic fields, the energy given by the electron-Zeeman in-
teraction is weakly perturbated by the nuclear-Zeeman interaction and the
hyperfine interaction a�S· �I (“high field approximation”).

Etot = ge|μB|mSB − gnμNmIB + AmSmI (2.13)

This yields in four different energies for a system of a free radical with S = 1/2
with one magnetic nucleus with I = 1/2 [29]:

Eαeβn = +1/2g|μB|B + 1/2gNμNB − A/4

Eαeαn = +1/2g|μB|B − 1/2gNμNB + A/4

Eβeβn = −1/2g|μB|B + 1/2gNμNB + A/4

Eβeαn = −1/2g|μB|B − 1/2gNμNB − A/4

(2.14)

Applying the selection rules for EPR transitions

ΔmS = ±1 and ΔmI = 0 (2.15)

yields only two allowed EPR transitions:

νEPR1 =
Eαeαn − Eβeαn

h
=

g|μB|B + A/2

h
(2.16)

νEPR2 =
Eαeβn − Eβeβn

h
=

g|μB|B − A/2

h
(2.17)

As the EPR experiment is usually performed at fixed frequency upon varying
the magnetic field, transformations of the equations above give [29]:

B1 =
hν

g|μB| − (A/2)g|μB| (2.18)

B2 =
hν

g|μB| + (A/2)g|μB| (2.19)
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The situation described above and in figure 2.3 results in an EPR spec-
trum with two signals, separated by the hyperfine splitting constant a, whereas
for a > 0 the transition between the two positive mI states gives rise to the
low-field signal (EPR1) and the transition between the two negativemI states
gives rise to the high-field signal (EPR2).

E�e�n

E�e�n

E�e�n

E�e�n

A/4/

�n

�n

�e
EPR1 EPR2

NMR1

NMR2

Figure 2.3: Energy-level diagram for one unpaired electron S = 1/2 with one
nucleus I = 1/2 at high magnetic field. Electron-Zeeman, nuclear-Zeeman and
hyperfine interaction with the nuclear spin are illustrated for positive values of
the isotropic hyperfine coupling constant A and a nucleus with gn > 0, e.g. a
proton, for the case A/2 < νn. Whereas the level for α spins of the electron is
higher than for β spins, the situation is opposite for nuclei with gn > 0. Hyperfine
interaction stabilizes (lowers) the levels with opposite signs of mS and mI , whereas
it destabilizes the levels of same sign, both by a factor of A/4.
Solid arrows show the two allowed EPR transitions (ΔmS = ±1 and ΔmI = 0),
dashed arrows show the allowed NMR transitions (ΔmS = 0 and ΔmI = ±1). νe
and νn are defined by their respective resonance conditions. [28]
Scheme is not to scale for reasons of clarity.
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In general, there are five contributions to the overall interaction the elec-
tron experiences in the magnetic field: the electron-Zeeman interaction �S· �B,
the nuclear-Zeeman interaction �I· �B, the fine splitting which is only relevant
to triplets �S· �S, the hyperfine splitting �S· �I as discussed above and a nuclear-
nuclear contribution �I· �I also called spin-spin coupling. [28]
As given by the selection rules, EPR transitions take place between energy
levels of the same nuclear spin state. The contribution of the nuclear-Zeeman
effect is thus canceled out. In EPR spectroscopy, only the terms �S· �B, �S· �S
(for radicals with more than one unpaired electron) and �S· �I have to be taken

into account, whereas �S· �B > �S· �I. [28]

2.2.3 Hyperfine Splitting of Equivalent Nuclei

An additional nucleus adds an additional splitting of every line into again
2I + 1 lines. This leads to a total of (2I + 1)n lines for n nuclei, whereas
it is being reduced to 2nI + 1 lines for equivalent nuclei. For equivalent
nuclei, some lines can coincide due to degenerate energy levels. This leads to
an increased intensity in the order of the degeneration as shown by Pascal’s
triangle in figure 2.4.

2.3 Isotropic Hyperfine Structure of π Radi-

cals

Hyperfine structure is attributed to the portion of spin at the position of the
magnetic nucleus, as discussed in chapter 2.2.2 (see equation 2.12). As only s
orbitals allow for spin density to be present at the position of the nucleus, it
means that a portion of spin has to have s character if a hyperfine structure
(HFS) shall be observed. In e.g. π orbitals, the nucleus lies in the nodal
plane where no spin density is observed.

In most organic radicals, the spin does not reside in s orbitals where it
is detectable but is delocalized between π orbitals. So the question is, how
can π radicals then give rise to a hyperfine coupling constant? The answer
is, the unpaired electron couples to adjacent α and β protons∗. [32]

∗ Note that here, α and β have different meanings than before: they denote the position of
the proton in regard to the atom bearing the free π electron. α protons are bound directly
to the atom bearing the π electron whereas β protons are separated by two bonds from
the atom and so on. In this case, α and β has nothing to do with spin-up or spin-down.
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I = 1/2

n = 0: 1

n = 1: 1 1

n = 2: 1 2 1

n = 3: 1 3 3 1

n = 4: 1 4 6 4 1

n = 5: 1 5 10 10 5 1

I = 1

n = 0: 1

n = 1: 1 1 1

n = 2: 1 2 3 2 1

n = 3: 1 3 6 7 6 3 1

n = 4: 1 4 10 16 19 16 10 4 1

n = 5: 1 5 15 20 45 51 45 20 15 5 1

Figure 2.4: Pascal’s triangle showing the intensity ratio of EPR lines for one
unpaired electron S = 1/2 coupled to n equivalent nuclei with I = 1/2, e.g.
protons (top) and I = 1, e.g. nitrogens (bottom), respectively.
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Before going into detail with the coupling to α protons (by means of spin
polarization) and the coupling to β protons (by means of hyperconjugation),
the difference between spin density and spin population shall be discussed
first. The two terms are closely related to each other, but are not the same.

Spin Density

Spin density ϕS is defined as the difference between contributions due to
spin-up (α) and spin-down (β) electrons in m-3:

ϕS = ϕα − ϕβ (2.20)

For systems with at least one unpaired electron, it is in general positive or
sometimes zero. However, in some cases as shown below, when β spin pre-
dominates it can be negative as well. [28]

Spin Population

Spin population ϕΨ
X , on the other hand, is considered an integrated spin

density in the orbital Ψ centered on nucleus X. As given by the definition
in equation 2.21, ϕΨ

X is positive if it is more probable to find the unpaired
electron with α spin than with β spin and vice versa [28]. The spin population
is dimensionless and the sum of spin populations of all centers is 1. [34]

ϕΨ
X = ϕΨα

X − ϕΨβ
X (2.21)

2.3.1 Spin Polarization

Given a typical organic π radical, like the benzene radical, the unpaired
electron resides in the pz orbital whose axis stands perpendicular to the sp2

hybrid plane (compare the C−H fragment scheme in figure 2.5). As 12C is
not a magnetic nucleus, the EPR signal pattern from the benzene radical
has to derive from the 1H nuclei. The 1H nuclei, however, lie in the nodal
plane of the π system. This means that on the very spot of the protons, the
probability of finding the free π electron is zero and can thus not give rise to
an EPR signal. [32]
However, the unpaired electron shows a repulsive interaction with the for-
mally paired spins in the C−H bond. This is called π,σ-interaction. As a
consequence of Hund’s rule, electrons with opposite spin can approach closer
than electrons with same spin can do. This implies a slightly weaker repul-
sive interaction between the spin in the SOMO (Singly Occupied Molecular
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H H

Figure 2.5: Principle of spin polarization schematically illustrated on a C−H
fragment of the benzene radical. Left case: singlet spin arrangement, right case:
triplet spin arrangement. The triplet is energetically favored, which leaves the β
spin on the H atom and results in a negative aH.

Orbital) of the π system, which is by convention an α spin, with the α spin
from the C−H bond. As a consequence, the α spin is more likely to be found
closer to the π system than the β spin. The β spin remains on the H atom
giving rise to a negative spin density on the H atom (as given by equation
2.20) and as a consequence, a negative coupling constant on the H atom. [33]
Regarding the C, the electron in the pz orbital and the one originating from
the σ bond but now close to the π system can be seen as a triplet (right case
in figure 2.5) or as singlet (left case in figure 2.5). As triplets are slightly
more stable, this case is more likely to be found. [28]

McConnell postulated that the hyperfine splitting constant of an H atom
aH is proportional to the spin population on the adjacent C atom ϕπ

C [35].
This linear relationship is today known as McConnell equation (given in
equation 2.22). McConnell determined the proportionality constant Q to be
approximately -2.25mT for aromatic C−H bonds [36, 37]. Its negative sign
accounts for the negative coupling constant as a result of the mechanism of
spin polarization.

aH = QH
C−H ∗ ϕπ

C (2.22)

2.3.2 Hyperconjugation

Whereas spin density describes the coupling of α protons, hyperconjugation
describes the coupling to protons which are “farther apart”, so to speak β
protons (compare figure 2.6). It can be observed in alkylsubstituted free π
systems that spin is transfered in a direct way via hyperconjugation from a pz

orbital to a Hβ atom. This direct spin transfer mechanism takes place upon
retention of the spin state of the π orbital (which is by convention spin-up)
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H

H

H

θ

Figure 2.6: Principle of hyperconjugation schematically illustrated on a C−H
fragment attached to a benzene radical.

and therefore leads to a positive sign of the hyperfine splitting constant aHβ
.

aHβ
= ϕπ

Cα
∗ (A′ + B′ cos2 Θ) (2.23)

Here A′ and B′ are empirically describing spin transfer due to spin polariza-
tion and hyperconjugation, respectively. A′ is usually much smaller than B′

accounting for the fact that spin polarization is very weak over two σ bonds
and can almost be neglected. It is interesting to note that B′ depends on
the charge of the π center: it is about 4-5mT for radical anions and about
8-9mT for radical cations. [33]
Θ denotes the dihedral angle formed by the pz orbital and the C−Hβ σ bond
of the alkyl group. The size of aHβ

depends on the spatial orientation as
indicated by the term cos2 Θ in equation 2.23. It is maximum for Θ = 0 ◦, so
to speak when the pz orbital and the C−Hβ σ bond of the alkyl group are
parallel to each other. For Θ = 90 ◦, hyperconjugation is ineffective due to
cos 90 = 0. For freely rotating alkyl groups, aHβ

is averaged out and becomes
identical for all protons of the alkyl group. [28, 33]



Chapter 3

Electron Nuclear Double
Resonance

The interaction of several magnetic nuclei in a radical can lead very fast
to complicated and unresolved EPR spectra. Due to line broadening and
splitting in a considerate number of lines, EPR spectra may loose important
information about their hyperfine structure [33]. Analyzing paramagnetic
species with NMR spectroscopy seems to be an alternative, however, this is
as well problematic due to line broadening effects caused by fast electron spin
relaxation.

ENDOR, a double resonance technique, helps to overcome the limited
resolution of EPR and the low sensitivity of NMR. ENDOR stands for Elec-
tron Nuclear DOuble Resonance and was first applied to solids by Feher in
1956 [17] and by Hyde and Maki to organic radicals in solution in 1964 [38].
In ENDOR spectroscopy the sample is exposed to two resonant fields: NMR
resonances are detected via intensity changes of an EPR line, which is simul-
taneously irradiated. ENDOR can thus be considered an NMR technique
performed on an EPR spectrometer [39].

3.1 Principles of ENDOR

ENDOR, as mentioned before, is a double resonance technique. This means
that the sample is exposed to two resonant fields simultaneously: one in the
microwave region as in classical EPR and the second one in the radiofre-
quency region as in classical NMR. As a consequence, in order to understand
how ENDOR works, one not only has to consider EPR selection rules but as

21
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well NMR selection rules. Referring back to section 2.2.2 (figure 2.3) and to
what was deduced from there for EPR transitions, the same procedure shall
now be applied for NMR transitions for the case 0 < A/2 < νn.

Applying the selection rules for NMR transitions,

ΔmS = 0 and ΔmI = ±1 (3.1)

yields only two allowed NMR transitions [19, 28]:

νNMR1 =
Eαeβn − Eαeαn

h
=

gNμNB − A/2

h
(3.2)

νNMR2 =
Eβeβn − Eβeαn

h
=

gNμNB + A/2

h
(3.3)

Combining these findings with the resonance condition for NMR transi-
tions as given in equation 2.11, gives what is called the ENDOR resonance
condition [40]:

νENDOR = |νn − AmS| (3.4)

In order to illustrate the ENDOR effect, the Boltzmann population levels
have to be taken into account. While the population difference between the
nuclear spin levels is neglectably small, there is a population difference be-
tween the electronic levels as already pointed out in section 2.1.3. In figure
3.1, this excess population in the two lower energy levels (those with β spin)
is visualized by means of the four dots. [28]
In order to perform an ENDOR experiment, one EPR line is selected (in the
case as shown in figure 3.1, it is EPR1 line). Upon increasing the microwave
power on EPR1 transition, the “hot spins” do not manage to return back to
the lower energy level as the induced absorption rate is being enhanced to
an extent where it competes with spin-lattice relaxation. This results in a
(partial) saturation of the EPR1 line and a much smaller EPR signal. [39, 40]
At this point, radiofrequency comes into play. Intense radiofrequency applied
between the two upper energy levels equalizes the population of the two levels
of NMR1 transition via induced absorption. This results in a partial desat-
uration of the EPR1 transition and thus an increase of the EPR1 line: the
first ENDOR line arises. Applying an intense radiofrequency between the
two lower energy levels equalizes the population of the two levels involved
in NMR2 transition via induced emission. This results again in a partial
desaturation of the EPR1 transition and thus an increase of the EPR1 line:
the second ENDOR line arises. [39, 40]
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EPR1 EPR1 EPR1 EPR1

NMR2

NMR1
E�e�n

E�e�n

E�e�n

E�e�n

unsaturated saturated          ENDOR1 line     ENDOR2 line

Figure 3.1: Energy scheme illustrating the ENDOR effect. Firstly, an EPR line is
selected and secondly, it is saturated. Thirdly, radiofrequency is applied resulting
in a saturation of NMR transitions and desaturation of the EPR transition giving
rise to two ENDOR lines for a system with S = 1/2 and I = 1/2. [28]

Due to the so called “quantum transformation” from low frequency (which
is used to irradiate) to high frequency (which is used to detect), the signal
intensity is enhanced by a factor of up to 105 in the ENDOR experiment
compared to a simple NMR experiment. [40, 41]

3.1.1 The Steady-State ENDOR Effect

In order to obtain a continuous ENDOR signal, relaxation pathways have to
enable a returning to the initial configuration. Based on what was shown
in the chapter on EPR in section 2.1.3, electron spin-lattice relaxation (We

as shown in figure 3.2) enables “hot spins” to fall from Eαeβn back to Eβeβn .
However, with the high microwave intensity applied in an ENDOR experi-
ment, this process cannot compete with the induced absorption. [41]

Another possible relaxation pathway for the “hot spins” to return is the
following: from Eαeβn to Eαeαn via nuclear spin-lattice relaxation WnI

, then
from Eαeαn to Eβeαn via WeI and then back to Eβeβn via WnII

.
This route is also known as the bypass-route. The nuclear spin-lattice relax-
ation is usually very weak compared to its electron counterpart and causes
a so-called “bottleneck” in the relaxation pathway. However, as an intense
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EPR2

NMR1

WnII

(NMR2)

E�e�n

E�e�n

E�e�n

E�e�n

WeII
WeI

(EPR1)

Wx1

Wx2

WnI

Figure 3.2: Energy scheme illustrating the relaxation pathways responsible for
the steady-state ENDOR effect. Solid lines show irradiated induced transitions
whereas dotted lines represent relaxation pathways. We and Wn are the electron
and nuclear spin-lattice relaxation, respectively, whereas Wx stands for the cross-
relaxation processes for electron and nuclear transitions occurring simultaneously.
[40]

radiofrequency is applied in the ENDOR experiment which saturates the
NMR transition, the nuclear spin-lattice relaxation is short-circuited. The
efficiency of the relaxation pathway described above is thus improved. This
is called the steady-state ENDOR effect. [41]

3.2 The ENDOR Spectrum

The ENDOR spectrum of one nucleus with spin I = 1/2 or one set of equiv-
alent nuclei with spin I = 1/2 consists of two lines centered about νn and
separated by A (in the case of A/2 < νn).

∗

The main advantages of ENDOR spectra are the resolution enhancement
(compared to EPR) and sensitivity enhancement (compared to NMR), espe-
cially for organic radicals in solution.

While the number of lines grow multiplicatively in EPR, it grows only
additively in ENDOR. Given e.g. the triphenylmethyl radical, the EPR spec-

∗ For the opposite case of A/2 > νn, the lines are centered about A/2 and separated by
2νn. This case, however, is rare for protons in organic π radicals. [28]
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trum is expected to consist of 196 lines (due to one set of three equivalent
protons and two sets of six equivalent protons, which makes 4 ∗ 7 ∗ 7 = 196).
As additional selection rules are introduced in ENDOR spectroscopy, an EN-
DOR spectrum consists of two lines for each set of equivalent nuclei. This
makes a total of only six lines for the triphenylmethyl radical, whereas the dis-
tance between two lines of a pair is the hyperfine coupling constant in MHz.
As the lines are centered about the Larmor frequency, even the interacting
nucleus can be identified. The only drawback of ENDOR in this context is
that it does not give any information on the number of interacting nuclei. [39]

However, the tremendous decrease in the number of lines makes the EN-
DOR spectrum much better resolved than the corresponding EPR spectrum.
Compared to a conventional NMR spectrum of a radical, the detection of the
NMR resonances in the microwave region leads to a sensitivity enhancement
(due to “quantum transformation” as elucidated in section 3.1). [40]
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Chapter 4

Paramagnetic Organic Species

Radicals are paramagnetic species whose molecular symmetry and electron
distribution can be revealed by means of EPR spectroscopy. [33]
Paramagnetic organic species can be classified into neutral radicals and char-
ged radicals: radical anions and radical cations. As a radical does not neces-
sarily possess only one unpaired electron, biradicals will be addressed later
in this chapter.

4.1 Neutral Radicals

For a neutral radical to be generated, a covalent bond must be cleaved ho-
molytically. In order to cleave a C−C or C−H bond, respectively, dissociation
energies of 300 to 400 kJ/mol have to be overcome. This is usually effected by
irradiation with a van de Graaf accelerator. An alternative is to replace the
strong C−C or C−H bonds by weaker C−I bonds or peroxides, which are
then in turn easier to cleave. [28, 33]

A−B
hν−→
Δ

A• + •B

As an even simpler alternative, reactive radical precursors such as di(t-
butyl)peroxide or OH• react with the precursor molecule, abstract an H atom
and thus lead to the formation of a radical. [28]

Oxidizing an anion, with O2, or reducing a cation, with Zn powder or
electrolytically, are two alternative ways to generate neutral radicals. [33]

27
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X� −e�−−→ X• oxidation

X⊕ +e�−−→ X• reduction

At this point, two prominent examples of neutral radicals shall be given:
the radical of 2,2-diphenyl-1-picrylhydrazyl (DPPH•) is used as a reference in
EPR for the relative determination of g factors [42, 43, 44] and the nitroxyl
radical 2,2,6,6-tetramethyl-4-oxopiperidinyl-1-oxyl (TEMPO•) is used as spin
trap to scavenge short-lived radicals [45, 46].

4.2 Radical Anions

When a neutral diamagnetic molecule takes up an electron – is reduced – a
radical anion is born. Radical anions are in general very reactive, which is
the reason why they have to be generated and handled with great care. Oxy-
gen as well as air moisture have to be excluded unconditionally by working
under high vacuum. This implies that the solvents used have to be pure and
water-free to the highest possible extent.

4.2.1 Generation of Radical Anions

Suitable solvents for the generation of radical anions are dimethoxyethane
(DME), tetrahydrofuran (THF), 2-methyltetrahydrofuran (MTHF) as well as
N,N,N’,N’,N”,N”-hexamethylphosphoric triamide (HMPT). As radical an-
ions are extremely sensitive against protic impurities, great attention has to
be paid to their purification. [33]

In order to reduce the sample molecule to its radical anion, alkali metals
e.g. Li, Na, K, Rb and Cs are used as reducing agents. In fact, the alkaline
earth metals Ca, Sr and Ba are supposed to be suitable reducing agents as
well. However, this has not proven experimentally. A possible explanation
for this behavior may lie in the “nature of the reduction process”. [47]

A small piece of the metal is sublimated to its metallic mirror under
high vacuum. The reduction process is then happening via valence electron
transfer of the metal to the LUMO of the sample molecule, yielding an anion
with one unpaired electron. However, the solvent plays an important role
in the effectiveness of the electron transfer process [47]. Some cases are
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reported where alloys of Na and K in THF/DME mixtures showed the most
promising results [48, 49]. Furthermore, mixtures of di(t-butyl)peroxide and
KOH are known to promote the formation of aliphatic ketyl radical anions
[50]. Irradiating the sample simultaneously to the reduction enhances its
effectiveness [28].

K + solv
hν−→ K⊕ + e�solv

R + e�solv −→ R•� + solv

The radical anion R•� might then react further to its diamagnetic dianion
R2� or triplet dianion R••2�, respectively. These states may then even react
further to trianions R•3�. [28, 51]

R•� +K −−⇀↽−− R2�(R••2�) + K⊕

R2�(R••2�) + K −−⇀↽−− R•3� +K⊕

Ion Pair Formation

The generated radical anion may form a contact ion pair with its counterion,
the metal cation. This ion pair can be tight (contact ion pair) or loose
(solvent-separated ion pair), dependent on how strong their interaction is.
The factors determining the strength of this interaction:

• The electronic structure of the radical ion. Hard bases favor hard acids,
i.e. radical ions with lone pairs on heteroatoms favor Li⊕. Soft bases
favor soft acids, i.e. radical ions with lone pairs on carbon favor K⊕.
[28]

• The concentration of the metal. The higher the concentration of each,
the radical anion and the metal cation, or both, increases the chance
for ion pairing. [28]

• The cation-solvating power of the solvent. Although maybe expected,
the cation-solvating power of a solvent cannot be deduced from its
dielectric constant. Ion pair formation is fostered, which means the
cation-solvating power decreases, in the sequence HMPT, DME, THF,
MTHF, DEE. For example, sodium naphthalene is present as a free
radical in DME, whereas it is present as ion pair in THF [47]. Higher
temperature ceteris paribus also favors ion pairing. [52]
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• The size of the alkali metal cation. Appropriate geometric conditions
being met, the formation of ion pairs depends on the size of the counte-
rion. Ion pairs are more likely to be formed if the size of the counterion
“fits” the geometry of the radical anion. [53, 54]

The radical anion–countercation interaction influences structure and sta-
bility of the radical anion [53] as a perturbation in the environment of the
radical anion may result in changes of hyperfine splittings and g factors [52].
This interaction can be visible in EPR, as the metals used for reduction
posses magnetic nuclei (compare table 2.1, for e.g. K it is I = 3/2).

4.3 Radical Cations

When an electron is abstracted from a neutral diamagnetic molecule – when
the molecule is oxidized – a radical cation is born.

In the past, radical cations used to be generated via oxidation in sulfuric
acid. Nowadays, several methods exist but there is no universal method for
the generation of radical cations. A look at ionization energies and electrode
potentials give a hint for finding a suitable method, but usually one has to
rely on experience data with structurally related molecules. [55]
One of the major tasks is to find a method which gives persistent radical
cations and allows for the prevention of back-electron transfer∗ from the re-
duced oxidant to the radical cation. [56]

Counterion effects do not only have to be taken into account for radical
anions, but play as well a role for radical cations. One of the rare examples for
radical cation–counteranion interactions is given by Gescheidt and coworkers
[57] in the case of 9,9’-bianthryl whose radical cation spectra differ depending
on counterion, solvent and temperature.

4.3.1 Generation of Radical Cations

In a review about methods for the generation of radical cations, Davies groups
the methods in oxidizing metals, Lewis acids, protic acids, stable radicals,

∗ For the generation of radical anions, back-electron transfer is easily suppressed as the
reductant (= the alkali metal) is turned from its free radical atomic state to a closed-shell
alkali metal cation.



4.3 Radical Cations 31

onium salts, halogens, quinones, nitro compounds, anionic oxidation, elec-
tromagnetic radiation, γ-irradiation, X-irradiation, electron irradiation and
zeolithes. [55]

Out of the large pool of possible oxidizing agents, those of relevance to
this work shall be presented at this point.

• AlCl3 in CH2Cl2. While the oxidation potential of the system is known
(Eox= +1.6V vs. SCE), the oxidation mechanism of AlCl3 in CH2Cl2
is still uncertain. However, AlCl3 in CH2Cl2 is a popular system and
allows for the selective generation of radical cations with heteroatoms.
[58]

• “Magic Blue”. Its high oxidizing power makes “Magic Blue” (= tris-(p-
bromophenyl)ammoniumyl hexachloroantimonate) a very strong and
wide-spread one-electron oxidizing agent for organic molecules. While
the perchlorate salt is as well known for its oxidizing effect, the hexa-
chloroantimonate salt is more stable against thermal and photochemical
decomposition. [59]

• PIFA in HFP. Phenyliodine(III) bistrifluoroacetate in 1,1,1,3,3,3-hexa-
fluoro-2-propanole is another strong oxidizing agent for organic mole-
cules. However, PIFA is not a suitable oxidant for molecules that give
unstable radicals. PIFA is therefore regarded as a convenient replace-
ment for the highly toxic thallium tris(trifluoro)acetate in the gener-
ation of radicals of intermediate reactivity [60]. As an alternative,
trifluororacetic acid (TFA) can be added to the solvent or used as a
solvent itself, as its low freezing point allows for spectra recording at
lower temperatures. However, compared to TFA as solvent, HFP pro-
motes the generation of more persistent radicals, although it is actually
a weaker acid and more nucleophilic. [61, 62]

• DDQ in HFP. 2,3-Dichloro-4,5-dicyanobenzoquinone serves as oxidant
up to 1.6V. An enforcement of the oxidation by means of UV light,
however, promotes the generation of the DDQ anion which then masks
the spectrum of the cation [62]. Under acid conditions, the DDQ anion
is rapidly protonated and back-electron transfer thus inhibited. [56]

• Thallium tris(trifluoroacetate) [63] and AgClO4 [33]. Thallium(III) and
AgClO4 are still wide-spread oxidants, although they are more and
more replaced by substances that are easier and safer to handle.
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4.4 Biradicals

A biradical is a two spin state system, i.e. a molecule with two unpaired
electrons each in one orbital. If the two orbitals which accommodate the un-
paired electrons are sterically separated from each other and do not interact,
the biradical behaves like a double monoradical. This means that the spec-
trum of this biradical looks exactly like the spectrum of the monoradicals.
One unpaired electron gives rise to a doublet (spin multiplicity 2S + 1 = 2)
and in case of a symmetric biradical, the doublet has twofold intensity. [32]

However, if the two unpaired electrons interact with each other, they can
give rise to

• a singlet (spin multiplicity 2S + 1 = 1 for S = 1/2− 1/2 = 0) or

• a triplet (spin multiplicity 2S + 1 = 3 for S = 1/2 + 1/2 = 1).

According to Hund’s rule, the triplet is usually more stable. The energy dif-
ference between singlet and triplet is characterized by the exchange integral
J . [28]

Similar to the interaction of the electron spin with the nuclear spin that
has been discussed in chapter 2, the two electron spins interact as well, giving
rise to a dipolar interaction �S1·D· �S2, where D is the zero-field splitting
(ZFS) tensor. It describes the fine splitting of triplet EPR spectra which is
observable without presence of a magnetic field. [28]
The principal values of D, namely DXX , DY Y , DZZ describe the principal
axes frame X, Y , Z. As the sum of these principal values is zero, it shall be
split into two ZFS parameters: D and E, whereas

D = −3/2DZZ with D′ =
D

ge|μB| (4.1)

and E = 1/2(DY Y −DXX) with E ′ =
E

ge|μB| (4.2)

The units of D and E, respectively, is cm-1 (wavenumbers) and of D′ and
E ′, respectively, is T (magnetic field strength). D allows for an estimation
of the mean distance r between the triplet electrons (|D′| = 2.78 ∗ 109 r−3)
[28, 64] and provides information on changes in spin densities at the site of
the radicals [65, 66]. E contains information about axial symmetry as it is
zero for DXX = DY Y [29].
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Figure 4.1: Zero-field and Zeeman splittings for a triplet state as a function of
the magnetic field strength showing three transitions of equal energy hν: two are
allowed as they obey the EPR selection rules and one is forbidden as it does not
obey the EPR selection rules. [28]

Figure 4.1 shows three transitions of constant energy hν: The two allowed
transitions occur at large magnetic fields and obey the EPR selection rule of
ΔmS = ±1. The forbidden transition is a ΔmS = ±2 transition and occurs
at half-field. [67]

It is important to note that triplet spectra are usually not observable in
liquids as the large dipolar interaction between two close spins (large D) is
not averaged out by the Brownian motion. Observing EPR spectra of triplets
requires either single crystals or rigid glassy matrices, e.g. frozen solutions
in MTHF. [28, 68]

4.5 Higher Spin States

Higher spin states are of interest for studies on “organic magnets” [51]. Re-
ports on quartet spin multiplicity [69, 70, 71], quintet spin multiplicity [72],
septet spin multiplicity [72, 73, 74], nonet spin multiplicity [75, 76] and even
molecules with spin multiplicities of up to 11 [77] exist in literature. High
multiplicities are often achieved with molecules containing transition-metal
ions [78].
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Chapter 5

Quenching Experiments with
3-(Carboxymethyl)-lumiflavin

Lumiflavin, being a photodegradation product of riboflavin, oxidizes food
components under light-illumination [79, 80]. Flavins in general are known
to be photoreduced by amino acids and as the reactive species of flavins
is their triplet state, this photoreduction occurs through their triplet state.
Some aromatic amino acids inhibit photoreduction via quenching of the flavin
triplet. This happens by means of a one-electron transfer between the amino
acids and the flavin triplet. [81, 82]
However, the complex response of flavins toward irradiation strongly depends
on the pH value.

The work presented here is explicitly dedicated to study the quench-
ing behavior of 3-(carboxymethyl)-lumiflavin, a lumiflavin derivative, with
four different amino acids (DL-cysteine, DL-histidine, DL-methionine and
DL-tryptophan) in buffered aqueous solution at pH 7. Therefore, steady-
state and time-resolved fluorescence techniques were applied and bimolecu-
lar quenching rate constants as well as electron transfer rate constants were
determined. While e.g. melanin does not quench the fluorescence of flavin
derivatives, although it complexes with them [83], quenching effects could be
observed with the amino acids investigated. The results presented here sup-
plement those on quenching experiments with riboflavin [84, 85, 86], known
as vitamin B2, presented in [87] within the scope of an INTAS project entitled
“A spin chemistry investigation on short-lived intermediates of biologically
important molecules”.

In order to study the photochemical reactions of 3-(carboxymethyl)-lu-
miflavin with various amino acids, Kaptein made use of the technique of

37



38 5 Quenching Experiments with 3-(Carboxymethyl)-lumiflavin

NH2

HS

O

OH

DL-cysteine

NH2HN

N

O

OH

DL-histidine

NH2

S

O

OH

DL-methionine

NH2

H
N

O
OH

DL-tryptophan

N
H

N

N

N O

O

CH3

H3C

H3C
O

OH

3-(carboxymethyl)-lumiflavin

Figure 5.1: Molecular structures of 3-(carboxymethyl)-lumiflavin, DL-cysteine,
DL-histidine, DL-methionine and DL-tryptophan.
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CIDNP and found that a disproportionation reaction of the flavin radical is
the reason for the partial cancellation of the CIDNP signal. [88, 89, 90]

5.1 Experimental

The sample, an orange powder, was supplied by the working group of Prof.
Dr. Vieth from the Free University of Berlin.
DL-cysteine (Fluka, ≥ 95%), DL-histidine (Fluka, ≥ 99.0%) and DL-me-
thionine (Fluka, ≥ 99.0%) were used as received. DL-tryptophan (Fluka, ≥
99%) was recrystallized from water.
For performing the measurements, 3-(carboxymethyl)-lumiflavin was dis-
solved in Na2HPO4/KH2PO4 buffer pH 7 (Fluka, ≥ 99%) as described in [87].
Oxygen was removed from all samples by bubbling with argon for 10minutes.

Absorption spectra were recorded on a Shimadzu UV-3101 PC double-
beam spectrometer using slit widths of 2 nm. Emission spectra were recorded
on a FluoroMax-2 ISA R©Jobin YVON-SPEX Instruments Spectrometer al-
lowing for temperature control from 15 to 60 ◦C.
For time-resolved fluorescence spectroscopy, modulation technique with dig-
ital storage oscilloscope was used in the case of pure 3-(carboxymethyl)-lu-
miflavin and for the quenching experiments, time-correlated single-photon
counting was applied. A 400 nm LED with an UG 5 excitation filter (Schott)
and a GG 495 nm long pass emission filter (Schott) were used. The setup of
these apparatuses was similar to the one described in [91].

5.2 Spectra of 3-(Carboxymethyl)-lumiflavin

The absorption spectrum of 3-(carboxymethyl)-lumiflavin in buffered aque-
ous solution at pH 7 shows major absorption bands in the UV-Vis region,
namely at 223 nm, 270 nm, 370 nm and 444 nm, respectively (cf. figure 5.2).
Excitation at 370 nm and 444 nm, respectively, gave identical emission spec-
tra with one broad band at 520 nm. The emission spectrum, corrected ac-
cording to manufacturer specifications, is shown in figure 5.3. Excitation
spectra recorded at the wavelength of maximum emission agree well with the
absorption spectrum.

The data published for the related 3-methyl-lumiflavin in water at pH 6
exhibit as well the characteristic absorption bands at 364 nm and 444 nm [92].
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Figure 5.2: Absorption spectrum of
3-(carboxymethyl)-lumiflavin in phos-
phate buffer at pH 7.
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Figure 5.3: Emission spectrum of
3-(carboxymethyl)-lumiflavin in phos-
phate buffer at pH 7.

These data are also comparable to those of the ethyl-substituted derivative,
3-ethyl-lumiflavin [93], and the benzyl-substituted derivative, 3-benzyl-lu-
miflavin [94]. A comparison of the data with those of the parent molecule
lumiflavin shows that the substitution in position 3 does not evoke major
changes in the photophysical properties of the molecule. The two major
absorption bands of lumiflavin in water at pH 6 are reported to appear at
367 nm and 445 nm, respectively, and the emission band at 530 nm and are
thus in good agreement to the spectra of 3-(carboxymethyl)-lumiflavin. [92]

A monoexponential excited-state lifetime of 3-(carboxymethyl)-lumiflavin
of 4.8 ns was determined using modulation technique with digital storage
oscilloscope. Lifetimes in this range as well as relatively high quantum yields
are characteristic for isoalloxazine derivatives, such as lumiflavin. [95, 96, 97]

5.3 Quenching Experiments

The fluorescence of 3-(carboxymethyl)-lumiflavin was quenched in four dif-
ferent experiments, using the amino acids DL-cysteine, DL-histidine, DL-me-
thionine and DL-tryptophan as quenchers. The solvent for all experiments
was aqueous Na2HPO4/KH2PO4 buffer pH 7.

The Stern-Volmer relation describes the quenching behavior for a mono-
exponential decay following a δ-pulse excitation [98]:

I0
I

=
τ0
τ

= 1 + kqτ0[Q] = 1 +KSV[Q] (5.1)
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with I0 and I being the steady-state fluorescence intensity and τ0 and τ being
the lifetime of the fluorophore in s in the absence and in the presence of a
quencher, respectively, kq being the experimental bimolecular quenching rate
constant in m3/mol s, [Q] being the concentration of the quencher in mol/m3 and
KSV being the Stern-Volmer constant in m3/mol.
I0/I = τ0/τ is not valid for static quenching. Thus the way the equation is
given above only holds for dynamic quenching. [87, 99]

Figures 5.4, 5.5, 5.6 and 5.7 show the Stern-Volmer plots for both, steady-
state and time-resolved experiments: I0/I, or τ0/τ is plotted vs. the quencher
concentration yielding an intercept on the ordinate of 1 and a slope equal
to the Stern-Volmer constant. The Stern-Volmer constants and bimolecu-
lar quenching rate constants are summarized in table 5.1. A more detailed
overview of the experimental data can be found in tables 5.4, 5.5, 5.6 and
5.7 in section 5.5.

For cysteine, the Stern-Volmer constant is comparable for steady-state
(Kss

SV = 3.65 l/mol) and time-resolved measurements (Ktr
SV = 2.53 l/mol). There-

fore, it can be deduced that the quenching process of 3-(carboxymethyl)-lu-
miflavin with cysteine follows dynamic behavior.
The Stern-Volmer constants obtained for histidine (Kss

SV = 14.9 l/mol and
Ktr

SV = 9.74 l/mol) and methionine (Kss
SV = 18.5 l/mol and Ktr

SV = 14.1 l/mol),
respectively, are in the same order of magnitude compared to those of the
quenching process of riboflavin. [87]
Similar to the quenching reaction of tryptophan with riboflavin [87], the slope
of the time-resolved Stern-Volmer plot (Ktr

SV = 2.15 l/mol) is much smaller than
the slope of the steady-state Stern-Volmer plot (Kss

SV = 15.7 l/mol). It is likely
that simultaneous static and dynamic quenching is happening in this case.
To make sure one would have to investigate higher quencher concentrations,
but unfortunately tryptophan is only poorly soluble in aqueous buffer at
pH 7. This is why a possible upward curvature toward the ordinate, which
would be an indicator of simultaneous static and dynamic quenching cannot
be made out in figure 5.7. However, ground-state complex formation is rather
unlikely at low concentrations [100].

These results are in line with those reported on the reactivity of flavin
derivatives toward quenching by amino acid side chains in proteins, studied
by means of photo-CIDNP. These studies reveal that quenching by trypto-
phan is almost diffusion controlled, that quenching by histidine is slower and
that quenching by methionine is almost negligible. However, quenching by
methionine was found to be slow in the molecular systems investigated. The
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Figure 5.4: Stern-Volmer plot
for cysteine as quencher of 3-(car-
boxymethyl)-lumiflavin in phosphate
buffer at pH 7.
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Figure 5.5: Stern-Volmer plot
for histidine as quencher of 3-(car-
boxymethyl)-lumiflavin in phosphate
buffer at pH 7.
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Figure 5.6: Stern-Volmer plot for
methionine as quencher of 3-(car-
boxymethyl)-lumiflavin in phosphate
buffer at pH 7.
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Figure 5.7: Stern-Volmer plot for
tryptophan as quencher of 3-(car-
boxymethyl)-lumiflavin in phosphate
buffer at pH 7.
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Table 5.1: Stern-Volmer constantsKSV and bimolecular quenching rate constants
kq for the quenching reactions with the stated amino acids at pH 7.
“ss” stands for steady-state and “tr” for time-resolved measurement.

Kss
SV /l/mol kss

q /l/mol s Ktr
SV /l/mol ktr

q /l/mol s

cysteine 3.65 7.71*108 2.53 5.35*108

histidine 14.9 3.17*109 9.74 2.07*109

methionine 18.5 4.01*109 14.1 3.05*109

tryptophan 15.7 3.55*109 2.15 4.84*108

proposed quenching mechanism involves a flavin triplet state which is being
quenched by amino acids in a diffusion controlled process. Static quenching
can be ruled out. [101]

5.4 Summary of Rate Constants

Table 5.1 gives an overview of the Stern-Volmer constants and the bimolecu-
lar quenching rate constants obtained by both, steady-state and time-resolved
measurements. Based on equation 5.1, kq is obtained via division of KSV by
τ0.

For calculating the association constant, knowledge of the molecules’ radii
is necessary. Therefore, the molecules were treated as ellipsoids and their
radii estimated by using HyperChem 7.0. The approximate radius of 3-(car-
boxymethyl)-lumiflavin was determined to equal about 4.1 Å. The radii of
the quencher molecules were taken from [87] where they have been deter-
mined in a similar procedure: 3.04 Å for cysteine, 3.99 Å for histidine, 3.62 Å
for methionine and 4.11 Å for tryptophan.

The association constant KA in m3/mol is calculated by means of two ap-
proaches, namely the one by Eigen and Fuoss

KA =
4

3
πNAR

3
c exp

(−Wr

RT

)
(5.2)

and the Sutin approach

KA = 4πNAR
2
cdR exp

(−Wr

RT

)
(5.3)
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Table 5.2: Association constants KA and diffusional rate constants kd.
“E.F.” stands for the approach of Eigen-Fuoss and “N.S.” for Sutin’s approach.
3cmlf stands for 3-(carboxymethyl)-lumiflavin.

KE.F.
A /l/mol KN.S.

A /l/mol kd /l/mol s

3cmlf - cysteine 0.909 0.307 6.63*109

3cmlf - histidine 1.33 0.395 6.49*109

3cmlf - methionine 1.15 0.359 6.51*109

3cmlf - tryptophan 1.39 0.406 6.49*109

with the coulombic work term Wr in J/mol given by

Wr =
zMzQe

2
0NA

4Rcπε0εS

(
1 + βRc

√
I
) with β =

√
2NAe20

1000ε0εSkT
(5.4)

where NA is the Avogadro constant in mol−1, Rc is the contact radius of the
two molecules in m, dr is usually chosen as 8 ∗ 10−11m, R is the universal
gas constant in J/K mol, T is the absolute temperature in K, zM and zQ are
the charges of the fluorescent molecule and the quencher, respectively, e0 is
the elementary charge in C, ε0 is the vacuum permittivity in C/N m2, εS the
dielectric constant of the solvent, I is the ionic strength in mol/m3 and k is
the Boltzmann constant in J/K [102].

The diffusional rate constant kd in m3/mol s was calculated using Debye-
Smoluchowski equation in the following form:

kd =

(
2RT

3η

)
(rM + rQ)

(
1

rM
+

1

rQ

)
(5.5)

where η is the solvent viscosity at T in kg/m s (ηH2O
,20◦C = 1.0019 ∗ 10-3 kg/m s

[103]) and rM and rQ are the radii of the fluorescent molecule and the
quencher, respectively, in m.

The electron transfer rate constant kET in s−1 was calculated by means
of the following equation [104]:

1

kq
=

1

kd
+

1

KAkET

(5.6)

Table 5.3 summarizes the electron transfer rate constants calculated using
the bimolecular quenching rate constant obtained from both, steady-state



5.5 Supplementary Material on Experimental Data 45

Table 5.3: Electron transfer rate constants kET .
“E.F.” stands for the approach of Eigen-Fuoss and “N.S.” for Sutin’s approach.
3cmlf stands for 3-(carboxymethyl)-lumiflavin.

kE.F.
ET /s−1 kN.S.

ET /s−1

steady-
state

3cmlf - cysteine 9.59*108 2.85*109

3cmlf - histidine 4.67*109 1.57*1010

3cmlf - methionine 9.05*109 2.91*1010

3cmlf - tryptophan 5.65*109 1.93*1010

time-
resolved

3cmlf - cysteine 6.40*108 1.90*109

3cmlf - histidine 2.29*109 7.70*109

3cmlf - methionine 4.97*109 1.60*1010

3cmlf - tryptophan 3.77*108 1.29*109

and time-resolved measurements. Two electron transfer rate constants are
given for each reaction: One using Eigen-Fuoss’ approach for the association
constant and a second one using Sutin’s approach. [102]

5.5 Supplementary Material on Experimen-

tal Data

Figures 5.8 and 5.9 show the absorption and emission spectra, respectively,
of 3-(carboxymethyl)-lumiflavin in the presence of cysteine at pH 7, figures
5.10 and 5.11 for histidine, figures 5.12 and 5.13 for methionine and figures
5.14 and 5.15 for tryptophan. Tables 5.4, 5.5, 5.6 and 5.7 summarize the
experimental data on each quenching experiment.

Due to quenching, the emission intensity decreases upon increasing the
quencher concentration. However, in order to account for slightly alternating
fluorophor concentrations in the quenching experiments, the absorbance of
the fluorophor has to be taken into account. This yields a corrected emission
intensity Icorr:

Icorr =
1− 10−

Acorr
2

1− 10−
A0,corr

2

∗ I0
I

(5.7)

where Acorr stands for the absorbance corrected by the baseline. The index
“0” indicates the absence of a quencher.∗

∗ No such correction has to be taken into account for the time-resolved measurements, as
lifetime is not dependent on the concentration of the fluorophore within certain limits.



46 5 Quenching Experiments with 3-(Carboxymethyl)-lumiflavin

250 300 350 400 450 500 550 600
0.00

0.05

0.10

0.15

0.20

 

 

a
b
so

rb
a
n
ce

wavelength /nm

 [Cys] = 0 M
 [Cys] = 0.1 M
 [Cys] = 0.2 M
 [Cys] = 0.3 M
 [Cys] = 0.4 M
 [Cys] = 0.5 M
 [Cys] = 0.6 M
 [Cys] = 0.7 M
 [Cys] = 0.8 M
 [Cys] = 0.9 M

Figure 5.8: Absorption spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of cysteine at pH 7.
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Figure 5.9: Emission spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of cysteine at pH 7.
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Figure 5.10: Absorption spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of histidine at pH 7.
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Figure 5.11: Emission spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of histidine at pH 7.
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Figure 5.12: Absorption spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of methionine at pH 7.
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Figure 5.13: Emission spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of methionine at pH 7.
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Figure 5.14: Absorption spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of tryptophan at pH 7.
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Figure 5.15: Emission spectra of 3-
(carboxymethyl)-lumiflavin in the pres-
ence of tryptophan at pH 7.

Table 5.4: Data for the quenching experiments with cysteine at pH 7.
c stands for the concentration of the quencher in mol/l, A444,corr stands for the mean
corrected absorbance between 446 and 441 nm, Iexp stands for the experimentally
determined intensity in arbitrary units, I0 stands for the emission intensity in
absence of a quencher, Icorr stands for the corrected emission intensity and τ0 and
τ stand for the excited-state lifetime in ns in the absence and presence of the
quencher, respectively.

c /mol/l A444,corr Iexp /a.u. (I0/Icorr)-1 τ /ns (τ0/τ)− 1

0.00 0.0570 1.750*107 0.0000 4.73 0.000
0.01 0.0555 1.679*107 0.0143 4.62 0.023
0.02 0.0415 1.264*107 0.0159 4.55 0.039
0.03 0.0578 1.606*107 0.1034 4.40 0.074
0.04 0.0572 1.566*107 0.1213 4.30 0.100
0.05 0.0574 1.511*107 0.1654 4.20 0.125
0.06 0.0568 1.479*107 0.1779 4.11 0.151
0.07 0.0586 1.433*107 0.2546 4.02 0.177
0.08 0.0577 1.396*107 0.2676 3.95 0.198
0.09 0.0586 1.373*107 0.3092 3.87 0.222
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Table 5.5: Data for the quenching experiments with histidine at pH 7.
Caption as in table 5.4.

c /mol/l A444,corr Iexp /a.u. (I0/Icorr)-1 τ /ns (τ0/τ)− 1

0.00 0.0562 1.751*107 0.0000 4.70 0.000
0.01 0.0565 1.522*107 0.1568 4.32 0.088
0.02 0.0566 1.382*107 0.2775 3.97 0.186
0.03 0.0568 1.256*107 0.4094 3.67 0.282
0.04 0.0566 1.141*107 0.5279 3.42 0.375
0.05 0.0568 1.049*107 0.6595 3.19 0.476
0.06 0.0572 9.484*106 0.8470 2.98 0.576
0.07 0.0554 8.515*106 0.9817 2.81 0.672
0.08 0.0594 8.120*106 1.2157 2.65 0.772
0.09 0.0585 7.515*106 1.3600 2.51 0.875

Table 5.6: Data for the quenching experiments with methionine at pH 7.
Caption as in table 5.4.

c /mol/l A444,corr Iexp /a.u. (I0/Icorr)-1 τ /ns (τ0/τ)− 1

0.00 0.0564 1.647*107 0.0000 4.60 0.000
0.01 0.0518 1.250*106 0.2156 4.05 0.138
0.03 0.0551 9.922*106 0.6250 3.25 0.418
0.06 0.0563 7.620*106 1.1510 2.53 0.822
0.09 0.0567 5.842*106 1.8011 2.05 1.246
0.105 0.0572 5.839*106 1.8199 1.87 1.463
0.12 0.0598 5.336*106 2.2140 1.71 1.695
0.13 0.0575 4.902*106 2.3598 1.63 1.826
0.14 0.0581 4.448*106 2.7333 1.55 1.963
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Table 5.7: Data for the quenching experiments with tryptophan at pH 7.
Caption as in table 5.4.

c /mol/l A444,corr Iexp /a.u. (I0/Icorr)-1 τ /ns (τ0/τ)− 1

0.00 0.0559 1.628*107 0.0000 4.43 0.000
0.01 0.0557 1.469*107 0.1049 - -
0.02 0.0576 1.304*107 0.2806 - -
0.03 0.0549 1.152*107 0.3877 - -
0.04 0.0555 1.044*107 0.5354 - -
0.05 0.0541 9.305*106 0.6740 - -
0.06 0.0548 8.391*106 0.8712 3.93 0.127
0.07 0.0538 7.622*106 1.0299 3.82 0.159
0.08 0.0521 6.654*106 1.2559 3.79 0.169
0.09 0.0560 6.681*106 1.3986 3.72 0.192
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Chapter 6

Photophysics of an
Intramolecular Pyrene Excimer

Pyrene is well known – apart from its monomeric emission – for a concen-
tration dependent red-shifted broad and unstructured emission attributed to
its “excited dimer” or “excimer” [105]. Among other molecules allowing effi-
cient charge-transfer via π–π stacking, pyrene-based molecules belong to the
group of organic conjugated compounds [106] which play an important role in
optoelectronics with applications as organic light-emitting diodes (OLEDs)
[107], organic field-effect transistors (OFETs) [108] and organic photovoltaic
cells (OPVs) [109].

In the present study, the photophysics of a compound consisting of a
molecular hinge with two pyrenylethynyl moieties linked to the principal axis
(for molecular structure see figure 6.2) was investigated in terms of monomer
and excimer derived properties.∗

An introduction on pyrene excimers as exemplification of the general con-
cept of excimers shall be given before going into experimental details and
results.

6.1 Introduction to Pyrene Excimers

A diluted solution of pyrene gives a structured emission band in the violet
region (at about 27,000 cm-1 or 370 nm) originating from pyrene in its first

∗ This project was performed in close collaboration with Dr.A.Rosspeintner, formerly
Graz University of Technology, now University of Geneva. [110]

51
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Figure 6.1: Birks’ scheme of the kinetics of excimer formation [111].

excited state (1M∗).

1M∗ −→ 1M+ hνM

The higher the concentration of pyrene, the more the intensity of the struc-
tured band decreases while a structureless band in the blue region appears.
The structureless band at lower energies originates from an excited dimer
(1D∗) which is formed by a collision of excited monomers (1M∗) with unex-
cited monomers (1M): [105, 111]

1M∗ + 1M −−⇀↽−− 1D∗

1D∗ −→ 1M+ 1M+ hνD

Förster and Kasper were the first who reported on a structureless emission
band in the blue region upon increasing the concentration of pyrene in a
solution [112]. The term “excimer” was originally proposed by Stevens and
Hutton [113]. It is important to distinguish excimers from normal dimers in
the excited states, as excimers are dissociated in the ground state. Excimers
do not exist as dimers in the ground state.
Birks extended the definition given by Stevens and Hutton, made it valid
as well for intramolecular excimers and defined an excimer as “a molecular
dimer or stoichiometric complex which is associated in an excited electronic
state and which is dissociative (i.e. would dissociate in the absence of exter-
nal restraints) in its ground electronic state”. [114]
A molecule with two aromatic moieties which are separated by an aliphatic
chain, can form an intramolecular excimer if the excited moiety (1M∗) man-
ages to approach the unexcited moiety (1M) within its excited-state life-
time. Similar to the case described above, an intramolecular excimer (1D∗)
is formed. [111]

The general scheme proposed by Birks [111] (see figure 6.1) holds for
inter- and intramolecular excimer formation. It predicts double-exponential
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decay with identical values for the time-constants of the monomer and the
excimer. [115]
However, some authors claim that the scheme is different for intramolec-
ular excimers [116, 117]. Three-exponential decays have been observed as
well and were ascribed to structurally different conformers of the exciplex
[118, 119], e.g. full and partial ring overlap [120]. Furthermore, much in-
fluence is ascribed to the length and flexibility of the chain linking the two
pyrene moieties [121] and the presence of other bulky substituents [122].
Some cases are reported where the ground-state dimer as well as excimers
exist, resulting in a change of the kinetics because diffusion of the excited and
the unexcited moieties does not play a role anymore. However, the presence
of a ground-state dimer is reflected in additional bands in the absorption
spectrum, whereas the existence of excimers does not change the absorption
spectrum. Furthermore, ground-state dimers are responsible for a change of
the monomer-to-excimer emission intensity ratio upon changing the excita-
tion wavelength. [118]

Unlike pyrene moieties being linked by aliphatic chains, which are well
known to exhibit triple-exponential fluorescence decays [123], the restricted
intramolecular flexibility of the system under investigation (see figure 6.2) is
not expected to afford such a behavior. We therefore expected two fluorescing
species: one being attributed to the open conformation and a second one to
a π-stacked conformer (via rotation about one of the two central C−C single
bonds). Interestingly, our experiments revealed three absorbing and emitting
species.

6.2 Experimental

The compound under investigation, from now on referred to as “pyrene A”,
a diphenylacetylene core substituted with two pyrenylethynyl units, was sup-
plied to us by Prof. Dr. Sankararaman from the Indian Institute of Tech-
nology Madras. The synthesis of analogous compounds has already been
reported [124, 125]. Its molecular structure is illustrated in figure 6.2.

The solvents used, namely hexane (Fluka, puriss. p.a.), acetonitrile
(Riedel de Haen, spektranal. grade), propyl acetate (Sigma-Aldrich, puriss.
p.a.) and butyronitrile (Fluka, purum ≥ 99.0%) were distilled and dried over
molecular sieves. Paraffin oil (Fluka) was used as received.
Optically dilute solutions (optical density < 0.1) were prepared and deaer-
ated in septa-sealed quartz cuvettes by bubbling with argon for 10minutes.
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Figure 6.2: Molecular structure of “pyrene A”.

Absorption spectra were recorded on a Shimadzu UV-3101 PC double-
beam spectrometer using slit widths of 2 nm. Fluorescence spectra were
recorded on a FluoroMax-2 ISA R©Jobin YVON-SPEX Instruments Spec-
trometer allowing for temperature control from 15 to 60 ◦C.
Temperature scan measurements were performed in a separate, nitrogen
purged module, allowing for temperature control from -20 to 80 ◦C, which
was connected to the spectrometer via liquid light guides (Lumatec).
Time correlated single photon counting measurements were performed with
a 394 nm vertically polarized laser diode as excitation light source. A po-
larizer set to the magic angle conditions (54.7◦) and different interference
filters were used in the emission pathway. The set-up was similar to the one
described in [91].

6.3 Data Treatment

In the following, the procedure how certain data were obtained and corrected,
respectively, shall be explained briefly.
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6.3.1 Viscosity

The dynamic viscosity η was determined according to

η = νρ (6.1)

whereas the kinematic viscosity, ν, was measured using a thermostatted
Ubbelohde viscosimeter (Schott instruments) and the mass density, ρ, was
obtained using a pycnometer.

6.3.2 Emission and Excitation Spectra

For the fluorescence measurements in highly viscous paraffin oil, polarizers
(Prinz) were used in excitation and emission. Emission spectra were corrected
according to manufacturer specifications.
The total fluorescence emission intensity I(λ) is then corrected to

I(λ) =
IVV(λ) + 2G(λ)IVH(λ)

T (λ)
(6.2)

where T (λ) denotes the transmittance of the emission polarizer and the first
subindex in Iij refers to the position of the excitation polarizer transmission
axis and the second one to the emission polarizer position, whereas V denotes
vertical and H denotes horizontal. The sensitivity of the detection system to
differently polarized light is taken into account via G(λ), which is given by:
[99]

G(λ) =
IHV(λ)

IHH(λ)
. (6.3)

6.3.3 Quantum Yield

The fluorescence quantum yield φx was obtained using a 10−5M quinine
sulfate solution in 0.5M H2SO4 as reference (φr = 0.55 [126]) and applying
the following equation:

φx =
Ix
Ir

1− 10−Ax

1− 10−Ar

n2
r

n2
x

φr (6.4)

where Ii denotes the integrated fluorescence intensity of species i, Ai is the
absorbance of species i at the excitation wavelength and ni is the refractive
index of the corresponding solution which was determined using a tempera-
ture controlled Abbé refractometer (Atago). [126]
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6.3.4 Estimation of Absorbing and Emitting Species

The fact that all experimental data inherently possess experimental error
requires a criterion for the determination of contributing species.
In order to evaluate the number of participating species in a series of ex-
periments such as excitation/emission spectra (a c × r data matrix, of r
excitation experiments recorded at c wavelengths), a method called “princi-
pal component analysis” was applied. Principal component analysis (PCA)
is the first step in abstract factor analysis. Based on this method, we chose
the “factor indicator function” (IND) introduced by Malinowski, which holds
the advantage that no knowledge of the experimental error is needed. The
only limitations are that the error has to be relatively uniform and free from
systematic influences. [127]
The IND function is defined via the real error, RE, as

RE =

( c∑
j=n+1

λj

r(c− n)

)1/2

(6.5)

IND =
RE

(c− n)2
(6.6)

where λj is the jth eigenvalue, n represents the number of factors used to
reproduce the experimental data and r and c are the numbers of rows and
columns constituting the data matrix. Malinowski found that the IND func-
tion reached a minimum if the correct number of factors was used. We thus
analyzed our excitation/emission matrices in acetonitrile, hexane and paraf-
fin oil with respect to this method.

While the determination of the number of independent species is com-
parably simple and straightforward, the assignment of the corresponding
spectra, by e.g. using “independent component analysis” (ICA), is not and
usually requires substantial additional information (e.g. about underlying
mechanisms interconverting the individual species). [128, 129]

6.4 Results

First, we performed experiments in hexane and acetonitrile. In these two sol-
vents, we recorded absorption and emission spectra and determined quantum
yield and excited-state lifetime of “pyrene A”. Oxygen quenching experiments
allowed us to disentangle the various emitting species. The recording of a 3D
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Figure 6.3: Absorption spectra of
“pyrene A” in hexane and acetonitrile,
respectively.
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Figure 6.4: Emission spectra of
“pyrene A” in hexane and acetonitrile,
respectively.

excitation/emission matrix in hexane and acetonitrile, respectively, showed
a slight excitation wavelength dependence of the emission spectrum.
Second, we performed temperature scan measurements in THF.
Third, we chose paraffin oil as highly viscous solvent in order to perform
another temperature scan as well as absorption, excitation/emission scans
and single-photon counting experiments.
As fourth set of experiments, we chose propyl acetate/butyronitrile mixtures
for absorption, emission and single-photon counting experiments. Again, we
performed oxygen quenching experiments as an attempt to disentangle the
various emitting species.

6.4.1 Experiments in Hexane/Acetonitrile

Figures 6.3 and 6.4 depict the absorption and emission spectra of “pyrene
A” in hexane and acetonitrile, respectively. The absorption spectra were
arbitrarily normalized to the second low lying maximum (in the range from
370 to 380 nm). The emission spectra were recorded using λexc = 380 nm.
Both, absorption and emission spectra in these two solvents of similar vis-
cosity (η ≈ 0.3 cP) but different dielectric constant (acetonitrile: εS = 35.94,
hexane: εS = 1.8799 [103]) differ.

Figure 6.5 shows the excitation/emission matrices for hexane and ace-
tonitrile in two different representations.
The upper graphics show the matrix when the spectra are normalized to the
second low lying maximum in an excitation range. This allows differentiating
excitation spectra upon changing the emission wavelength.
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Figure 6.5: 3D excitation spectrum of “pyrene A” in hexane (upper left) and
acetonitrile (upper right), respectively. The excitation spectra have been arbitrar-
ily normalized to the second low energy maximum (between 360 < λexc < 380 nm).
3D emission spectrum of “pyrene A” in hexane (lower left) and acetonitrile (lower
right). The emission spectra have been arbitrarily normalized to the spectral max-
imum. [110]

The lower panel shows the same matrix, when being normalized to the emis-
sion maximum. Analogous to the previous representation, this allows ob-
serving changes in the emission spectra shapes upon changing the excitation
wavelength. Slight changes can be made out in the emission spectrum upon
changing the excitation wavelength and we could reveal three (instead of the
expected two – the monomer and its intramolecular folded excimer) species
contributing to the excitation/emission spectra.

Figures 6.6, 6.7, 6.8 and 6.9 summarize the result of applying PCA to
the excitation/emission matrix for “pyrene A” in hexane. They show that
presumably three spectral components are required to reproduce the entire
excitation/emission matrix.
While the residuals between the two component fit and the experimental
data (cf. figure 6.6) shows notable structure, the same presentation for three
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tion/emission matrix of “pyrene A” in
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uals when using three components
for the description of the 3D excita-
tion/emission matrix of “pyrene A” in
hexane. [110]
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Figure 6.10: Emission spectra (λexc =
380 nm) in hexane upon saturation with
argon and oxygen, respectively.

400 450 500 550 600 650 700

 

 

in
te

n
si

ty
 /

a
.u

.

wavelength /nm

 components
 spectrum
 sum

Figure 6.11: Decomposition of the
emission spectrum into “monomer” and
“intramolecular excimer” in hexane.

species results in perfectly random noise (cf. figure 6.7). In accord with
this finding is the fact that the size of the first three eigenvalues, obtained
from PCA, is notably larger than that of the remaining ones (cf. figure 6.8).
Eventually, the factor indicator function, introduced in section 6.3.4, shows
a minimum when using three principal components (cf. figure 6.9).

Figure 6.10 shows the fluorescence spectrum of “pyrene A” in an argon
saturated and in an oxygen saturated solution, respectively. From the ratio
of these intensities, we attempted to decompose the fluorescence spectrum
into the two components which were expected, namely the monomer and an
intramolecular excimer. Application of these spectra at different excitation
wavelengths resulted in different component spectra, when for two species
the two obtained spectral shapes should not at all depend on the excitation
wavelength.

6.4.2 Experiments in Tetrahydrofuran

The temperature dependence of the emission spectra of “pyrene A” was stud-
ied in THF. Spectra were recorded by coupling a temperature controlled
module to the FluoroMax spectrometer via liquid light guides. This set-up
holds the inconvenience that it does not allow using neither excitation nor
emission polarizers. The obtained spectral shapes are thus to be handled
with care, as soon as large fluorophores with short fluorescence lifetimes in
highly viscous solvents are investigated.

The fluorescence spectra of “pyrene A” in THF in the temperature range
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Figure 6.12: Temperature depen-
dence of the emission spectra of “pyrene
A” in THF.
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Figure 6.13: Temperature depen-
dence of the emission intensity (quan-
tum yield) of “pyrene A” in THF.

from -18 to +40 ◦C are shown in figure 6.12. Qualitatively described, the
monomer emission decreases drastically as the temperature is raised, while
the unstructured red shifted emission remains virtually unaltered. The over-
all fluorescence quantum yield decreases by more than 40% in the tempera-
ture range studied (cf. figure 6.13).

6.4.3 Experiments in Propyl Acetate/Butyronitrile Mix-
tures

It has been shown recently that mixtures of propyl acetate/butyronitrile
allow changing the dielectric constant εS from 6 to 24 while keeping vis-
cosity and refractive index constant [130]. The experiments in propyl ac-
etate/butyronitrile mixtures were performed in order to investigate the de-
pendence of the emission spectra on the dielectric constant εS (cf. figure
6.14).

Increasing the dielectric constant results

• in a slight shift of the entire spectrum to lower energies and

• in an increase of the relative intensity of the unstructured emission(s).

The unsuccessful attempt to disentangle the spectra into monomer and
excimer from the oxygen quenching behavior led to the assumption of again
three species being present. The presumable presence of three species in-
hibited us from obtaining further insights as it was not possible to extract
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Figure 6.14: Dependence of the emission spectra (λexc = 374 nm) on the dielectric
constant of the solvent, εS , in mixtures of propyl acetate/butyronitrile with 6 <
εS < 23 (η = 0.58 cP). Note that the structured band decreases with increasing
dielectric constant, while the broad emission at longer wavelengths increases.

the individual spectral shapes. It should, however, be noted that the ob-
tained time-resolved data in the propyl acetate/butyronitrile mixtures hint
at a trend of a decreasing τ1 upon increasing εS, which is in line with the
observations for hexane and acetonitrile.

6.4.4 Experiments in Paraffin Oil

The temperature dependence of the fluorescence of “pyrene A” in paraffin
oil in the range from 16.5 to 56.8 ◦C is depicted in figure 6.15. Apparently
the structured component decreases (also observed in decreasing τ1) while
the unstructured component(s) increase. Within the experimental error, the
quantum yield did not change with temperature and thus viscosity. This
finding is contrary to the findings in THF. However, we assume that the ex-
pected decrease of about 10% of φ in the observed temperature range is too
small for the experimental error of the measurements in paraffin oil. It shall
be kept in mind that the paraffin oil measurements were primarily aimed at
and devised for the elucidation of the number of spectral species.

The excitation/emission matrix (depicted in figure 6.16) was subjected
to a principal component analysis, giving rise to at least three different con-
tributing species. An independent component analysis of the three major
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Figure 6.15: Temperature and viscosity dependence of the emission spectra of
“pyrene A” in paraffin oil. Note, that upon increasing the temperature the inten-
sity of the structured band decreases while the intensity of the broad emission at
longer wavelengths increases.

principal components was performed using the MCR-ALS program written
and published online by R.Tauler, A. de Juan and J. Jaumot [131]. The al-
ternating least squares procedure for the optimization was subjected to the
following constraints:

• only non-negative spectral components and

• only non-negative relative contributions of these components.

As initial guesses, the two excitation spectra at the extremal emission wave-
lengths and a spectrum at intermediate emission wavelength were chosen.
The fitting result is depicted in figure 6.17. It should, however, be noted
that the given spectra do not necessarily represent the “true” component
spectra. Finally the absorption spectrum of “pyrene A” in paraffin oil was
decomposed into the three spectral components obtained from the MCR-ALS
program (cf. figure 6.18).

6.5 Conclusion

The main conclusion which can be drawn from a comparison of absorp-
tion and excitation spectra of “pyrene A” as well as from the 3D excita-
tion/emission matrices in hexane, acetonitrile and paraffin oil and the applied
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Figure 6.16: 3D excitation spectrum of “pyrene A” in paraffin oil at 16.5 ◦C.
The excitation spectra have been arbitrarily normalized to the spectral maximum.
[110]

Figure 6.17: Three possible spectral
species (excitation spectra) obtained
from ICA on “pyrene A” in paraffin oil
at 16.5 ◦C and their corresponding rela-
tive contributions at the different emis-
sion wavelengths. [110]

Figure 6.18: Decomposition of the ab-
sorption spectrum in paraffin oil into
the contributions of the three spectral
species obtained from ICA on the exci-
tation/emission matrix. [110]
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principal component analysis is that presumably three spectral species are
contributing in the system investigated. All experimental evidences point
at three absorbing (three different excitation spectra) and emitting (three
different emission spectra) species for “pyrene A”.
The fact that the excitation spectrum is not identical to the monomeric one
gives evidence that the intramolecular dimer(s) does (do) not only exist in
the excited state but also in the ground electronic state.
The fact that the fluorescence decay curves could only be fitted by triple expo-
nentials gives additional evidence for the presence of three emitting species.
These findings are rather surprising as initially we had expected only two
components, namely a monomer and an intramolecular dimer.

Time-Resolved Fluorescence

From the fluorescence decays it becomes evident that presumably three emit-
ting species are present. While the lifetimes of the two long-lived spectral
components seem to be little to not affected by the solvent, the lifetime of
the short-lived definitely is (cf. table 6.1). Two influences are observable:

1. Decreasing solvent viscosity by increasing the temperature leads to a
decrease in τ1. This can either be understood in terms of an enhanced
formation of the intramolecular excimer and/or an additional increase
of the non-radiative rate constant or different populations of different
conformers. Most probably the observed dependence is the result of a
combination of these influences.

2. Comparison of hexane and acetonitrile – both having similar viscosity
– indicates that the monomer to excimer conversion proceeds slower
in the former than in the latter. An effect of the non-radiative rate
constant of the monomer does not seem to interfere as the overall fluo-
rescence quantum yield remains unaltered upon changing the solvent.

Quantum Yield

The quantum yield of “pyrene A” is, within experimental error, independent
of

• the excitation wavelength (from 280 to 410 nm),

• the dielectric constant of the medium (compare the values for acetoni-
trile, hexane and the propyl acetate/butyronitrile mixtures in table 6.1)
and of
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Table 6.1: Fluorescence lifetimes and quantum yields of “pyrene A” in the studied
solvents and some of their corresponding properties.
n.m. stands for “not measured” and pa/bn for the propyl acetate/butyronitrile
mixture.

solvent θ /◦C εS η /cP φ τ1 /ns τ2 /ns τ3 /ns

paraffin oil 20 ≈ 2 160 n.m. 1.8 14 34
acetonitrile 22 35 0.3 0.62a 0.2 15 37
hexane 22 2 0.3 0.59a 0.4 14 37
pa/bn 22 6 to 23 0.58 0.63b 0.8 14 37

a vs. quinine sulfate in 0.5M H2SO4
b vs. DCA in dioxane

• temperature and solvent viscosity within the temperature range (15 to
60 ◦C) and viscosity range (160 to 23 cP) covered in the paraffin oil
experiment∗.

6.6 Future Outlook

More experiments with an eventually purified sample are necessary in order
to be able to assign the third component to any particular conformation or
substance.
Once the nature of the third contributing component is solved, a detailed
study of the temperature, viscosity and dielectric constant dependence will
allow for further interesting and revealing insights. The use of various alkanes
as solvents would allow to establish the effects of temperature and viscosity
on the fluorescence properties of “pyrene A”, which has not been possible
through the use of paraffin oil at different temperatures as a means to change
viscosity. For a more detailed study, a larger temperature range and the in-
dividual spectral components should be accessible, e.g. by performing the
temperature scan with argon and oxygen saturated solutions. Especially
the dielectric constant dependence is of interest as the monomer emission of
pyrene decays within 200 ps in acetonitrile (compare to the value of 200 ns
for pyrene itself), while it takes twice as long in hexane and a factor of four
longer in the propyl acetate/butyronitrile mixtures.

∗ However, the experimental error is within the range of the expected change extrapolated
from the THF temperature dependent measurements.
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Furthermore, in conjunction with optical spectroscopy, an investigation
by means of EPR/ENDOR could reveal interesting results. Additionally,
the “pyrene A - model compound”, a molecule with only one pyrenylethynyl
unit which is thus unable to form intramolecular dimers could contribute to
revealing further insights.
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Chapter 7

Extended Phenylenediamines

Despite the predominant electron donor character of extended p-phenylene-
diamine derivatives, our studies show that they cannot only be oxidized,
giving well-known Wurster type radical cations, but as well be reduced, giv-
ing radical anions. We chemically generated radical cations and anions and
analyzed them using EPR/ENDOR spectroscopy. Supported by DFT cal-
culations, we were able to reveal the extent of π electron delocalization in
the paramagnetic species. Furthermore, we performed electrochemical char-
acterizations using cyclic voltammetry. With regard to the photophysical
characterization, we recorded absorption, emission and excitation spectra,
determined the quantum yield and the excited-state lifetime of the species
in hexane and acetonitrile, respectively.∗

The molecules under investigation constitute building blocks of conju-
gated organic polymers and are thus of interest for their application as
molecular wires. Due to their characteristic electronic properties, persis-
tent oxidized as well as reduced stages, they are handled as substitutes for
conventional materials in optoelectronic devices, e.g. organic light-emitting
diodes. [6]

7.1 Introduction

The oxidation products of p-phenylenediamines and their derivatives have
a long history in chemistry, since they were first described by Wurster in
1879 [132]. The one-electron oxidation product of N,N,N’,N’ -tetramethyl-p-

∗ The present chapter, with few adjustments, serves as a manuscript version to be handed
in with a peer-reviewed journal with following authorship: C. Onitsch, Dr. A. Rosspeint-
ner, Dr. G. Angulo, Dr. M. Kivala, Dr. B. Frank, Prof. F. Diederich, Prof. G. Grampp
and Prof. G. Gescheidt.

69
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phenylenediamine, also called Wurster’s blue radical cation, owes its stability
to the π electron delocalization in its semi-quinone structure [133, 134]. Be-
ing one of the most stable organic radicals, Wurster’s radical cations were
even among the first to be investigated by EPR spectroscopy [135]. Since
then, numerous papers have been published dealing with the radical cations
of various p-phenylenediamines.

Michaelis et al. dealt with the stability and color of the free radicals of the
type of Wurster’s salts [136], as well as Milligan who studied higher members
of the Wurster salts series [137]. Yamauchi et al. examined the magnetic
properties of the N,N,N’,N’ -tetramethyl-p-phenylenediamine cation radical
(“Wurster’s Blue”) and the effect on changing its counterions [138, 139].
Grampp et al. published their EPR/ENDOR investigations on substituted
N,N,N’,N’ -tetraalkyl-p-phenylenediamine radical cations in solution [140].
Furthermore, they reported on the dimerization enthalpies of substituted p-
phenylenediamines [141]. Omelka et al. have as well investigated the cation
radicals of N -phenyl substituted p-phenylenediamine [142].

However, only a few examples of radical anions of substituted p-phenylene-
diamines are present in the literature. Gerson et al. reported on a one-
electron reduction of a N -trimethylsilyl-substituted p-phenylenediamine to
a radical anion which was established by means of EPR in 1969 [143, 144].
They explained their success in reducing an electron-rich molecule with a dis-
tortion of the nN/π-delocalization due to a twisting of the bulky [Me3Si]2N
groups around the bond between the N and the ring C atom [145]. Stegmann
et al. reported on the formation of radical anions of substituted o-phenylene-
diamine upon reaction with diphenylthallium hydroxide [146]. Angulo et al.
published their work on a spectroscopic characterization of tetracyano-p-
phenylenediamine, which, although containing the p-phenylenediamine moi-
ety, due to the substitution with four cyano groups becomes a strong oxidant
and can rather be regarded as a cyanobenzene-derivative than as a represen-
tative of the p-phenylenediamine group [147].

In contrast to our studies, the examples given above deal with substituted
p-phenylenediamine derivatives which ascribe their special abilities to substi-
tution with acceptor groups. In our study, we report on EPR/ENDOR and
optical studies on the p-phenylenediamine derivatives without acceptor sub-
stitution, namely 1, 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]bis(N,N -dihexy-
laniline), and 2, 4-[[4-(dimethylamino)phenyl]ethynyl]-N,N -dimethylaniline,
respectively. Synthesis of the compounds under investigation has already
been described in [148, 149].
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N(C6H13)2(C6H13)2N

N(CH3)2(H3C)2N

1

2

NN

TMPPD

DPA

BPB

Figure 7.1: Molecular structures of the extended phenylenediamines
1, 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]bis(N,N -dihexylaniline) and 2, 4-[[4-
(dimethylamino)phenyl]ethynyl]-N,N -dimethylaniline as well as of the refer-
ence compounds N,N,N’,N’ -tetramethyl-p-phenylenediamine (TMPPD), 1,4-
bis(phenylethynyl)benzene (BPB) and diphenylacetylene (DPA).

We found that 1 and 2 cannot only be oxidized but as well be reduced
and analyzed the generated radical cations and anions using EPR/ENDOR
spectroscopy. Density functional theory (DFT) calculations allowed us to re-
veal the extent of π electron delocalization in the paramagnetic species and
shed light onto the geometry and bond lengths. Furthermore, we used cyclic
voltammetry to gain insight into the thermodynamics of the redox processes.
We recorded absorption, emission and excitation spectra, determined the
quantum yield and the excited-state lifetime of the species in an apolar and
a polar solvent, hexane and acetonitrile, respectively, in order to establish
elementary differences originating in solvent effects.

Recently, we performed an elaborate study of these solvent effects of 1
and 2 in 25 solvents. We found solute polarizability to be responsible for the
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bathochromic shifts in the optical spectra upon increasing solvent polarity
(see section 7.5.1). [6]

As reference compounds, we not only chose N,N,N’,N’ -tetramethyl-p-
phenylenediamine (TMPPD) but as well the unsubstituted cores, 1,4-bis-
(phenylethynyl)benzene (BPB) and diphenylacetylene (DPA), commonly
referred to as tolan, in order to inspect the influence of the aromatic moiety
of the molecules. Both molecules also served as reference compounds for our
solvatochromic study [6].

7.2 Experimental

7.2.1 EPR/ENDOR

EPR and ENDOR spectra were recorded on a Bruker ESP 300 X-band spec-
trometer. Measurements were performed at 220K. EPR spectra simulations
were performed by means of WinSim, a public domain program [150].

Radical Cations

Dichloromethane was heated to reflux over molecular sieves and stored un-
der these water-free conditions under high vacuum. For sample preparation,
the required volume was condensed into the Pyrex glass tube which was
connected to the vacuum line. It was degassed by three or four freeze-pump-
thaw cycles under high vacuum. 1,1,1,3,3,3-Hexafluoropropan-2-ole (HFP)
was bought from Aldrich and stored under argon after distillation. The re-
quired volume of HFP was transferred into the sample tube with a syringe
and after sealing the glass, it was degassed by three or four freeze-pump-thaw
cycles similar to CH2Cl2. Trifluoroacetic acid (TFA) and phenyliodine(III)
bistrifluoroacetate (PIFA) were purchased from Aldrich and used without
further purification. Oxidations were performed under high vacuum by mix-
ing of the solutions of the sample with that of the oxidizing agents.

Radical Anions

THF was heated to reflux over a Na/K alloy and stored over a Na/K alloy
under high vacuum. Its deep blue color was used as indicator for perfect
water-free conditions. Sample preparation was performed in a special sam-
ple tube which was connected to the vacuum line. First, a K metal mirror
was sublimated to the wall of the sample tube and next, about 0.4ml THF
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were freshly condensed in the sample tube where it was degassed by three or
four freeze-pump-thaw cycles under high vacuum. The sample tube was then
disconnected from the vacuum line by melting it off under high vacuum. Re-
duction was performed by contact of the THF solution of the parent molecule
with the K metal mirror in the evacuated sample tube. Samples were stored
at 190K (isopropanole/dry ice bath) or immediately transferred into the mi-
crowave cavity of the ESR spectrometer, which was cooled to 220K with the
vapor of liquid nitrogen.

7.2.2 Electrochemistry

Cylic voltammograms were recorded by Dr. G. Angulo at the Institute of
Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland.
Solutions of 1mM of the species and 0.1M tetrabutylammonium hexaflu-
orophosphate (Bu4NPF6) as conducting salt were prepared in acetonitrile
(Aldrich spectrophotometric grade, used as received). A W-wire served as
reference electrode and a Pt-disc of 2mm diameter which was always freshly
polished with diamond paste as working electrode. A Pt-wire was used
as counter electrode. The scan rate for cyclic voltammetry was set to be
100mV/s. Ferrocene was used as an internal reference. Oxygen was purged
from the solutions with dried argon for at least 15 minutes.

7.2.3 Photophysics

Hexane (εS = 1.8799, η = 0.2942 cP at 298K [103]) (Fluka) and acetonitrile
(εS = 35.94, η = 0.341 cP at 298K [103]) were distilled and dried over molec-
ular sieves, pore size 4 Å and 3 Å, respectively.
Quinine hemisulfate monohydrate 99% (Alfa Aesar) in 1N H2SO4 (Loba
Feinchemie) was used as received as a quantum yield standard, as it meets
most of the requirements for an ideal standard, as defined e.g. in [126].

Absorption spectra were recorded on a Shimadzu 3101-UVPC double-
beam spectrometer, using slit widths of 2 nm. Fluorescence spectra were
recorded on a Jobin Yvon FluoroMax-2 spectrometer, allowing for tempera-
ture control.
Time-resolved measurements were performed making use of both, time-corre-
lated single-photon counting and modulation technique using a digital storage
oscilloscope in a setup as described in [91]. In the case of 1, a 370 nm light-
emitting diode (PicoQuant) was used as excitation source as well as filters
in excitation (Schott UG11) and in emission (long pass: Schott GG400 plus
KS 385). In the case of 2, a 340 nm light-emitting diode (PicoQuant) and a
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long pass filter in emission (Schott GG360) were used. Both, steady-state
and time-resolved measurements were performed temperature-controlled at
298K.

For determination of the extinction coefficients, solutions which did not
exceed an OD of 1 were prepared. Thus absorption spectra were recorded in
the linear range of Beer-Lambert Law [111]. Emission measurements were
performed with optically dilute solutions (OD∼0.05) in septa-sealed quartz-
cuvettes. All samples were deaerated by bubbling with argon for 15 minutes.
Spectra were corrected according to manufacturer specifications.

7.3 Results and Discussion

Starting with an analysis of the hyperfine splitting constants obtained from
EPR/ENDOR spectroscopy and a comparison to other p-phenylenediamine
derivatives, we go on to the electrochemical and photophysical characteriza-
tion.
The section on “solvatochromism” (section 7.5.1) constitutes a short overview
on our solvatochromic studies which were already published (see reference
[6]).

7.3.1 EPR/ENDOR Results

This section is organized in two parts: the first one deals with the wide-spread
and well-known radical cations and the second one with radical anions which
are rather unusual for this type of molecules.

Radical Cations

Oxidations were attempted with AgClO4 in HFP, AlCl3 in CH2Cl2 and PIFA
in acetonitrile, respectively, but without success. The use of PIFA in CH2Cl2
and thallic trifluoroacetate in CH2Cl2, respectively, did not give EPR spectra
with a lifetime sufficient for precise analysis.
For the oxidation of the parent molecules 1 and 2, the combination of PIFA
and TFA serving as oxidants in HFP under high vacuum has proven to be
the most successful, yielding spectra of an intensity which allowed straight-
forward analysis (see figure 7.2 for the EPR spectrum of 1•⊕ and figure 7.3
for that of 2•⊕).
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Figure 7.2: Experimental (upper) and simulated (lower) EPR spectra of 1•⊕.
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Figure 7.3: Experimental (upper) and simulated (lower) EPR spectra of 2•⊕.
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The EPR spectrum of 1•⊕ shows a structured, but not fully resolved pat-
tern. The two highest hfsc can be assigned to the protons of the methylene
groups (0.481mT) and to the nitrogen atoms (0.224mT). The three smaller
hfsc of 0.091mT, 0.041mT and 0.066mT belong to the four ortho- and meta-
protons and the protons on the central ring, respectively (see table 7.1).

The EPR spectrum of 2•⊕ is less structured than that of 1•⊕. For 2•⊕, the
dominating hfsc can again be assigned to the protons of the methyl groups
(0.382mT) and to the nitrogens (0.349mT). The smaller hfsc of 0.257mT
and 0.066mT belong to the ortho- and meta-protons, respectively (see table
7.2). The higher 14N hfsc of 2•⊕ in comparison to 1•⊕ goes hand in hand
with the smaller conjugated π system of molecule 2 which leaves a higher
portion of the spins at the N atoms.

For the radical cations, the hybridization on the nitrogen has substan-
tial sp2 character due to the significant amount of spin located at the rather
large N atoms. They thus appear rather planarized. A shorter bond length
as well as double-bond character can be postulated for the radical cations, as
proposed from the quantum-mechanical calculations: For 2, the bond length
between the N and the C of the methyl group decreases from 1.447 Å for
2•� to 1.358 Å for 2•⊕. Furthermore, the calculations revealed the planar
structure for 2•⊕. The long hexyl substituents in 1 allow only for certain
conformations on the EPR time scale, whereas the smaller methyl groups
can be regarded as freely rotating.

The high spin population on the nitrogen and the adjacent methyl and
methylene group, respectively, of 1•⊕ and 2•⊕ is in line with the those of
Wurster’s Blue radical cation TMPPD•⊕ (14N hfsc of 0.705mT and 1H hfsc
of the –CH3 group of 0.677mT in absolute methanol at 293K [151]) and
other Wurster’s radical cations [140].

Radical Anions

Prior to contact of the solution with the K metal mirror, no EPR signal was
observed. After reduction of the parent molecules 1 and 2 with a K metal
mirror under high vacuum, the solution turned from colorless to purple (see
absorption spectrum of the radical anion in section 7.5.2) and yielded EPR
spectra which could be very well analyzed using hfsc derived from ENDOR
spectroscopy (see figures 7.6 and 7.8 for EPR/ENDOR spectra of 1•� and
figures 7.7 and 7.9 for spectra of 2•�).
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Table 7.1: Hyperfine splitting constants of 1•⊕ and 1•� obtained by ENDOR
and EPR in mT.

1•⊕ 1•�

EPR calc ENDOR EPR calc

N 0.224 (2) +0.280 (2) - 0.093 (2) +0.057 (2)
c-H 0.066 (4) -0.054 (4) 0.047 (1.32MHz) 0.045 (4) -0.099 (4)
o-H 0.091 (4) -0.096 (4) 0.109 (3.05MHz) 0.112 (4) +0.085 (4)
m-H 0.041 (4) -0.042 (4) 0.138 (3.87MHz) 0.136 (4) -0.219 (4)
–CH2– 0.481 (8) +0.322 (12) 0.023 (0.64MHz) 0.023 (8) +0.031 (12)

Table 7.2: Hyperfine splitting constants of 2•⊕ and 2•� obtained by ENDOR
and EPR in mT.

2•⊕ 2•�

EPR calc ENDOR EPR calc

N 0.349 (2) +0.377 (2) - 0.048 (2) -0.078 (2)
o-H 0.257 (4) -0.125 (4) 0.073 (2.03MHz) 0.071 (4) +0.087 (4)
m-H 0.066 (4) -0.068 (4) 0.280 (7.84MHz) 0.280 (4) -0.318 (4)
–CH3 0.382 (12) +0.427 (12) 0.034 (0.94MHz) 0.035 (12) +0.027 (12)
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Figure 7.4: Spin distribution of 1•⊕
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Figure 7.5: Spin distribution of 2•⊕

(black) and 2•� (gray), respectively.

The observed spectral pattern of 1•� is produced by five different hfsc.
The two largest hfsc of 0.136mT and 0.112mT can be assigned to the four
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Figure 7.6: Experimental (upper) and simulated (lower) EPR spectra of 1•�.
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Figure 7.7: Experimental (upper) and simulated (lower) EPR spectra of 2•�.
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Figure 7.8: ENDOR spectrum of 1•�.
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Figure 7.9: ENDOR spectrum of 2•�.

equivalent meta-protons and the four equivalent ortho-protons, respectively,
of the outermost phenyl groups. The smaller hfsc of 0.045mT can be assigned
to the four equivalent protons on the central benzene ring. The smallest hfsc
of 0.023mT belongs to the eight equivalent protons of the four α-methylene
groups attached to the amino nitrogen atoms. Furthermore, EPR simulation
revealed a hfsc of 0.093mT for the amino nitrogen atom (see table 7.1).

For the radical anion of 2•�, the EPR spectrum is made up by four differ-
ent hyperfine splitting constants. The largest hfsc of 0.280mT belongs again
to the four equivalent meta-protons, followed by the four equivalent ortho-
protons with a hfsc of 0.071mT. The hfsc of 0.035mT can be attributed to
the twelve protons of the methyl groups. The hfsc of 0.048mT of the two ni-
trogen atoms is again well in line with the quantum-mechanical calculations
(see table 7.2).

As has been shown in a previous work [152], the hfsc of nitrogen atoms
can depend – among other things – on the hybridization, so to speak the
extent of pyramidalization on the N center. Contrary to the radical cations,
a pyramid can be proposed for the geometry on the nitrogen for the radical
anions. Two opposite effects can thus be observed: Due to the sp3 hybridiza-
tion, there should be less spin density on the nitrogen atom. However, on
the other hand, the more pronounced pyramid leads to a stronger coupling.

The hfsc obtained for the DPA-derived molecule 2 are well in line with
those of DPA•� itself. For both molecules, spin population is higher for the
ring protons closer to the center (meta-H in the case of 2, ortho-H in the
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Table 7.3: Hyperfine splitting constants of DPA•� obtained by EPR in mT
(note the different assignment of ortho, meta and para in this case).

from [153]a /mT from [154]b /mT from [155]c /mT

o-H 0.268± 0.005 0.280 0.264
m-H 0.062± 0.005 0.060 0.056
p-H 0.475± 0.005 0.508 0.482

a in THF and DME, 293K b 233K c in DME, 213K

Figure 7.10: Schematic overview of the hfsc of 1•�, 2•� and DPA•�.

case of DPA) than for those more outside (ortho-H in the case of 2, meta-H
in the case of DPA). The large hyperfine splitting constant in para-position
of DPA is a consequence of the smaller system in DPA.

7.3.2 Electrochemistry

Cyclic voltammograms were recorded in acetonitrile with ferrocene as inter-
nal standard with a scan rate of 100mV/s. The oxidation potentials are listed
in table 7.4.

The cyclic voltammogram of 1 indicates three irreversible oxidation peaks,
at 0.545V, 0.735V and 0.830V vs. SCE, respectively. Within the experi-
mental electrochemical window (roughly from +2.5V to -2.5V) no reduction
was observed. However, the reader should keep in mind that the fact that no
reversibility in cyclic voltammetry experiments is observed, is not contradic-
tory to the fact that a stable EPR can be observed. Both, the experimental
conditions and sensitivity of EPR spectroscopy differ from those in electro-
chemical experiments.



7.3 Results and Discussion 81

Table 7.4: Oxidation peak potentials of 1 and 2 in acetonitrile vs. SCE, recorded
with a scan rate of 100mV/s at room temperature.

Eox,1 /V Eox,2 /V Eox,3 /V

1 0.545 0.735 0.830
2 0.615 0.710 0.914

For 2, the cyclic voltammogram indicates oxidation peaks at 0.615V,
0.710V and 0.914V vs. SCE. The cyclic voltammogram shows a higher re-
versibility than in the case of 1, but it is still considered irreversible. Again,
no reduction is observed within the experimental electrochemical window
(roughly from +2.5V to -2.5V).

The shape of the observed cyclic voltammograms can be explained by an
ECE (electrochemical-chemical-electrochemical) process, but the attribution
is not straightforward. For TMPPD, two separate oxidation steps are re-
ported in the literature (-0.280V and +0.295V vs. Fc+/Fc in acetonitrile
[156]) whereas the oxidation potential is decreasing when going to longer
substituents [140].

7.3.3 Photophysics

This section describes our photophysical studies in hexane and acetonitrile.
A more detailed study on the influence of different studies is presented in the
section on solvatochromism (section 7.5.1).

Absorption/Extinction Coefficients

The absorption maximum of 1 in hexane appears at 365 nm, whereas it is
red-shifted to 380 nm in acetonitrile (broad and unstructured band). The
maximum extinction coefficients in both hexane and acetonitrile are extraor-
dinarily high: 75,600 l/mol cm and 74,400 l/mol cm, respectively (cf. table 7.5).
The absorption maximum of 2 in hexane lies at 322 nm, whereas the ab-
sorption is again red-shifted to 329 nm in acetonitrile. The maximum ex-
tinction coefficients in both hexane and acetonitrile are high: 48,300 l/mol cm

and 47,600 l/mol cm, respectively (cf. table 7.5). In acetonitrile, absorption is
broad for both molecules.
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Figure 7.11: Normalized absorption
spectra of 1 in hexane and acetonitrile,
respectively.
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Figure 7.12: Normalized absorption
spectra of 2 in hexane and acetonitrile,
respectively.

400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

 

 

n
o
rm

. 
in

te
n
si

ty

wavelength /nm

 hexane
 acetonitrile

Figure 7.13: Normalized emission
spectra of 1 in hexane and acetonitrile,
respectively.
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Figure 7.14: Normalized emission
spectra of 2 in hexane and acetonitrile,
respectively.

Emission

The emission of 1 in hexane is structured and peaks at 393 nm, 412 nm and
429 nm, whereas in acetonitrile, the emission is broad and unstructured with
a maximum at 466 nm. A striking resemblance is noticed comparing the
spectrum of 1 to that of BPB. The emission of BPB in chloroform [157]
(εS = 4.806 at 293K, η = 1.44293 cP at 298K [103]) is of analogous shape
like the one presented here in hexane, but blue-shifted.
In hexane, the emission of 2 has a similar structure compared to 1, but is
also blue-shifted. The spectrum shows peaks at 349 nm, 362 nm and 376 nm.
However, the fluorescence emission of 2 in acetonitrile is too weak to supply
conclusive information, i.e. lifetime was too short to be determined with our
apparatuses.
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Table 7.5: Photophysical properties of 1 and 2 in hexane and acetonitrile, re-
spectively.
εmax denotes the molar decadic extinction coefficient at the wavelength of maxi-
mum absorbance, λem,max the wavelength of maximum emission, φ the quantum
yield, τ the excited-state lifetime and E00 the excitation energy.
n.m. stands for “not measured”.

1 2
hexane acetonitrile hexane acetonitrile

εmax /l/mol cm 75,600a 74,400b 48,300c 47,600d

λem,max /nm 393 466 349 377
φ 0.22e 0.59f, 0.63g 0.04h n.m.
τ /ns 0.74 1.66 <0.10 <0.10
E00 /eV 3.18 2.92 3.58 n.m.

a at 365 nm b at 380 nm c at 322 nm d at 329 nm e λexc = 365 nm f λexc =

355 nm g λexc = 340 nm h λexc = 321 nm

Table 7.5 summarizes the main photophysical properties, namely the
maximum molar decadic extinction coefficient, wavelength of maximum emis-
sion, quantum yield, excited-state lifetime and excitation energy, of 1 and
2 in hexane and acetonitrile, respectively. The excitation energy is given as
the average of the absorption and first emission peak maxima [158].

The shortening of the conjugated system when going from the three-unit
scaffold in 1 to the two-unit core in 2 leads to the observed blue-shift in the
fluorescence maximum. This trend is well-known for para-connected phen-
ylacetylenic compounds, such as the reference compounds BPB and DPA
[157, 159]. Furthermore, whereas BPB is known to be strongly fluorescent
(φ = 0.58 in cyclohexane [159], φ = 0.79 in toluene and φ = 0.90 in dioxane
[160]), DPA has only a very small fluorescence yield (φ = 0.006 in cyclo-
hexane [159]) at 25 ◦C. This goes hand in hand with what we observed: the
molecule with the more extended π conjugation, 1, shows a quantum yield
of 0.22 in hexane and 0.59 in acetonitrile, whereas for the smaller molecule,
2, the quantum yield was determined to be 0.04 in hexane and even indeter-
minable small in acetonitrile.
As far as the maximum extinction coefficients of 1 are concerned, it can be
summarized that they are about one fifth higher than those known for BPB
(ε = 62,000 l/mol cm in dioxane [160]) but much higher compared to TMPPD
with a maximum extinction coefficient of about 2,500 l/mol cm. The extraordi-
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narily high extinction coefficients of molecules 1 and 2, respectively, can be
ascribed to the strong donating groups attached to the aromatic ring.
The lifetime of 1 in hexane (0.74 ns) is comparable to that of BPB ((0.63
± 0.05) ns in cyclohexane [161] and 0.64 ns in dioxane [160]), whereas it is
much lower compared to that of TMPPD (4.3 ns in cyclohexane [162, 163]).

Auristiccio and coworkers performed investigations on molecules interest-
ing for non-linear optics and were using diphenyl acetylene derivatives sym-
metrically substituted in 4,4’-position, a molecule in principal resembling to
our molecule 2, but with longer alkyl chains attached to the nitrogen atoms,
as reference compounds. They observed a small hypsochromic shift when
going from dichloromethane to highly polar methanol for the molecule 2
derivative with the longer alkyl-chains [164].
For our molecule 2, we observed a small bathochromic shift when going from
unpolar hexane to polar acetonitrile. Similar to our findings for molecule
2, Auristiccio observed only very weak emission in dichloromethane and
methanol at room temperature [164].

Since the fluorescence of TMPPD is known to be quenched by specific
electron acceptors [165], we made attempts to quench the fluorescence emis-
sion of 1 and 2 by adding tetracyanoethylene (TCNE). However, TCNE
did not act as an effective quencher for the fluorescence of 1 and 2 pre-
sumably due to inefficient long range electron transfer between the excited
fluorophores and TCNE [166, 167].

7.4 Summary

Extended Wurster-type molecules display unique properties: besides their
expected well-pronounced electron-donating ability, they can also serve as
electron acceptors.
Here we present our studies on the characterization of two elongated tetra-
alkylated p-phenylenediamines. We generated radical cations and analyzed
them using EPR/ENDOR spectroscopy and compared the results to other
Wurster-type radical cations. We were able to prove the existence of the rad-
ical anions of these p-phenylenediamine analogous and show EPR and EN-
DOR spectra thereof. EPR being a much more sensitive method than cyclic
voltammetry, it is not surprising that reduction is observable by means of
EPR. The cyclic voltammetric study revealed three oxidation peak potentials
for each of the molecules under investigation, whereas reduction could not
be observed within the experimental electrochemical window. Despite their
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strongly negative reduction potential, molecules 1 and 2 have proven to be
thermodynamically persistent. Additionally, we performed a photophysical
characterization of the p-phenylenediamine analogous in an unpolar (hexane)
and a polar (acetonitrile) solvent. We show absorption and emission spectra
and compared them to the unsubstituted cores of the molecules investigated,
namely 1,4-bis(phenylethynyl)benzene and diphenylacetylene. Due to their
well-distinguishable absorption bands in their reduced, oxidized or neutral
forms, respectively (see section 7.5.2 for spectra), these extended Wurster-
type molecules show potential in being used as reversibly acting devices.

7.5 Supplementary Material

Our studies on the solvatochromism of molecules 1 and 2 were published with
the title “Photophysics of two Prototypical Molecular-Wire Building Blocks:
Solvent-Induced Conformational Dynamics?” in ChemPhysChem, 2010, 11,
1700-1710. [6]

7.5.1 Solvatochromism

With our study on the symmetrically substituted molecules 1 and 2, we
were able to contribute to the huge amount of research already performed on
donor-acceptor substituted p-phenylenediamine derivatives. We combined
different existing solvent models in order to gain information on the molec-
ular properties both in the ground and in the excited state.

Absorption spectra of 1 are less structured than those of 2 and loose
all vibronic structure and become more symmetric in polar solvents. Emis-
sion spectra of 1 in unpolar solvents show a vibronically structured pattern
whereas in polar solvents, the emission becomes totally unstructured. Ab-
sorption and emission spectra of 2 become broader upon increasing solvent
polarity and are strongly asymmetric. Furthermore for 2, absorption spectra
always remain broader than the emission spectra in the same solvent.

Mirror symmetry between the emission and the first absorption band
could only been found in acrylates for 1 and in none of the 25 solvents in-
vestigated for 2. For 1, mirror symmetry is observable in propyl acetate,
while it completely vanished for e.g. propionitrile. In cyclohexane, however,
the situation for molecule 1 resembles that of molecule 2. For 2, absorption
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spectra were always found to be much broader than the mirrored emission
spectrum, although they are similar close to ν̃0.

For 1, both quantum yield and excited-state lifetime is higher than for
molecule 2. This goes hand in hand with what has been reported for BPB
(high quantum yield) and DPA (low quantum yield) and attributed to the
existence of a bent πσ∗ dark state which is accessible in the case of DPA
[168, 169]. The low quantum yield and the short excited-state lifetime of 2
is furthermore strongly dependent on the energy of the emission transition.
[6]

The solvatochromic effects were studied by means of

• empirical solvent parametrization (Catalán) and

• continuum solvent models (Lippert, Liptay).

Catalán

In order to investigate the nature and magnitude of solute–solvent interac-
tions and distinguish between specific and non-specific solvent effects, the
empirical solvent parameter scale as proposed by Catalán was applied [170]:

ν̃ = ν̃◦ + a · SP + b · SdP + c · SA + d · SB (7.1)

where ν̃ denotes the energy of the electronic transition in a given solvent
and ν̃◦ is the respective value in the gas phase, SP stands for solvent polar-
izability, SdP for solvent polarity, SA for solvent acidity and SB for solvent
basicity [170].

We found that the response to solvent polarizability is similar for 1 and
2. The response on solvent polarity indicates a larger dipole moment of
the solute in the excited state as it increases upon going from absorption to
emission. Furthermore, we found a larger response in emission thus a larger
dipole moment in the excited state for molecule 1 than we found for molecule
2. The response on solvent acidity is rather small and the influence of solvent
basicity can be neglected due to the absence of hydrogen-donating groups in
1 and 2. [6]

Lippert

Using a spherical approximation of the solute molecule and parallel dipole
moments, the Lippert model accounts for dipole–dipole and solute dipole–
solvent polarizability interactions [171]:
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ν̃a = ν̃◦
a −

2μg(μ
FC
e − μg)

hcr3
· f(ε)− (μFC

e − μg)
2

hcr3
· f(n2) (7.2)

ν̃f = ν̃◦
f −

2μe(μe − μFC
g )

hcr3
· f(ε) + (μe − μFC

g )2

hcr3
· f(n2) (7.3)

where f(x) = (x − 1)/(2x + 1), μx refers to the relaxed ground or excited
state dipole moment and μFC

x to their Franck Condon counterparts. h denotes
Planck’s constant, c the velocity of light, and r the Onsager cavity radius. [6]

Absorption data are well described by the Lippert model, however signifi-
cant systematic deviations arise when applying the model to the fluorescence
data. [6]

Liptay

The Liptay approach accounts for dipole–dipole, solute dipole–solvent polar-
izability, solute polarizability–solvent dipole and polarizability–polarizability
interactions. It assumes parallel ground and excited state dipole moments
and equalizes ground and excited state solute polarizability [172]:

ν̃a = ν̃◦
a −

μg(μ
FC
e − μg)

hc
· g(ε)

(1− g(ε)α)
− (μFC

e − μg)
2 + 2hcD

2hc
· g(n2)

(1− g(n2)α)
(7.4)

ν̃f = ν̃◦
f −

μe(μe − μFC
g )

hc
· g(ε)

(1− g(ε)α)
+

(μe − μFC
g )2 − 2hcD

2hc
· g(n2)

(1− g(n2)α)
(7.5)

where D denotes the dispersion interaction between solute and solvent, α is
the solute polarizability and g(x) = 2r−3f(x)F (x,A) is the modified solvent
function, with x taking either n2 or ε, accounting for the shape and charge
distribution of the reaction field.

The dipole moments are closely related to the values of the Onsager ra-
dius, whose size is difficult to estimate. Our analysis was thus limited to
parameters which remain constant upon changing the Onsager radius:

• Solute polarizability α: We found that compound 1 is more polarizable
due to its larger π system in comparison to compound 2.

• Dispersion interaction term 2D/r3: We found that the solvent shift
induced by D is identical for compounds 1 and 2, respectively.
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Figure 7.15: cis and trans forms of the parent tetraalkyl-p-phenylenediamine.

• Relaxed μx and Franck Condon dipole moments μFC
x : We could prove

that the dipole moment changes occur mostly in the course of solvent
relaxation from the Franck Condon state.

The relative dipole moment changes leading to solvatochromism in ab-
sorption were found to be the same for molecules 1 and 2, respectively. How-
ever, as far as fluorescence is concerned, the changes are more pronounced
for molecule 1. [6]

The ground state dipole moments of 1 and 2 are comparable to those
of p-phenylenediamine [173]. For p-phenylenediamine, the dipole moment
originates from the cis form while the trans form does not show any effective
dipole moment at all. As the torsional barriers in 1 and 2 are small in
the ground state and large in the excited state, the molecules will remain in
their more stable planar configuration after excitation and subsequent solvent
relaxation. The increase of the dipole moment when going from the ground
to the excited state points to a more stable cis form than trans form in the
excited state. [6]

7.5.2 Additional Spectra Representations

Figures 7.16 and 7.17 show the absorption spectra of 1 before and after oxi-
dation and reduction, respectively.
Figures 7.18 and 7.19 show the absorption spectra of 2 before and after oxi-
dation and reduction, respectively.

Figures 7.20 and 7.21 show the absorption and emission spectra of 1 in
hexane and acetonitrile, respectively, in the transition dipole moment repre-
sentation.
Figures 7.22 and 7.23 show the absorption and emission spectra of 2 in hexane
and acetonitrile, respectively, in the transition dipole moment representation.
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Figure 7.16: Absorption spectra of 1
in HFP before and after oxidation with
PIFA/TFA.
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Figure 7.17: Absorption spectra of 1
in DME before and after reduction with
K metal mirror.
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Figure 7.18: Absorption spectra of 2
in HFP before and after oxidation with
PIFA/TFA.

200 300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

 

 

n
o
rm

. 
a
b
so

rb
a
n
ce

wavelength /nm

 before reduction
 after reduction

Figure 7.19: Absorption spectra of 2
in DME before and after reduction with
K metal mirror.
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Figure 7.20: Absorption and emission
spectra of 1 in hexane in the transition
dipole moment representation [174].
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Figure 7.21: Absorption and emis-
sion spectra of 1 in acetonitrile in the
transition dipole moment representa-
tion [174].

20 25 30 35 40
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

(A
(ν)/ν)/

(A
(ν)/ν)

m
a
x

 

(I
(ν

)/
ν3

)/
(I

(ν
)/

ν3
) m

a
x

wavenumber /kK

Figure 7.22: Absorption and emission
spectra of 2 in hexane in the transition
dipole moment representation [174].
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Figure 7.23: Absorption and emis-
sion spectra of 2 in acetonitrile in the
transition dipole moment representa-
tion [174].



Chapter 8

Non-Planar Push-Pull
Chromophores

Non-planar push-pull chromophores featuring intense charge-transfer bands
with end-absorptions in the near infrared are gaining increasing importance
as potential candidates for optoelectronic devices. While non-planar push-
pull chromophores bear the advantage of being more easily soluble and sub-
limable as well as less aggregating compared to their well-investigated planar
counterparts, charge-transfer interactions in non-planar molecules are more
complex. Steric constraints in these molecules often hinders effective π conju-
gation and complicates straightforward predictions on their properties. [175]

Therefore, optical spectroscopy together with EPR spectroscopy were ap-
plied in order to study the effects of different or additional acceptor or donor
moieties, respectively, on the optical, magnetic and electronic properties of
these molecules. A variety of compounds with different acceptor or donor
strength, respectively, i.e. compounds featuring stronger or additional ac-
ceptor groups or additional donor groups, were selected for this study. In
the following, optical spectra are discussed upon referring to published elec-
trochemical data. EPR spectra enabled us to shed light on the electron
distribution in these molecules. The compounds under investigation shall be
treated within four sections in the sequence of increasing acceptor strength:

• donor-substituted 1,1,4,4-tetracyanobuta-1,3-dienes (TCBDs)

• donor-substituted 7,7,8,8-tetracyanoquinodimethanes (TCNQs)

• donor-substituted 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethanes
(F4-TCNQs)

• donor-substituted octacyano[4]dendralenes

91
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H3CO OCH3

Figure 8.1: Molecular structure of 3.

8.1 Experimental

The compounds under investigation in this chapter (compounds 1-26) were
supplied by the group of Prof. Dr. Diederich from ETH Zürich.
Compounds 1 and 2, whose analysis was already described in chapter 7, as
well as compound 3 (synthesis described in [176], molecular structure shown
in figure 8.1) served, among others, as precursor substances for the synthe-
sis of these push-pull chromophores. Molecules 1 and 2 got “activated” for
the reaction with TCBD by means of substitution with strong donor groups.
This “activation” facilitated further synthesis, while reaction with TCBD
and molecule 3 required more drastic reaction conditions [149].
Syntheses of the compounds under investigation have mostly been described
by Dr. Kivala in his PhD thesis [177].

All samples were prepared by dissolving a little amount of the substance
in the particular solvents. In order to remove oxygen, all samples were deaer-
ated for 10 minutes by bubbling with argon. Much attention was drawn to
the usage of pure and dry solvents.
Dichloromethane (99.8%, Rotidry) and acetonitrile (spektranal. grade) were
distilled and dried over molecular sieves, 1,4-dioxane (99.8%, HPLC unstab.),
toluene (>99%, purum) and cyclohexane (>99.5%, puriss. p. a.) were used
as received.
Absorption spectra were recorded on a Shimadzu UV-3101 PC Spectropho-
tometer and absorption spectra were mostly normalized to the maximum of
their CT band. Fluorescence spectra were recorded on a FluoroMax-2 ISA R©
Jobin YVON-SPEX Instruments Spectrometer with slit widths of 2 nm.

The experimental conditions for recording EPR/ENDOR spectra are dis-
cussed in the respective sections, as experimental parameters were optimized
for each set of experiments.
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8.2 Donor-Substituted Tetracyanobutadienes

Unimolecular donor/acceptor systems featuring intense intramolecular charge-
transfer interactions are of interest for potential applications in optoelec-
tronic devices. Among this class of molecules, donor-substituted 1,1,4,4-
tetracyanobuta-1,3-dienes (TCBDs) are already applied in silicon-organic-
hybrid waveguides as they can advantageously be deposited as high-optical
quality amorphous films. [175]

In this section, monomeric donor-substituted TCBDs (compounds 4-10),
oligomeric donor-substituted TCBDs (compounds 11-14) and oligomeric don-
or-substituted TCBDs with triphenylamine core (compounds 15-16) are dis-
cussed. The aim of the present study was to establish their optical properties
in terms of absorption and emission characteristics and to investigate how
these properties can be tuned upon changing the molecules’ structure. Fur-
thermore, it addresses the question, to which extent donor substitution alters
the electron transfer properties of the TCBD moiety.

While already the monomeric donor-substituted TCBDs show strong in-
tramolecular charge-transfer interactions, oligomeric or dendritic donor-sub-
stituted TCBDs show even more pronounced properties, i.e. oligomeric
donor-substituted TCBDs can undergo several reversible redox steps. Two
dendritic molecules were thus selected to be analyzed by means of EPR with
regard to the characterization of higher spin states.

8.2.1 Monomeric Donor-Substituted TCBDs

The molecular structures of the monomeric donor-substituted TCBDs under
investigation (compounds 4 to 10) are shown in figure 8.2.

Optical Properties

Compound 4 is known from X-ray analysis to be non-planar, but with each
dicyanovinyl moiety and the adjacent donor-substituted phenyl ring to be
co-planar such as to assure that intense intramolecular CT bands are ob-
servable [10]. Due to the presence of even two dimethylamino moieties, the
observed CT bands are even more intense. The CT band shifts from 484 nm
in cyclohexane to 508 nm in 1,4-dioxane, to 514 nm in toluene, to 518 nm in
acetonitrile and even to 530 nm in dichloromethane (cf. figure 8.4). A strong
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Figure 8.2: Molecular structures of 4, 5, 6, 7, 8, 9 and 10.
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Figure 8.3: Absorption spectra of 3
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.4: Absorption spectra of 4
in dichloromethane, acetonitrile, cyclo-
hexane, 1,4-dioxane and toluene, re-
spectively.

shift from 477 nm in hexane to 526 nm in chloroform with a molar decadic
extinction coefficient of ε = 38,100 l/mol cm is already reported in [7, 10]. No
fluorescence was observable in the solvents investigated.

Compound 5 is structurally related to compound 4. The only difference
is one missing dimethylamino moiety on one phenyl ring. The sample is well
soluble in acetonitrile and dissolved in hexane after one hour. The absorption
spectrum shows a structured pattern in hexane with peaks at 363 nm, 398 nm
and 434 nm and one less structured CT band at 450 nm in acetonitrile (ε =
23,000 l/mol cm), respectively (cf. figure 8.5). Again, this compound does not
fluoresce.

Compound 6 is actually a dicyano-vinyl molecule [10] which shall be
treated within this chapter as it shows similar properties. The absorption
spectrum of compound 6 shows one CT band at 468 nm in acetonitrile and
at 477 nm in dichloromethane (cf. figure 8.6), respectively. The pattern of
this spectrum can also be recognized in the spectra of the donor-substituted
TCBDs. Again, no fluorescence could be observed.

Compound 7 is a p-anisyl substituted TCBD which has been synthesized
starting from compound 3 as described in [149]. The p-anisyl moiety is a
weaker electron donor compared to the dimethylamino moiety. The first elec-
tron reduction potential of compound 7 lies at -0.56V in CH2Cl2 vs. Fc

+/Fc
[149]. The CT band of compound 7 appears at 417 nm in acetonitrile and at
443 nm in dichloromethane (cf. figure 8.7). Again, it does not fluoresce.
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Figure 8.5: Absorption spectra of 5
in hexane and acetonitrile, respectively.
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Figure 8.6: Absorption spectra of 6
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.7: Absorption spectra of 7
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.8: Absorption spectra of 8
in dichloromethane, acetonitrile and cy-
clohexane, respectively.

Compound 8 has the same structure as compound 7 only differing in the
donor moiety, which is again the dimethylamino group in this case. The first
one-electron reduction potential of compound 8 is known to lie already at
-0.69V in CH2Cl2 vs. Fc+/Fc which shows that compound 8 acts as strong
electron acceptor. Compared to compound 7, the first one-electron reduction
potential is thus shifted to more negative potentials by 130mV [149]. The
absorption spectrum of compound 8 shows a broad CT band with peaks at
483 nm and 566 nm in cyclohexane, 486 nm in acetonitrile, and at 521 nm
with a shoulder at 586 nm in dichloromethane, respectively. Again, com-
pound 8 does not show fluorescence in the solvents investigated.
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Figure 8.9: Absorption spectra of 9
in hexane and acetonitrile, respectively.
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Figure 8.10: Absorption spectra of 10
in dichloromethane, acetonitrile and cy-
clohexane, respectively.

Compound 9 is similar to compound 8 as the only difference is one addi-
tional phenyl ring connected to the TCBD moiety. The sample is a glaring
red powder. Its absorption spectrum shows CT bands at 437 nm in hexane
and at 473 nm in acetonitrile (ε = 25,000 l/mol cm), respectively (cf. figure
8.9). Compound 9 is non-fluorescent.

Compound 10 serves as educt for preparation of dendritic TCBDs [178].
Its absorption spectrum shows CT bands at 415 nm in cyclohexane, 443 nm
in dichloromethane and 450 nm in acetonitrile, respectively (cf. figure 8.10).
Compound 10 did not show any fluorescence.

It can be summarized that donor-substituted TCBDs show intense CT
bands, despite strong distortion out of planarity via rotation around the
central single bond of the TCBD moiety [149]. Crystal structures indicate
preferred s-trans conformation of the TCBD moiety as shown for molecules
4, 7 and 8 in [10, 149].

EPR/ENDOR studies allowed to establish the extent to which this non-
planarity hinders effective π delocalization. It could be shown for the parent
radical anions that the type of donor substitution (dialkylamino or p-anisyl)
does not alter the spin distribution as the spin resides mainly on one TCBD
moieties in radical anions. Vice versa, for the parent radical cations, the spin
resides mainly on one donor moiety. EPR spectra and spin distributions were
found to be quite similar for the molecules investigated. [178]
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8.2.2 Oligomeric Donor-Substituted TCBDs

Oligomeric or dendritic donor-substituted TCBDs are made up of three or
four D–A arrays which are attached to a central benzene ring. The individual
donor and acceptor moieties were shown to behave as independent electroac-
tive centers [179] and are able to take up and accommodate an exceptional
number of electrons. Dendritic donor-substituted TCBDs of such kind thus
have potential in being used as “molecular batteries” with exceptional stor-
age capacity. [7, 180]
Four representatives of this class (compounds 11-14, shown in figures 8.11
and 8.12, respectively) were investigated in terms of their photophysical be-
havior. Furthermore, highly charged anions of compounds 11 and 13 were
analyzed using EPR spectroscopy, as elucidated later in this section.

Optical Properties

In compound 11, three D–A arrays are connected to a central benzene ring
via an ethyn-1,2-diyl bridge. The spacer was used to enlarge the distance
between each of the D–A arrays and therefore shift their reduction potentials
in a narrower range. The absorption spectrum of compound 11 shows an in-
tense and broad CT band peaking at 457 nm in acetonitrile and at 460 nm
in dichloromethane. The CT band has a long tail reaching into the near
infrared region (cf. figure 8.13). Compound 11 did not show fluorescence.
While oxidation is reported to happen in one multi-electron transfer, re-
ductions happen in several reversible one-electron transfer steps where each
TCBD moiety can take up two electrons. This makes a total of six electrons
for compound 11 [180]. As has been shown by EPR experiments, spin and
charge in radical anions of these oligomeric donor-substituted TCBDs are
confined to one acceptor moiety while spin transfer between acceptor units
was ruled out. [178]

Compound 12 is a black solid and structurally related to compound 11
as the only difference is the alkyl group of the dialkylamino group connected
to the phenyl ring (CH3 as for compound 12 and for solubility reasons C6H13

for compound 11). Compound 12 is well soluble in acetonitrile but not sol-
uble in hexane. The absorption spectrum of compound 12 shows a broad
CT band at 450 nm (ε = 77,000 l/mol cm) in acetonitrile with a broad shoulder
reaching in the near infrared region similar to compound 11 (cf. figure 8.14).

Compound 13 features four D–A arrays connected to a central benzene
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Figure 8.11: Molecular structures of 11, 12 and 13.
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Figure 8.13: Absorption spectra of 11
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.14: Absorption spectrum of
12 in acetonitrile.
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Figure 8.15: Absorption spectra of 13
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.16: Absorption spectra of 14
in dichloromethane and acetonitrile, re-
spectively.

ring. Its absorption spectrum shows CT bands at 461 nm in acetonitrile and
at 470 nm in dichloromethane with again broad shoulders reaching into the
near infrared region of the spectrum (cf. figure 8.15). EPR experiments re-
vealed similar conclusions as already for compound 11. Spin and charge are
confined to one TCBD moiety as for radical anions and to one dialkylamino
moiety as for radical cations. These observations were explained in terms of
counterion effects and in terms of non-planarity of the π system which goes
hand in hand with limited π delocalization [178].

Compound 14 is a black-metallic solid featuring not only dialkylamino
moieties but as well tetrathiafulvalene (TTF) moieties acting as strong elec-
tron donors. The absorption spectrum shows an intense CT band at 473 nm
for acetonitrile and at 484 nm for dichloromethane, respectively (cf. figure
8.16). The EPR spectrum of the radical cations of compound 14 shows an
unresolved signal which is indication for spin and charge being present at
sulfur atoms. Furthermore, the first oxidation potential is reported to be
+0.41V vs. Fc+/Fc in CH2Cl2 and thus much lower than those reported for
compound 11 (+0.88V vs. Fc+/Fc in CH2Cl2) and compound 13 (+0.89V
vs. Fc+/Fc in CH2Cl2), respectively. [178, 180]

Magnetic Properties

In order to investigate highly charged species of this dendrimer type of
molecules, a series of EPR experiments was undertaken where the sample
was subjected to exhaustive reduction upon contact with a K metal mirror.
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Experiments were performed with compound 11, a dendritic molecule with
three D–A arrays and with compound 13, the analogon with four D–A ar-
rays. As compound 11 was expected to give promising results due to its high
symmetry (compare as well [51]), the following analysis is mainly devoted to
compound 11. It should, however, be noted that analogous observations were
made for compound 13.

All samples were prepared under high vacuum in MTHF, which had been
refluxed, distilled and stored over a Na/K alloy. MTHF bears the advantage
to freeze in a glassy matrix and is thus suited for EPR measurements in frozen
solutions. Radical ions were generated by means of K metal mirror contact
under high vacuum and at 190K in an isopropanole/dry ice bath. Sample
preparation thus followed the guidelines described in subsection 4.2.1. As the
idea was to generate high spin states, multiple redox processes of increasing
duration, i.e. contacts of the solution with the K metal mirror, were per-
formed.

Measurements at 220K were performed on our Bruker ESP300E X-band
spectrometer, while low-temperature measurements were performed in liquid
nitrogen on our MiniScope MS100 X-band spectrometer (Magnettech). Us-
ing both instruments simultaneously, one being thermostatted to 220K and
the other to 77K, allowed consecutive measurements without any delay due
to cooling-down or heating-up of the cavity. UV/Vis spectra were recorded
on our TIDAS UV/Vis/NIR spectrometer (J&M).
A total of five series were performed in order to assure the reproducibility of
the results. Prior to any contact with the K metal mirror, EPR and absorp-
tion spectra were recorded. No EPR signal was observed in case of the neutral
species and the absorption spectrum resembled that in dichloromethane and
acetonitrile (vide supra). Reductions were performed in following steps:

• 1 short contact with the K metal mirror

• +1 additional minute

• +5 additional minutes

• +10 additional minutes

• +1 additional hour

• +over-night contact with the K metal mirror (approx. 14 hours)

• +1 additional day (approx. 24 hours)
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Figure 8.17: EPR spectra of 11 at various stages in the reduction process on a
g factor scale at 220K.

After each of these steps, EPR spectra at 220K and at 77K, respectively,
and a UV/Vis spectrum were recorded, before putting the sample back into
the isopropanole/dry ice bath for the next reduction step. As soon as a fad-
ing of the metal mirror became visible (usually after the first four steps), the
mirror was re-activated after each reduction step under high vacuum in the
sample tube via re-sublimation: therefore, the mirror was carefully heated
with the flame of a Bunsen burner and re-condensed to where the sample
tube was cooled with liquid nitrogen.

After the first reductions, no noteworthy increase in the intensity of the
EPR signal at 220K was observed. The intensity of the EPR signal slowly
increases after the 5 minutes and drastically increases after the 10 minutes
and the one hour reduction steps. The observations made by UV/Vis absorp-
tion spectroscopy are in line with those made by EPR: after the 10 minutes
reduction step an absorption band arises at about 691 nm, which can be at-
tributed to the radical anion of 11. This absorption band gets more intense
after the 1 hour reduction step. Additionally, the absorption band at 454 nm
is shifted to 439 nm.

However, upon further reduction, the intensities of the EPR spectrum
and the low-energy absorption band, respectively, decrease. After the over-
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Figure 8.18: Absorption spectra of neutral 11 and at various stages in the
reduction process.

night reduction process, the EPR signal completely vanishes. Furthermore,
the sample solution turned from deep greenish-brown into a colorless solution
with visible undissolved particles, presumably due to the crystallization of
salts.

The EPR experiments at 77K drew a similar picture: A small signal ap-
pears after the 5 minutes reduction step, which gets more intense after the
10 minutes and the 1 hour reduction steps, respectively. The EPR spectra
recorded in the frozen matrix, however, show the central, intense but un-
resolved line but with two additional lines at lower and higher field values,
respectively. These lines could be attributed to the higher spin states. How-
ever, measurements at half-field did not give a signal, which could either be
explained in terms of a too low triplet concentration or could indicate that
no triplets but anisotropy is observed.

In order to reveal the origin of these additional bands, the experimental
spectra were simulated using WINEPR SimFonia software from Bruker and
the interspin distance between the charge bearing moieties was calculated by
means of molecular mechanics calculations in Chem3D. Taking the interspin
distance of 10 Å as a basis and assuming that the additional bands in the
spectra arise from triplet states, simulation with different D factors gave ev-
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Figure 8.19: EPR spectra of 11 at various stages in the reduction process at
77K.

idence that the observed spectra are not derived from triplet states but most
likely from a mixture of species.

The conclusion which can be drawn based on these observations is that
highly charged species have been generated by means of the multiple re-
duction processes. However, with a certain concentration of highly charged
species being reached, the sample particles “aggregated” and did not dissolve
anymore. The characterization of higher spin states is thus limited by these
solubility issues.

8.2.3 Oligomeric Donor-Substituted TCBDs with Tri-
phenylamine Core

Two molecules of the class of oligomeric donor-substituted TCBDs with
triphenylamine core (15 and 16 – for molecular structures see figure 8.22)
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were investigated in terms of their absorption and emission characteristics.

Optical Properties

Compound 15 consists of a triphenylamine core with three D–A arrays con-
nected to it via ethyn-1,2-diyl bridges. The absorption spectrum of this
deep-colored solid shows a broad CT band with a maximum at 462 nm and
a shoulder at 522 nm in dichloromethane and at 463 nm in acetonitrile with
a shoulder similar to the observations in dichloromethane (cf. figure 8.20).

Compound 16 has the same triphenylamine core like compound 15 but
with six D–A arrays connected via 1-(buta-1,3-diyn-1-yl)-3,5-diethynylbenz-
ene bridges. The sample is as well a deep-colored solid but insoluble in
acetonitrile. The absorption spectrum in dichloromethane of compound 16
features a CT band at 456 nm with a long tail into the red region (cf. figure
8.21).

For the generation of radical cations, chemical oxidations as described in
subsection 4.3.1 were applied. As the triphenylamine core is oxidizable, the
EPR spectrum of the radical cation of 15 is dominated by the 14N core and
consists of three lines, i.e. the expected pattern (similar to other dendritic
donor-substituted TCBDs) is only observable for a short period of time. In
the case of compound 16, the EPR spectra immediately showed three signals
resulting from the central 14N atom which was explained in terms of more
distant electron-withdrawing TCBD groups compared to 15. [178]
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Figure 8.20: Absorption spectra of 15
in dichloromethane and acetonitrile, re-
spectively.
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Figure 8.21: Absorption spectrum of
16 in dichloromethane.
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8.3 Donor-Substituted Tetracyanoquinodime-

thanes

Donor-substituted 7,7,8,8-tetracyanoquinodimethanes (TCNQs) constitute
another class of compounds for potential application in optoelectronic de-
vices. They feature intense intramolecular charge-transfer interactions whose
absorption bands appear bathochromically shifted compared to those of donor-
substituted TCBDs which were described in the previous section. Despite
substitution with donors, the compounds presented in this section (com-
pounds 17-21, for molecular structure see figure 8.23) remain strong ac-
ceptors and show reversible electron uptake abilities. As environmentally
stable acceptors, these molecules have gained importance as alternative p-
type dopants.

Compounds 17-21 are black solids which are well soluble in polar sol-
vents, e.g. acetonitrile and only hardly soluble in unpolar solvents, e.g. hex-
ane. Interestingly, compounds 17 and 20 were found to fluoresce in hexane.
Fluorescence spectroscopy being a very sensitive method, it was possible to
record emission spectra even though only very little amounts of the sub-
stances dissolved in hexane.

8.3.1 Optical Properties

Compound 17 is a reddish-black solid which dissolves well in polar solvents,
e.g. acetonitrile. Dissolving it in hexane required warming the solution to
50 ◦C and the usage of an ultrasonic bath. The absorption spectrum shows
two CT bands in acetonitrile, namely at 409 nm (ε = 28,000 l/mol cm) and
at 742 nm (ε = 21,000 l/mol cm) with an end-absorption reaching in the near
infrared region. It was not possible to determine the extinction coefficient
in hexane, as the sample was hardly soluble in unpolar solvents. However,
the absorption spectrum that could be recorded from what had dissolved
in hexane shows peaks at 392 nm and at 708 nm, respectively (cf. figure
8.24∗). Interestingly for this type of molecules, compound 17 gave a fluo-
rescence spectrum in hexane (cf. figure 8.25) upon excitation at 392 nm or
370 nm, respectively. The slightly structured emission with a maximum at
461 nm does not depend on the excitation wavelength. The excitation spec-
trum recorded at the wavelength of maximum emission (λmax = 461 nm) is
congruent with the absorption spectrum.

∗ Note that the solution in hexane was perturbated due to the presence of undissolved
particles.
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Figure 8.24: Absorption spectra of 17
in hexane and acetonitrile, respectively.
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Figure 8.25: Emission spectrum of 17
in hexane (λexc = 392 nm).

It was revealed by means of cyclic voltammetry that conjugation between
donor and acceptor moieties is more pronounced in compound 17 compared
to 18 or 19, respectively [181]. Compound 17 can adapt a more planar
structure compared to 18 or 19, respectively, due to substitution with the
small H atom. [182]

Compound 18 is a derivative of compound 17 where the H atom is re-
placed by a dimethylaminophenyl group. Compound 18 gave an absorption
spectrum in acetonitrile with peaks at 424 nm (ε = 38,000 l/mol cm) and at
674 nm (ε = 42,000 l/mol cm), respectively (cf. figure 8.26).

Compound 19 is structurally related to compound 18 as the only dif-
ference is an ethyn-1,2-diyl spacer. Compound 19 gave an absorption spec-
trum in acetonitrile with a structured peak at 449 nm and at 486 nm (ε =
32,000 l/mol cm), respectively, and a broad peak at 687 nm (ε = 37,000 l/mol cm)
with an end-absorption reaching in the near infrared region (cf. figure 8.27).
The introduction of a second donor moiety in 18 and 19 compared to 17 is
expressed in the absorption spectra in terms of an increasing intensity of the
CT bands as already observed in [180] with similar molecules.

Compound 20 is again related to the previous compounds, but with a
CN group instead of the H atom in compound 17.
The absorption spectrum of compound 20 in acetonitrile features peaks at
489 nm (ε = 12,600 l/mol cm) and at 827 nm (ε = 7,300 l/mol cm) with again a
long end-absorption in the near infrared region near 1,400 nm (cf. figure
8.28). Note that such a small HOMO–LUMO gap is very remarkable for
such a small molecule [183, 184]. The absorption spectrum is comparable to
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Figure 8.26: Absorption spectrum of
18 in acetonitrile.
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Figure 8.27: Absorption spectrum of
19 in acetonitrile.
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Figure 8.28: Absorption spectrum of
20 in acetonitrile.
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Figure 8.29: Emission spectrum of 20
in hexane (λexc = 391 nm).

the spectrum of compound 17 where the CT band intensity is also rather
weak due to the presence of only one donor group. However, the CT band
is shifted to even lower energies in compound 20 due to the presence of one
additional CN group.
Only a very small peak at 391 nm could be made out in the absorption spec-
trum in hexane, due to bad solubility. This wavelength was used as excitation
wavelength and a fluorescence spectrum with a maximum at 416 nm could
be recorded in hexane (cf. figure 8.29). An excitation spectrum recorded
at the wavelength of maximum emission tentatively describes the absorption
spectrum.
Compound 20 was also analyzed by means of EPR. The corresponding spec-
tra and g factors are summarized together with 20’s fluorinated counterparts
in section 8.4.2.
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Figure 8.30: Absorption spectrum of
21 in acetonitrile.

Compound 21 is formed spontaneously out of 20 in the presence of de-
camethylferrocene via reductive σ dimerization. Interestingly, solid samples
of 21 were found to be EPR silent, whereas in solution a signal attributable
to the radical anion of 20 could be observed [7, 185].
The absorption spectrum of compound 21 in acetonitrile shows intense CT
peaks at 618 nm (ε = 43,500 l/mol cm) and even at 1,279 nm (ε = 29,600 l/mol cm),
respectively (cf. figure 8.30). Due to bad solubility in hexane only a very
weak absorption spectrum could be recorded. No fluorescence was observ-
able, neither in hexane nor in acetonitrile.

Specific Characteristics of 17 and 20

It is striking that compounds 17 and 20 were the only two TCNQ adducts
under investigation to emit fluorescence. The reason for this is most likely
to be found in their structural resemblance (H substituted by CN group) as
well as the presence of only one instead of two donor moieties (as in non-
fluorescent 18 or 19, respectively).

It could be revealed in cyclic voltammetry experiments that both one-
electron reduction steps of compound 20 are anodically shifted by 230mV
due to the presence of the additional CN group compared to 17 [181]. Due
to the proximity of the CN groups in 17 and 20, the difference between
their two one-electron reduction potentials (260mV) is larger compared to
compounds where a spacer isolates the CN groups. Furthermore, the addi-
tional CN group in compound 20 anodically shifts the oxidation potential by
100mV to 0.52V compared to 17 (0.42V, cf. table 8.1) [185]. The dimethyl-



8.3 Donor-Substituted Tetracyanoquinodimethanes 113

Table 8.1: Cyclic voltammetry data for 17 [182] and 20 [181] in CH2Cl2 + 0.1M
Bu4NPF6 vs. Fc+/Fc, scan rate 100mV/s.
E◦ stands for the average of cathodic and anodic peak potentials and Ep denotes
the irreversible peak potential.

17 20
E◦ /V Ep /V E◦ /V Ep /V

+0.42 +0.52
-0.50 -0.27
-0.76 -0.53

anilino donor is thus readily oxidized and as a result, less electron density is
transferred to the acceptor moieties. Ground-state CT interactions are thus
expected to be less efficient in this type of molecules [181].
Weak ground-state CT interactions can also be made out in the absorption
spectrum, as the relative intensity of the CT band is lower compared to com-
pounds 18 or 19, respectively. Additional donor groups are known to favor
CT interactions and promote strong structural self-quenching effects [186].
The additional donor groups in 18 or 19 are thus expected to enhance the
ionic character of the CT state and accelerate non-radiative decay [187].
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Figure 8.31: Molecular structures of 22, 23, 24 and 25.

8.4 Donor-Substituted F4-Tetracyanoquinodi-

methanes

Based on compounds introduced in the previous section, this section is de-
voted to even stronger organic acceptors, so-called “super-acceptors”. “Super-
acceptors” are characterized by the incorporation of strong acceptor groups
such as F4-TCNQ or additional CN groups. However, high steric demand
in these molecules enhances non-planarity and therefore, efficient π conju-
gation is hindered. The presence of electron-withdrawing fluorine groups
anodically shifts and thus facilitates their first reduction step. Exceptionally
small HOMO–LUMO gaps make these compounds again interesting for op-
toelectronic applications. [7, 185]
Compounds 22-25 are dark metallic-like solids. Their structures are shown
in figure 8.31.
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Table 8.2: Absorption maxima of 20, 22, 23 and 24 in acetonitrile.

20 22 23 24

1st CT band /nm 489 529 682 754
2nd CT band /nm 827 960 886 1,050

8.4.1 Optical Properties

Compound 22 has essentially the same structure as compound 20 but with
fluorine atom substitution. The first electron reduction of 22 is reported to
be facilitated compared to 20 due to the presence of the electron withdraw-
ing F atoms by 270mV [7]. The absorption spectrum of compound 22 in
acetonitrile shows peaks at 529 nm (ε = 27,500 l/mol cm) and at 960 nm (ε =
21,500 l/mol cm) with an end-absorption reaching in the near infrared region
close to 1,600 nm (cf. figure 8.32). The compound is not very well soluble in
hexane and does not fluoresce in neither hexane nor acetonitrile.

Compound 23 has one additional CN group compared to 22. Its absorp-
tion spectrum features two CT bands at 682 nm (ε = 29,000 l/mol cm) and at
886 nm (ε = 21,700 l/mol cm) with an end-absorption at about 1,500 nm (cf.
figure 8.33). The sample is again hardly soluble in hexane and does not show
fluorescence in neither hexane nor acetonitrile.

Compound 24 has one more additional CN group compared to 23. Its
absorption spectrum peaks at 754 nm (ε = 26,000 l/mol cm) and at 1,050 nm
(ε = 8,300 l/mol cm) with an end-absorption beyond 1,600 nm (cf. figure 8.34).

The introduction of additional CN groups (from compound 22 to 23
and 24) thus leads to a bathochromic shift of the CT absorption bands. A
comparison of fluorinated and unfluorinated compounds (compound 22 and
compound 20, respectively) shows that the substitution with F atoms further
lowers the energy of the CT absorption band as summarized in table 8.2.
Hand in hand with these findings is the observation of an anodical shift of
the first electron reduction potential when going from 22 to 24. However, a
cathodic shift was observed when going from 22 to 23. Thus it is likely that
structural congestions hamper efficient π conjugation between donor and ac-
ceptor in these molecules and thus complicate straightforward analysis of the
correlation of redox properties and acceptor strength. [7]

Compound 25 is a TCNE adduct and can, due to its strong electron ac-



116 8 Non-Planar Push-Pull Chromophores

400 600 800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

 

 

n
o
rm

. 
a
b
so

rb
a
n
ce

wavelength /nm

 acetonitrile

Figure 8.32: Absorption spectrum of
22 in acetonitrile.
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Figure 8.33: Absorption spectrum of
23 in acetonitrile.
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Figure 8.34: Absorption spectrum of
24 in acetonitrile.
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Figure 8.35: Absorption spectrum of
25 in acetonitrile.

cepting properties, as well be classified a “super-acceptor”. Its absorption
spectrum in acetonitrile shows peaks at 469 nm (ε = 16,500 l/mol cm) and at
656 nm (ε = 5,500 l/mol cm) with an end-absorption at 1,100 nm (cf. figure
8.35).
The relatively high oxidation potential of compound 25 indicates efficient
ground-state interaction between donor and acceptor moieties (Ep = 0.91V
in CH2Cl2 + 0.1M Bu4NPF6 vs. Fc+/Fc). Comparative studies on com-
pounds featuring less CN groups show that the optical HOMO–LUMO gaps
correlate well with the electrochemical gaps and ascribe the small electro-
chemical gap of 25 to the increased acceptor strength due to the presence of
the CN groups. [185]
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8.4.2 Magnetic Properties

Compounds 20, 22, 23 and 24 were furthermore analyzed by means of EPR
in order to investigate how geometric constraints in these molecules influence
electron delocalization. As no NMR spectrum could be obtained for these
species, EPR spectroscopy was applied in order to identify the paramagnetic
character of this species.

EPR spectra were recorded on our Bruker ESP300E X-band spectrome-
ter by DI B. Enko (TU Graz). Interestingly, all compounds revealed EPR
spectra of remarkable intensity, though unresolved, already in the solid state
without applying any redox reactions. Due to anisotropic interactions, how-
ever, the lines observed in the solid state are rather broad. [185]

Compounds 20 and 22 were dissolved in dry DME and spectra of remark-
able intensity could be recorded of the unreduced species. Reduction on a K
metal mirror yielded compatible spectra at 270K and 180K, respectively. In
both, liquid (270K) and frozen (180K) solution, intense but unresolved EPR
spectra were observable which could tentatively be ascribed to the respective
radical anions (cf. figures 8.36 and 8.37 for 20 and figures 8.38 and 8.39 for
22, respectively).

Compounds 23 and 24 were analyzed in the solid state as well as dis-
solved in acetone-d6 which was deaerated by bubbling with argon (cf. figures
8.40 and 8.41 for 23 and figures 8.42 and 8.43 for 24, respectively). These
two compounds were furthermore analyzed by means of NMR. The fact that
no NMR spectrum is observable, is again in line with the paramagnetism
revealed by EPR experiments.

Table 8.3 summarizes the g factors for compounds 22-24 as well as for
the unfluorinated reference 20. The virtually matching g factors indicate
compatible electronic structures. Furthermore, the obtained g factors are
in good agreement with the values published for TCNE•� (2.0026 ± 0.0002
[188]), TNCQ•� (2.0027 ± 0.0001 [189]) and F4-TCNQ

•� (2.0029 ± 0.0001
[189]).
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Table 8.3: g factors of 20, 22, 23 and 24 at different conditions.

g factor

20 in DME at 180K 2.0034
20•� in DME at 180K 2.0036
22 in DME at 270K 2.0033
22•� in DME at 270K 2.0037
solid 23 2.0037
1mM 23 in acetone-d6 deaerated with Ar 2.0032
solid 24 2.0033
1mM 24 in acetone-d6 deaerated with Ar 2.0032

334 335 336 337 338 339 340

magnetic field /mT

Figure 8.36: EPR spectrum of 20 in
DME at 180K.
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Figure 8.37: EPR spectrum of 20•�

in DME at 180K.
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Figure 8.38: EPR spectrum of 22 in
DME at 270K.
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Figure 8.39: EPR spectrum of 22•�

in DME at 270K.
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Figure 8.40: EPR spectrum of solid
23.
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Figure 8.41: EPR spectrum of 1mM
23 in acetone-d6 deaerated with Ar.
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Figure 8.42: EPR spectrum of solid
24.
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Figure 8.43: EPR spectrum of 1mM
24 in acetone-d6 deaerated with Ar.
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Figure 8.44: Molecular structure of 26.

8.5 Donor-Substituted Octacyano[4]dendral-

enes

The molecule under investigation in this section is a donor-substituted octa-
cyano[4]dendralene, namely 3,4-bis(dicyanomethylene)-2,5-bis[4-(diisopropyl-
amino)phenyl]hexa-1,5-diene-1,1,6,6-tetracarbonitrile (26, cf. figure 8.44).
Synthesis of this type of molecules has been reported by Diederich and
coworkers by means of a double addition of tetracyanoethylene (TCNE) to
buta-1,3-diynes which got activated by two terminal anilino donor groups.
[190]

Molecules of this class show intense charge-transfer absorption bands
of low energy. Due to their eight cyano groups and despite substitution
by strong donors, they act as strong electron acceptors with very low re-
versible one-electron reduction potentials (-0.09 to -0.17 eV in CH2Cl2 +
0.1M Bu4NPF6 vs. Fc

+/Fc). As far as the computed adiabatic electron affin-
ity is concerned, this class of molecules is comparable to the reference accep-
tor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) which
is used as p-type dopant in organic light-emitting diodes and solar cells.

A detailed study on 26’s structural and physical properties has been sub-
mitted to a peer-reviewed journal at the time of the submission of this thesis.
Our studies on the magnetic properties shall be elaborated in this section in
more detail. [190]

8.5.1 Experimental

CD3CN (Sigma-Aldrich) was used as received. 1H NMR experiments were
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performed on a Bruker AVANCE 200MHz DPX NMR spectrometer equipped
with a 5mm BBO (BB-1H) probehead and a temperature controller (BVT
3200) by DI M. Griesser (TU Graz). Magnetic susceptibility measurements
were performed by Prof. Dr. K. Gatterer (TU Graz) on a SUS-10 from
Anton Paar KG, Austria. EPR spectra were taken on a Bruker ESP300E
spectrometer (variable temperature unit) as well as on our benchtop EPR
spectrometer MiniScope MS100 from Magnettech.

8.5.2 Magnetic Properties

The 1H NMR spectra of 26 in CD3CN (200 MHz) reveal strong line broad-
ening at 293K. Upon raising the temperature in 10K-steps to 343K, the
lines become substantially narrower (cf. figure 8.47). The fact that all lines
in the NMR spectrum are broadened to the same extent indicates that this
observation cannot be attributed to dynamic effects, e.g. a hindered rotation
about a single bond. It is more likely that this observation is based on the
presence of paramagnetic, charge-separated stages of 26. Therefore, the ex-
act same sample used for the NMR measurements was placed into an EPR
spectrometer.

In EPR, a well distinguishable, but unresolved spectrum could be recorded.
The results obtained from EPR measurements perfectly reflect the results
obtained by NMR, as the intensity of the EPR spectrum decreases upon
increasing the temperature (cf. figure 8.46). This observation can be ex-
plained by a higher amount of paramagnetic stage being present at lower
temperatures. As solvent polarity decreases upon increasing the temper-
ature, the observations made in the EPR experiments point to a charged
or charge-separated species, which is stabilized under more polar conditions
[28]. Although the EPR spectrum is unresolved, its width of about 2mT
and its g factor of 2.0030 are characteristic for delocalized organic radical
anions in which the spin population resides mainly on cyano group contain-
ing moieties [28]. Furthermore, radical anions similar to 26•� often lead to
unresolved EPR spectra [185]. Taking into account the LUMO of 26 which
describes the electron distribution in 26 upon one-electron reduction, the
recorded spectrum can tentatively be assigned to 26•�.
It is interesting to note that also a solid sample of 26 gives rise to an EPR
spectrum (cf. figure 8.45) compatible with 26•�.

In order to estimate the amount of the content of the paramagnetic
species, the magnetic susceptibility of solid 26 was determined. At room
temperature, the value of χm = -2.16*10-9 m3/kg indicates that the sample
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Figure 8.45: EPR spectrum of 26•�

in the solid state at 293K.
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 at 293 K
 at 333 K

Figure 8.46: EPR spectra of 26•� in
CD3CN at 293K and 333K.

is basically diamagnetic. However, this value depends on the strength of
the magnetic field – a fact which suggests some paramagnetic content. This
observation is again in line with the observations made by NMR and EPR.
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Appendix A

Glossary of Compounds

The following table attributes the compounds’ numbering used in this thesis
to the acronyms used by Prof. Diederich’s group.

Table A.1: Attribution of the compounds’ numbering to the acronyms used by
Prof. Diederich’s group.

compound 1 CN1 compound 14 CN11
compound 2 CN2 compound 15 CN12
compound 3 CN3 compound 16 CN13
compound 4 CN4 compound 17 MK589/08
compound 5 MK607/08 compound 18 MK587/08
compound 6 CN5 compound 19 MK588/08
compound 7 CN6 compound 20 MK568/08
compound 8 CN7 compound 21 MK583/08
compound 9 MK634/08 compound 22 MK542/07
compound 10 CN10 compound 23 MK621/08
compound 11 CN8 compound 24 MK636/08
compound 12 MK637/08 compound 25 MK635/08
compound 13 CN9 compound 26 BB/58/1
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h Planck’s constant

I ionic strength

I nuclear spin quantum number

I(λ) fluorescence emission intensity

k Boltzmann constant

KA association constant

kd diffusional rate constant

kq bimolecular quenching rate constant

KSV Stern-Volmer constant

kET electron transfer rate constant

me mass of the electron

mI nuclear magnetic spin quantum number

mp mass of the proton

mS magnetic spin quantum number

NA Avogadro constant

ni refractive index

nα,β population in the α, β state

Q McConnell’s proportionality constant

R universal gas constant

r Onsager cavity radius

Rc contact radius

S spin quantum number

T absolute temperature
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T (λ) transmittance

Te spin-lattice relaxation time

We electron spin-lattice relaxation

Wr coulombic work term

Wn nuclear spin-lattice relaxation

Wx cross-relaxation process

z charge

(O)LED (organic) light-emitting diode

3cmlf 3-(carboxymethyl)-lumiflavin

BPB 1,4-bis(phenylethynyl)benzene

DPA diphenylacetylene

TMPPD N,N,N’,N’ -tetramethyl-p-phenylenediamine

“Magic Blue” tris-(p-bromophenyl)ammoniumyl hexachloroantimonate

CIDNP Chemically Induced Dynamic Nuclear Polarization

CT charge-transfer

Cys DL-cysteine

DDQ 2,3-dichloro-4,5-dicyanobenzoquinone

DEE diethylether

DFT density functional theory

DME dimethoxyethane

DPPH• 2,2-diphenyl-1-picrylhydrazyl radical

ENDOR Electron Nuclear DOuble Resonance

EPR Electron Paramagnetic Resonance

ESR Electron Spin Resonance

F4-TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
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Fc+/Fc ferrocenium/ferrocene

HFP 1,1,1,3,3,3-hexafluoro-2-propanole

hfsc hyperfine splitting constant(s)

His DL-histidine

HMPT N,N,N’,N’,N”,N”-hexamethylphosphoric triamide

HOMO highest occupied molecular orbital

ICA independent component analysis

IND factor indicator function

LUMO lowest unoccupied molecular orbital

Met DL-methionine

MTHF 2-methyltetrahydrofuran

NMR nuclear magnetic resonance

OD optical density

PCA principal component analysis

PIFA phenyliodine(III) bistrifluoroacetate

RE real error

SA solvent acidity

SB solvent basicity

SCE saturated calomel electrode

SdP solvent polarity

SP solvent polarizability

TCBD 1,1,4,4-tetracyanobuta-1,3-diene

TCNE tetracyanoethylene

TCNQ 7,7,8,8-tetracyanoquinodimethane

TEMPO• 2,2,6,6-tetramethyl-4-oxopiperidinyl-1-oxyl radical
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TFA trifluoroacetic acid

THF tetrahydrofuran

Trp DL-tryptophan

TTF tetrathiafulvalene

ZFS zero-field splitting
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LWT - Food Science and Technology 2008, 41, 2126–2135.

[24] M. Polovka, Journal of Food and Nutrition Research 2006, 45, 1–11.

[25] W. Lubitz, F. Lendzian, R. Bittl, Accounts of Chemical Research 2002,
35, 313–320.

[26] L. Kulik, W. Lubitz, Photosynthesis Research 2009, 102, 391–401.

[27] G. E. Uhlenbeck, S. Goudsmit, Nature 1926, 117, 264–265.

[28] F. Gerson, W. Huber, Electron Spin Resonance Spectroscopy of Organic
Radicals, Wiley VCH, 2003.



BIBLIOGRAPHY 141

[29] C. Corvaja, Introduction to Electron Paramagnetic Resonance,
M. Brustolon, E. Giamello (Eds.), John Wiley & Sons, Inc., Hoboken,
New Jersey, 2009, chapter 1, pp. 3–35.

[30] C. P. Poole, Electron spin resonance: a comprehensive treatise on ex-
perimental techniques, Courier Dover Publications, 1996.

[31] C. P. Slichter, Principles of Magnetic Resonance (Springer Series in
Solid-State Sciences) (v. 1), Springer, 1989.

[32] K. Scheffler, H. Stegmann, Elektronenspinresonanz.: Grundlagen und
Anwendung in der organischen Chemie. (Organische Chemie in Einzel-
darstellungen) (German Edition), Springer, 1970.

[33] G. Gescheidt, Electron Paramagnetic Resonance Spectroscopy in the
Liquid Phase, M. Brustolon, E. Giamello (Eds.), John Wiley & Sons,
Inc., Hoboken, New Jersey, 2009, chapter 4, pp. 109–157.

[34] F. Gerson, Hochauflösende ESR-Spektroskopie, dargestellt anhand aro-
matischer Radikal-Ionen, Verlag Chemie, 1967.

[35] H. M. McConnell, The Journal of Chemical Physics 1956, 24, 632–633.

[36] H. M. McConnell, H. H. Dearman, The Journal of Chemical Physics
1958, 28, 51–53.

[37] H. M. McConnell, D. B. Chesnut, The Journal of Chemical Physics
1958, 28, 107–117.

[38] J. S. Hyde, A. H. Maki, The Journal of Chemical Physics 1964, 40,
3117–3118.

[39] D. M. Murphy, R. D. Farley, Chemical Society Reviews 2006, 35, 249–
268.

[40] H. Kurreck, B. Kirste, W. Lubitz, Angewandte Chemie (International
Edition) 1984, 23, 173–194.

[41] H. Kurreck, B. Kirste, W. Lubitz, Electron Nuclear Double Resonance
Spectroscopy of Radicals in Solution: Application to Organic and Bi-
ological Chemistry (Methods in Stereochemical Analysis), Wiley-VCH,
1988.

[42] R. W. Holmberg, R. Livingston, W. T. Smith, The Journal of Chemical
Physics 1960, 33, 541–546.



142 BIBLIOGRAPHY

[43] J. Krzystek, A. Sienkienwicz, L. Pardi, L. C. Brunel, Journal of Mag-
netic Resonance 1997, 125, 207–211.

[44] O. Chen, J. Zhuang, F. Guzzetta, J. Lynch, A. Angerhofer, Y. C. Cao,
Journal of the American Chemical Society 2009, 131, 12542–12543.

[45] E. Rozantzev, M. Neiman, Tetrahedron 1964, 20, 131–137.

[46] M. J. Davies, Electron Paramagnetic Resonance Detection Of Radicals
In Biology And Medicine, M. Brustolon, E. Giamello (Eds.), John Wi-
ley & Sons, Inc., Hoboken, New Jersey, 2009, chapter 11, pp. 427–450.

[47] B. J. McClelland, Chemical Reviews 1964, 64, 301–315.

[48] K. W. Bowers, F. D. Greene, Journal of the American Chemical Society
1963, 85, 2331–2332.

[49] K. W. Bowers, G. J. Nolfi, F. D. Greene, Journal of the American
Chemical Society 1963, 85, 3707–3707.

[50] A. G. Davies, A. G. Neville, Journal of the Chemical Society, Perkin
Transactions 2 1992, 163–169.

[51] E. Beer, J. Daub, C. Palivan, G. Gescheidt, Journal of the Chemical
Society, Perkin Transactions 2 2002, 1605–1610.

[52] T. Takeshita, N. Hirota, Journal of the American Chemical Society
1971, 93, 6421–6429.
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