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die den benutzten Quellen wörtlich und inhaltlich entnommenen Stellen als
solche kenntlich gemacht habe.

Statutory Declaration

I declare that I have authored this thesis independently, that I have not used
other than the declared sources/resources, and that I have explicitly marked
all material which has been quoted either literally or by content from the
used sources.

Graz, im März 2012 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v



vi



Abstract

The interaction of light and organic matter builds the core concept applied
in optical chemical sensors. At the same time, this interaction can lead to
photochemical processes causing photodegradation of components employed
in the sensor. Photodegradation alters physical and chemical properties of
sensor components, often at the price of sensor performance. The underly-
ing mechanisms of photodegradation in optical chemical sensors are not yet
understood.
This thesis aims to investigate chemical processes contributing to photodegra-
dation in optical chemical sensors, focusing on mechanisms involving pho-
tosensitized singlet oxygen. In doing so, this work also clearifies the role of
singlet oxygen in photodegradation with respect to other potential contribut-
ing mechanisms. Further, singlet oxygen quenchers and their performance as
stabilizing agents in optical chemical sensors are investigated.

Zusammenfassung

Die Wechselwirkung zwischen Licht und organischer Materie stellt das Kernkonzept
optischer chemischer Sensoren dar. Diese Wechselwirkung kann zu photo-
chemischen Prozessen führen, die die Photodegradation eingesetzter Sen-
sorkomponenten verursachen. Photodegradation verändert physikalische und
chemische Eigenschaften von Sensorkomponenten, oft auf Kosten der Leis-
tung des Sensors. Die der Photodegradation von optisch chemischen Sensoren
zugrunde liegenden Mechanismen sind noch nicht aufgeklärt.
Das Ziel dieser Dissertation ist es, chemische Prozesse, die zur Photodegrada-
tion beitragen, zu untersuchen, im Speziellen Mechanismen, die Singulettsauer-
stoff involvieren. Dabei wird die Rolle des Singulettsauerstoffs im Vergleich
zu anderen potentiellen Mechanismen, die zur Photodegradation beitragen,
aufgeklärt. Weiters werden Singulettsauerstofflöscher und ihre Wirkung als
stabilisiernde Komponenten in optischen chemischen Sensoren untersucht.
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Chapter 1

Introduction

1.1 Photodegradation Processes in Polymers

& Dyes

The term “Photochemical Reaction” is generally used to describe a chemi-
cal reaction caused by absorption of ultraviolet, visible or infrared radiation.
There are many ground-state reactions which have photochemical counter-
parts. Among these are photochemical nitrogen extrusions, photocycload-
ditions, photodecarbonylations, photodecarboxylations, photoenolizations,
photo-Fries rearrangement, photoisomerizations, photooxidations, photore-
arrangements, photoreductions, photosubstitutions, etc2. In basic terms, all
photochemical reactions involve the overall process:

R + hν → ∗R → Pr

where R is an organic molecule that absorbs a photon (hν), whose fre-
quency (ν) is correct for light absorption by R; ∗R is an electronically excited
molecule; and Pr is an isolated product (or products)3.

1



2 1 Introduction

Photochemical reactions are deliberately a method of choice in various
fields of chemical synthesis because photochemical paths offer the advan-
tage over thermal methods of forming thermodynamically disfavored prod-
ucts, overcome large activation barriers in a short period of time, and allow
reactivity otherwise inaccessible by thermal methods. However, undesired
photochemical reactions such as photooxidation, photooxygenation or pho-
toinduced electron transfer (PET) in organic materials such as polymers may
lead to photodegradation, causing the change or even loss of eventually de-
sired characteristic material properties2. Photodegradation and stabilisation
methods are subjects of interest in various fields of material science, espe-
cially polymer chemistry4.

1.1.1 Photodegradation in Polymers

Photodegradation in Polymers has been exhaustively researched since the
late 1960’s and consequently, publications in the field are abundant. The
book “Photodegradation in Polymers” by Jan f. Rabek4 reviews and cate-
gorzies relevant contributions to the subject and therefore serves as the basis
for this section.

In general, photodegradation processes in polymers proceed through pho-
toinitiated radical chain reactions that generate reactive radical species such
as hydroperoxides. The first step initiating these processes is the absorption
of radiation (photoinitiation). As polymers consist only of C−C, C−H, C−O
and C−Cl bonds, they are not expected to absorb radiation of wavelengths
longer than 190 nm. However, present chrompophores in the polymer po-
tentially absorb radiation. Chromophores in polymers are of different types
and, if not an integral part of the chemical structure of the polymer (such
as aromatic groups in polystyrene), part of impurities. These impurities can
be categorized as “internal impurities” and “external impurities” and may
act as photoinitiators for chemical reactions leading to photodegradation of
polymers.

1. “Internal impurities” contain chromophoric groups, including

• hydroperoxides, carbonyl and unsaturated bonds,

• catalyst residues attached to chain ends of macromolecules,

• charge-transfer complexes (CTCs) with oxygen.

2. “External impurities” contain chromophoric and/or photoreactive
groups, including
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• traces of catalysts, solvents, etc,

• additives (pigments, dyes thermal stabilizers, antioxidants, pho-
tostabilizers, lubricants, plasticizers, etc),

• compounds from poluted urban atmosphere and smog, such as
naphthalene, anthracene, etc,

• traces of metals, metal oxides and metal salts from processing
equipment and containers. The extrustion, milling, chopping and
compounding steps involved in polymer processing can all intro-
duce traces or even particles of such impurities into the polymer.

Different types of impurities lead to different photoinitiation reactions:

• External low molecular impurities (R1−R2) absorb radiation and pro-
duce low molecular weight radicals (R •

1/2) which further react with a

polymer (PH) producing a polymer alkyl radical (P •) by the hydrogen
atom abstraction reaction:

R1−R2
hν−→ R •

1 + R •
2

PH + R •
1/2 −→ P • + R1/2H

• Internal in-chain and/or end-chain impurity chromophores present as
part of a polymer structure absorb light radiation and produce polymer
alkyl radicals (P •) and/or low-molecular radical fragments (R •):

Polymer
hν−→ P • + P • and/or P • + R •

• Direct dissociation of a given chemical bond, which has been excited
to the excited singlet or triplet state:

Polymer
hν−→ P • + P •

• Charge-tranfer complexes (CTCs) formed between polymer and oxy-
gen:

PH−O2
hν−→ P • + HO •

2



4 1 Introduction

Radicals generated in photoinitiation reactions are highly reactive and
cause photo-oxidative degradation processes such as photo-oxidation, chain
scission, crosslinking and secondary reactions occuring by free radical mech-
anisms in the polymer. The mechanistic steps of photo-oxdation include:

Initiation PH
hν−→ P •

Chain Propagation P • + O2 −→ POO •

POO • + PH −→ POOH + P •

Chain branching POOH −→ PO • + •OH

PH + •OH −→ P • + H2O

PO • −→ chain scission processes

Termination crosslinking reactions to inactive products (Pr) :

P • + P • −→ Pr

P • + PO • −→ Pr

P • + POO • −→ Pr

POO • + POO • −→ Pr

where PH is the polymer, P • is the polymer alkyl radical, PO • is the
polymer alkoxy radical, POO • is the polymer peroxy radical, POOH is the
polymer hydroperoxide and HO • is the hydroxy radical. In this process, the
formation fo polymer alkylperoxy radicals (POO •) by reaction of polymer
aklyl radicals (P •) with oxygen is the key reaction leading to chain prop-
agation. Figure 1.1 gives a schematic overview of the overall mechanism
of polymer photo-oxidative degradation. The fact that macroradicals in a
solid polymer survive for a long time may account for oxidative degradation
and crosslinking which continue for some time after irradiation (“dark pro-
cesses”).

Photo-oxidation of polymers produces a complex mixture of different
products. The identification of these products is key to the evaluation of
mechanisms by which the photodegradation reactions occur. Photo-oxidative
degradation generally causes main chain scission and crosslinking, the former
being generally predominant in the presence of oxygen. Which of the above
described reactions is favored in chain branching and termination strongly
depends on the type of polymer and impurities present.
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Figure 1.1: General mechanism of polymer photo-oxidative degradation. In-
ternal and external impurities in the polymer carry chromophoric groups,
which act as photoinitiators. Photoinitiation leads to polymer alkyl rad-
icals (PO •) which react with oxygen giving polymer alkylperoxy radicals,
exhibiting the key reaction leading to chain propagation. Chain branching
and termination reactions of the radical chain reaction mechanism further
lead to chain-scission, crosslinking and oxidative processes in the polymer.

1.1.2 Photodegradation of Dyes

As an intrinsic property, dyes provide structures enabling the absorption of
light in the UV and visible region, which may lead to photochemical re-
actions. Depending on various chemical and physical factors, these photo-
chemical reactions can involve the dyes themselves as reactants and lead to
photodegradation of the dyes. The photodegradation of dyes has been ob-
served and studied for almost a century - early reports of the lability of dyes
towards light dating back to 19335. While the photodegradation of dyes is
deliberately employed and developed in the field of wastewater treatment6,
it is a highly undesired occurence in polymers and optical chemical sensors,
where dyes are applied as colourants or indicators, respectively. The great
variety of dye structures leads to an abundance of possible and probable
degradation pathways which are additionally influenced by other chemical
species present in the surroundings of the dye. Photodegradation processes
of dyes can be categorized in terms of chemical mechanisms:

• Photoaddition

• Photolysis

• Disproportionation
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• Attack of photogenerated reactive species

Photoaddition

The term “photoaddition” describes the additive reaction of a dye in it’s
excited state with an organic reactant. The products of photoadditions are
species containing the structures of both reactants. A representative exam-
ple of photoaddition as one photodegradation pathway of a dye has been
described by Schöllnhammer and Hemmerich in their work on the photo-
chemistry of Riboflavin7. Schuman Jorns et al. described an intramolecular
photoaddition mechanism in Riboflavin8, which is depicted in figure 1.2.
When compared to other photodegradation mechanisms, photoadditions of
dyes occur rarely.

CH2

OH R
1

R
2

N

N
N

-

N O

O

CH2

N

N
H

N
-

N
H

O

O

O
C

R
1

R
2

hν

Na
2
HPO

4

Figure 1.2: Intramolecular photoaddition of Riboflavin8.

Photolysis

The photolysis of dyes leads to the decomposition and dissociation (pho-
todissociation) of the dye structure, including ligand loss in organometallic
complexes9–11. Photolysis is another possible photodegradation mechanism
of above described Riboflavin and occurs as photodehydrogenation and/or
photodealkylation of the parent structure, depicted in figure 1.3. Photolysis
can occur as a direct consequence of the absorption process but mostly is
the follow-up reaction of later described chemical attacks on the dye by a
reactive species.

Disproportionation

The disproportionation of dyes results from triplet-triplet annihilation in-
volving an electron transfer step. Triplet-triplet annihilation is a process in
which two molecules both in their triplet excited state interact (usually upon
collision) to produce one molecule in an excited singlet state and another in
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CH2
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1
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2
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N
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-

N O

O

hν
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N
H

O

O

R' = H

CH2

C O

R

N

N
H
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-

N
H

O

O

CH2

OH

R+

Photodehydrogenation

Photodealkylation

Figure 1.3: Photolysis reactions of Riboflavin8.

the ground state2. Milosavljevic and Thomas report on an electron transfer
from one molecule to the other upon triplet-triplet annihilation, leading to
disproportionation of the investigated dye Ru(bpy)2+

3
12:

2 ∗Ru(bpy) 2+
3 −→ Ru(bpy) +

3 + R(bpy) 3+
3

This mechanism has also been reported by others9,10,13.

Attack of Photogenerated Reactive Species

Photochemical and photophysical processes enable the generation of reac-
tive oxygen species (ROS), such as singlet oxygen (1O2 ) or hydroxyl rad-
icals (•OH). The attack of dyes by these reactive species ultimately leads
to photooxygenation or photolysis. This mechanism is the core principle
of photocatalytic degradation of dyes in wastewater treatment, where TiO2

serves as radical generator14: Upon illumination with UV light, an electron
excites out of its energy level and consequently leaves a hole in the valence
band. Further, electrons are promoted from the valence band to the conduc-
tion band of TiO2 to give electron-hole pairs. The valence band potential is
positive enough to generate hydroxyl radicals (•OH) at the surface of TiO2

and the conduction band potential is negative enough to reduce molecular
oxygen to the oxygen radical anion (•O−

2 ), which further reacts with present
H2O to H2O2. H2O2 dissociates into two hydroxyl radicals on the TiO2 sur-
face. Generated hydroxyl radicals (•OH) further attack organic matter in
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their surroundings, initiating to degradation processes. Figure 1.4 shows a
schematic overview of photocatalysis employing TiO2. Many works describe
photocatalytic processes involving different catalysts and dyes6,14–18.

Figure 1.4: General mechanism of the photocatalysis on TiO2 nanomateri-
als14. TiO2 is irradiatied with UV light. Electrons are promoted from the
valence band to the conduction band (Activation), giving electron-hole pairs.
At the surface of TiO2, hydroxyl radicals (•OH) are generated via oxidation
of H2O and OH – and reduction of molecular oxygen O2. Generated hydroxyl
radicals (•OH) further attack dyes adsorbed on the surface of TiO2, initiating
decomposition processes of the dyes (Degradation).

Since this work focuses on the involvement of singlet oxygen in pho-
todegradation processes, the photosensitized generation of singlet oxygen will
be discussed in detail in the next section.

1.1.3 Singlet Oxygen

The term “Singlet Oxygen” (1O2) refers to the lower lying of the two first
electronically excited states of molecular oxygen (1∆g). Due to it’s open-shell
electronic structure, molecular oxygen possesses a special electronic configu-
ration leading to three energetically close lying electronic states, one triplet
ground state (3Σ−

g ) and two excited states (1Σ+
g and 1∆g), both being of sin-

glet multiplicity19. The role of 1O2 in a variety of photooxygenation processes
has beend demonstrated by many works in the last 80 years20,21. Figure 1.5
gives a schematic overview of 1O2 generation, application and contribution to
photodegradation, all of which will be discussed more detailed in this section.
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Figure 1.5: Overview of generation, application and contribution to pho-
todegradation of 1O2 . A photosensitizer dye (P) is irradiated (hν) and
consequently present in it’s excited state (P∗). Molecular ground state oxy-
gen (O2) dynamically quenches P∗ and is excited to 1O2 . The generation
of 1O2 is beneficial in various applications whereas it can also be part of
photodegradation processes in polymers and dyes.

Photosensitized Generation of 1O2

The most common means of 1O2 generation is photosensitization. Photosen-
sitization, in this case, describes an energy transfer from an electronically
excited sensitizer to ground state molecular O2 (3Σ−

g ). A photosensitizer is
a molecular entity changing its electronical configuration from it’s ground
state to it’s excited state via the absorption of light2,19. This process was
already mentioned in 1.1 as part of the general description of photochemical
reactions:

R + hν → ∗R

For deeper understanding, the theory of photosensitization shall be elabo-
rated more detailed. Turro, Ramamurthy and Scaiano dedicate one chapter
in their textbook “Modern Molecular Photochemistry of Organic Molecules”3

to Molecular Oxygen and Organic Photochemistry, which holistically covers
and explains fundamental theories behind 1O2 generation and reactivity very
detailed. Therefore, this section is based on this chapter. Figure 1.6 shows a
Jablonski diagram, in which terms and processes described in the following
paragraphs are schematically depicted.

Most organic molecules (except diradicals) possess a ground state of sin-
glet multiplicity. Singlet multiplicity in the ground state (S0) describes the
ground state orbital configuration of two spin-paired electrons in the High-
est Occupied Molecular Orbital (HOMO). The radiative transition from the
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Figure 1.6: Jablonski Diagram.

ground- to the excited state of an organic molecule leads to the occupation
of the molecule’s Lowest Unoccupied Molecular Orbital (LUMO). There are
two possible orbital configurations of the first excited state: (1) In the first
excited singlet state (S1), the electron occupying the HOMO possesses the
opposite spin of the LUMO electron. (2) In the first excited triplet state (T1),
the HOMO and the LUMO electrons posses the same spin. The transition
from S0 to T1 (S0 → T1) is spin-forbidden whereas the transition S0 → S1

is spin-allowed, therefore the latter transition is most probable. In symbolic
terms, the most probable radiative transition of an organic molecule from
it’s ground to it’s excited state can be written as:

R(S0) + hν → ∗R(S1)

Apart from radiative de-excitation (fluorescence), there are multiple pos-
sible relaxation pathways for a molecule in it’s first excited singlet state,
one of which is called Intersystem Crossing (ISC). ISC describes a spin-
forbidden transition between two isoenergetic vibrational levels belonging to
electronic states of different multiplicities such as the transition S1 → T1

22.
Certain molecular characteristics, such as heavy atom complexes, enhance
the probability of ISC (see also 1.3.2). Since the relaxation T1 → S0 is
spin-forbidden and highly improbable, the lifetime of the T1 state com-
pared to that of S1 is in general relatively long (Radiative decay rates ranges:
S1 → S0 : (106 − 109) s−1; T1 → S0 : (103 − 10−2) s−1).

Both excited states, S1 and T1 can be quenched by ground state molec-
ular O2 (3Σ−

g ). In the dynamic quenching process, the electronically excited
molecule ∗R transfers energy to O2 (3Σ−

g ). If the amount of transferred energy
is sufficient and the total spin is conserved, O2 (3Σ−

g ) undergoes a transition



1.1 Photodegradation Processes in Polymers & Dyes 11

to it’s first excited singlet state, that is 1O2 (1∆g). In the case of S1 quench-
ing, the formation of 1O2 is only feasible if the energy gap ∆EST between S1

and T1 is greater than the energy gap between the triplet ground and singlet
state of oxygen (22.4 kcal mol−1). Such a value for ∆EST is not uncommon for
π, π∗ states, which are characteristic for aromatic and polyaromatic systems.
However, the efficiency of 1O2 production through quenching of T1 states
is greater than of S1 states, respectively, which is explained by significantly
longer decay times of the former.

In summary, quenching of excited triplet states (T1) by ground state
O2 (3Σ−

g ) leads to most efficient 1O2 generation when compared to other
processes:

Absorption : R(S0) + hν → ∗R(S1)

ISC : ∗R(S1) → ∗R(T1)

Quenching : ∗R(T1) + 3O2(3Σ−
g ) → R(S0) + 1O2(1∆g)

Applications of Photosensitized 1O2

Many publications and reviews adress the application of photosensitized 1O2

in various fields23–26. The main areas of 1O2 application are (categories taken
from24):

• Fine Chemical Synthesis: The versatility and the high degree of
stereoselectivity of 1O2 make it a useful synthetic agent.

• Wastewater Treatment: The application of 1O2 allows the direct
use of solar energy in wastewater treatment, thus being a potential
economical solution to a difficult environmental problem.

• Photodynamic Processes: The photodynamic effect describes the
damage of living tissue by the combination of a photosensitizer, vis-
ible light, and oxygen. The relevance of photodynamic processes is
constantly increasing, especially in the fields of:

– Blood sterilization

– Photodynamic therapy of cancer

– Insecticides and herbicides
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The Role of 1O2 in Photodegradation Processes

While the generation of 1O2 is an important part of the above described appli-
cations, the potential photodegradation of polymers and dyes caused by 1O2

is undesired in many cases. The reactivity of 1O2 towards organic molecules
and it’s role in polymer photodegradation has been widely researched and
discussed20,24,26–32. 1O2 has also been part of works about the photodegrada-
tion of dyes10,12,13,33–35. While the role of 1O2 in polymer photodegradation
is quite clear, the main mechanisms leading to photodegradation of dyes are
still a matter of discussion.

Polymers Posṕǐsil et al.36 point out that 1O2 attacks unsaturated seg-
ments and structural inhomogeneities in polymers. These reactions account
for oxygenated products, hydroperoxides in particular, actively involved in
consecutive degradation processes. Further, oxygenation of phenolic antioxi-
dants and UV absorbers (polymer stabilising agents) with 1O2 depletes their
efficiency by interrupting activity mechanisms and increases their consump-
tion.

While 1O2 may not directly initiate photodegradation chain reactions
in polymers, it certainly enhances various mechanisms contributing to pho-
todegradation36. When, for example, applied as matrix material in optical
chemical sensors, polymers may react with embedded dyes33 and are cer-
tainly exposed to higher 1O2 concentrations than in other applications not
involving 1O2 sensitizers. Under such circumstances, 1O2 attack might be
added to relevant photodegradation mechanisms and further investigated.

Dyes Upon the photodegradation mechanisms of dyes discussed in section
1.1.2, the attack of the dye by photogenerated reactive species is a strongly
contributing process. Since photosensitized 1O2 is generated via the excited
triplet state of a dye molecule (sensitizer), dyes polpulating this state are
more likely to produce 1O2 . Consequently, the role of 1O2 in photodegrada-
tion depends on the photophysical characteristics of the dye.

The most important parameter for any potential sensitizer considering
the formation of 1O2 is called the efficiency for singlet oxygen generation
(S∆) and defines the fraction of triplet quenching events that result in the
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formation of singlet oxygen3:

S∆ =
moles of singlet oxygen formed

moles of excited triplets quenched by oxygen

According to3, various parameters and sensitizer/matrix characteristics in-
fluence the efficiency of singlet oxygen generation:

• High value of S∆.

• Long triplet lifetimes in order to maximize triplet quenching.

• Good spectral properties enabling selective excitation of the sensitizer.

• A solvent with good 1O2 solubility and where 1O2 has a long lifetime.

There are works about photosensitized 1O2 attack leading to photooxy-
genation of dyes10,11,34,37. Sensitization of 1O2 might also lead to generation
of other ROS such as hydroperoxide radicals, that consequently contribute to
photodegradation38. However, the role of 1O2 in photodegradation processes
is still a matter of discussion.

1.1.4 Stabilizing Strategies in Polymers

The overall photodegradation processes in polymers have been discussed in
section 1.1.1. Photodegradation in polymers is a conglomerate of photoiniti-
ated radical chain reactions. Chromophoric groups stemming from internal
or external impurities act as photoinitiators by absorbing light and reacting
with oxygen giving alkoxy peroxide radicals which again propagate further
radical chain reactions. Photoinitiation and following radical chain reactions
can be prevented and/or terminated by adding different stabilizing agents
to the polymer, thereby influencing different aspects of photodegradation.
Publications in the field of polymerstabilization are manifold, the categories
used in this section are based on a review by Hans Zweifel39.

According to their mode of action, polymer stabilizers can be categorized
as follows:

• Antioxidants

– H-Donors (aromatic amines, phenols) hinder hydrogen abstraction
of peroxy radicals from the polymer backbone.
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– Hydroperoxide decomposers (phosphites, phosphonites, thiosyn-
ergists) transform hydroperoxides into non-radical, non-reactive
and thermally stable products.

– Alkyl radical scavengers (hindered amine light stabilizers (HALS),
hydroxyl amines, benzofuranone derivatives) react with alkyl rad-
icals to form non-reactive products.

• Metal Deactivators form stable complexes with metal ions which,
uncomplexed, catalyze the decomposition of peroxides forming reactive
radicals.

• Light Stabilizers

– UV absorbers absorb UV radiation hence hindering absorption
by potential photoinitiators (chromophoric groups) present in the
polymer.

– Quenchers dynamically quench and thereby deactivate chromophoric
side groups from their excited state to their ground state.

– Hindered Amine Light Stabilizers (HALS) are still a matter of
discussion in terms of their exact stabilizing mechanisms.

N
H

Figure 1.7:
2,2,6,6-
Tetramethylpiperidine

Amongst these stabilizers, the group of Hindered Amine
Light Stabilizers (HALS) draws special attention. HALS are
sterically hindered amines based on tretramethyl piperidine
(figure 1.7) derivatives. Basically, there are two modes of
action for HALS as stabilizers in polymers: (1) radical scav-
enging and (2) quenching of polymer-oxygen CTCs40. How-
ever, HALS don’t seem to prevent reactions of 1O2 in poly-
mers36,41.

1.1.5 Stabilizing Strategies in Dyes

In order to stabilize dyes, multiple aspects of photodegradation need to be
considered. According to mechanism, several stabilization strategies may be
effective:

• Triplet-triplet annihilation and consecutive effects can be prevented by
low dye concentrations.
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• Ligand loss is subject to the architecture of transition metal complexes
and therefore can only be prevented by ligand derivatisation, tuning of
excited state energies and modifying ligand coordination geometries.

• Photooxygenation and other reactions caused by photogenerated reac-
tive species such as 1O2 may be prevented through several strategies:

1. Derivatization of the dye structure can stabilize the dye towards
1O2 attack. The introduction of chloride substituents, for exam-
ple, reduces the oxidation potential of aromatic systems42.

2. By avoiding population of triplet excited states, potential
generation of 1O2 is avoided.

3. Deactivating 1O2 by empolying 1O2 quenchers in the dye envi-
ronment also has stablizing effects, whereat physical 1O2 quench-
ing (without chemical reactions) is preferable.

4. Embedding dyes in materials such as clay43 or montmorillonite44

hinders ROS in diffusing to the dye area.
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1.2 Photodegradation Processes in Optical Chem-

ical Sensors

1.2.1 Optical Chemical Sensors

According to the IUPAC definition, a chemical sensor is45 “a device that
transforms chemical information, ranging from concentration of a specific
sample component to total composition analysis, into an analytically useful
signal.” . This definition of a chemical sensor was modified and specified by
The Cambridge Definition of Chemical Sensors46:

“Chemical sensors are miniaturized devices that can deliver real-time and
on-line information on the presence of specific compounds or ions in even

complex samples.”

The main elements of a sensing system are47:

• Analyte

• Transduction Platform

• Signal Processing Unit

The transduction platforms of optical chemical sensors (OCS) are based
on measuring changes of an optical property: refractive index, light scatter-
ing, reflectance, absorbance, fluorescence, chemiluminescence, etc.22. Some
analytes possess optically active properties that can be measured, however,
for most sensors, a transduction mechanism including an optically active
species (further refered to as indicator, dye or sensitizer) that interacts with
the analyte is needed. The interaction of the sensor dye with the analyte
causes measurable changes of optical dye properties. The Jablonski dia-
gram depicted in figure 1.6 shows photophysical processes which can serve as
transduction platforms for optical chemical sensors. The most widely used
techniques employed in optical chemical sensors are optical absorption and
luminescence47.

Absorption-based OCS

In absorption-based OCS, the absorption characteristics of the employed in-
dicator dye change upon reaction with the analyte. This principle is com-
monly used in colorimetric pH sensing where pH indicators are employed.
The pKa of these indicators indicates the center of the measurable pH range,
for example, cresol red, bromophenol blue and bromocresol purple respond
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to acidic pH (pH <7) while naphtholbenzene and phenolphthalein respond
at basic pH (pH >7)47. The relatively narrow pH response range of most
of these dyes has been addressed whereby several indicators with different
pKa values have been combined in one sensor in order to produce a linear
pH response over a wide range48.

Fluorescence-based OCS

In fluorescence-based OCS, the fluorescence characteristics of the employed
indicator dye change upon reaction with the analyte. A trace ammonia
sensor employing Eosin as fluorescence indicator serves as an example for
fluorescence-based OCS.

There are many applications needing the detection of dissolved ammonia
concentrations at sub mg/l-levels since ammonia is reported to be toxic for
aquatic organisms above a concentration of 25µg/l49. An ammonia sensor
system, presented in the work of Waich et. al50, reaches detection limits
below 1µg/l and is based on the change of fluorescence intensity of Eosin
ethylester in the presence of ammonia. Eosin ethylester is a xanthene flu-
orophor dye with a pKa value of 3.851, which is the lowest pKa value of
commercially available dyes of this class. Therefore, Eosin ethylester is the
most promising compound for trace measurements of ammonia. The em-
ployed sensing principle (depicted in figure 1.8) is the acid-base equillibrium
between ammonia (pKa = 9.24) and the dye (also called indicator, Ind):

NH3(aq) + IndH ←→ NH+
4 + Ind−

The emission characteristics of xanthene dyes strongly depend on species
formed by protonation or deprotonation. The deprotonation of Eosin ethylester
results in a rise of it’s fluorescence intensity. Accordingly, the measurable
change in Eosin ethyelster fluorescence intensity is proportional to ammonia
concentration in the dye environment.

Phosphorescence-based OCS

In phosphorescence-based OCS, the phosphorescence characteristics of the
employed indicator dye change upon reaction with the analyte. One of the
most important applications of phosphorescent indicator dyes in OCS is oxy-
gen sensing. Since oxygen is one of the key analytes, its monitoring is of
extreme importance in environmental monitoring, seawater analysis and ma-
rine research, food industry medicine, and many other fields of science and
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Figure 1.8: Acid-base equillibrium between Ammonia and Eosin50.

technology52.

The application of phosphorescent indicator dyes in oxygen sensors func-
tions via dynamic quenching of the triplet excited state of the dye by ground
state molecular oxygen. The dynamic quenching process is deeply explained
on a molecular level in section 1.1.3. The phosphorescence process includes
two measurable physical quantities: (1) The emission lifetime (τ) and (2)
The emission intensity (I). Dynamic quenching alters both quantities to a
measureable extend. The Stern-Vomer relation describes the quantitive (and
kinetic) relation between the quencher concentration ([Q]) and phosphores-
cence lifetime and intensity, respectively53:

τ0

τ
=

I0

I
= 1 +KSV [Q]

where τ0, τ , I0 and I are luminescence emission lifetimes and intensities in the
absence and in the presence of quencher, respectively. [Q] stands for quencher
concentration and KSV is the Stern-Volmer constant. The graphical plot of
this relation is given in figure 1.9. Various oxygen sensors employ the Stern-
Volmer relation of dynamic quenching as transduction platform52,54,55.

Optical Chemical Sensor Design

The employed transduction mechanism is the core of optical chemical sensor
design. Since most optical chemical sensors apply organic molecules interact-
ing with light (dyes) as indicators or sensitizers and do not measure intrinsic
optical analyte properties, this section confines to design techniques of indi-
rect optical chemical sensors.
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Figure 1.9: Stern-Volmer relation. τ0
τ
− 1 is plotted versus [Q]. The gradient

of the linear fit is KSV .

To begin with, the employed indicator needs to be immobilized in a ma-
trix. The sensor matrix shoud possess certain characteristics such as trans-
parency for light in the needed wavelength region, chemical inertness, per-
meability for the analyte to the indicator, imperviousity to leaching effects,
just to mention a few. Accordingly, polymers and glasses (sol-gel matri-
ces) featuring these characteristics are the first choice as matrix materials.
Polymers have been widely used as matrix materials for a broad range of
optical chemical sensors. They have many desirable features and compare
well with sol-gel matrices for most applications. While polymers may not be
as photochemically stable as sol-gels, some polymers are more suitable than
sol-gels for high-temperature applications such as autoclavation. Moreover,
the use of polymers as matrix materials allows easy processability. The most
widely used materials include polystyrene (PS), polyvinyl chloride (PVC),
polymethyl methacrylate (PMMA), polydimethyl siloxanes (PDMS) and cel-
lulose derivatives such as ethyl cellulose (EC)47,55.

Further, light needs to be guided from a light source to the indicator
and back to a detection system. Waveguiding techniques applied in optical
chemical sensors categorize in two fields: (1) Fiber Optic Chemical Sensors
(FOCS) and (2) Planar Waveguide Chemical Sensors (PWCS). Various re-
views elaborate and discuss these techniques47,54,55, for a detailed description
is not essential in this work. It should be noted though that both techniques
enable an intense illumination of indicators and light intensity displays an
influential quantity in photodegradation processes.
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In conclusion, miscellaneous aspects and application requirements gov-
ern optical chemical sensor design strategies of which this section mentions
the most significant considering photostability: Polymers are often chosen
as matrix materials and employed waveguiding techniques may yield in high
illumination intensities.

1.2.2 Interaction of Polymers and Dyes upon Irradia-
tion

The embedding of dyes in polymers in optical chemical sensors has effects on
the photodegradation on both, the polymer and the dye. Dye photoinitiated
degradation of polymers is a phenomenon commonly known in industry as
phototendering4. Excited dye molecules may abstract a hydrogen atom from
a polymer molecule and produce a polymer alkyl radical and protonated dye
radical, both leading to further radical chain reactions described in section
1.1.1. While 1O2 may not directly initiate photodegradation chain reactions
in polymers, still it certainly enhances various mechanisms contributing to
photodegradation36. When applied as matrix material in optical chemical
sensors, polymers are certainly exposed to higher 1O2 concentrations than in
other applications not involving 1O2 sensitizers. Under such circumstances,
1O2 attack might be added to relevant photodegradation mechanisms and
further investigated.

The photodegradation of dyes in polymers strongly differs from that in
solution11. In polymers, the mobility of dyes and the diffusion of gases are
restricted, altering the kinetics and relevant interactions of photodegradation
processes.

In chapter 1.1, photodegradation processes of polymers and dyes are dis-
cussed seperately. Contributing mechanisms and factors are well understood
and deeply researched in both fields. However, in the field of optical chem-
ical sensors, where dyes are embedded in polymer matrices and commonly
accepted degradation mechanisms are altered in terms of their relevance, few
is known and understood on a deeper level.
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1.2.3 Stabilization Strategies in Optical Chemical Sen-
sors

The fact that photodegradation processes in OCS are not well understood yet
causes little success of stabilization attemts. The approach of employing the
same stabilizing agents as in polymers may fail due to altered mechanisms
contributing to photodegradation of the polymer. Moreover, stabilizers com-
monly used in polymers can alter sensor characteristics when employed in
OCS. HALS, for example, react with molecular oxygen56–58, which is the an-
alyte of oxygen sensors. These reactions bias sensing results.

Dye stabilization strategies discussed in section 1.1.4 often won’t be suc-
cessful in OCS. Preventing triplet-triplet annihilation by lowering dye con-
centration is often not an option due to the need of high dye concetrations
in rather thin polymer films for enhanced sensor performance. The design
of indicator dyes is a delicate issue and doesn’t always have immense (and
sometimes desired) degrees of freedom. Avoiding generation of 1O2 by avoid-
ing population of triplet excited states is often counterproductive since, for
example in oxygen sensors, the 1O2 generating mechanism displays -at the
same time- the very sensing platform. Physical quenching of 1O2 might be
one of the most feasible and effective stabilizing strategies amongst others.
However, the role of 1O2 in OCS photodegradation and potential stabilizing
1O2 quenchers have not been deeply investigated yet.

1.2.4 Previous Work

In their work about decay kinetics of excited state Ruthenium tris(bipyridine)
(*Ru(bpy) 2+

3 ) adsorbed in cellulose, Milosajevic and Thomas12 found bleach-
ing effects at Ru(bpy) 2+

3 concentrations above 10 mM and high intensity il-
lumination. According to the authors, these bleaching effects are caused by
triplet-triplet annihilation involving an electron transfer step, leading to dis-
proportionation of the dye. Photoinduced disproportionation of Ru(bpy) 2+

3

has also been studied by Kennelly et al.13 on porous Vycor glass, reporting
on concentration effects on disproportionation as well. A review on Ru2+

polypyridine complexes by Juris et al.9 describes ligand photosubstitution
and photodissociation processes (“ligand loss”) in addition to electron trans-
fer processes, suggesting strategies to overcome these drawbacks of such com-
plexes. These strategies are based on preventing population of the so-called
Metal-Centered excited state (MC), which is key to ligand photosubstitution
and photodissociation, and include tuning of excited state energies by chang-
ing ligands and modifying ligand coordination geometries as to stabilise the
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overall complex structure.

Carraway et al.35 investigated the decomposition of Ru(bpy) 2+
3 in silicone

rubbers. They found that measured decomposition effects were enhanced
in the presence of O2. A comparison of three differently substituted and
activated Ru2+ polypyridine complexes, supposedly diverging in reactivity
towards 1O2 , showed an effect of 1O2 indeed, though the authors ascribed
this effect not to 1O2 but to different photolyis levels of the investigated com-
plexes. They further concluded that 1O2 is not the primary cause for sensor
deactivation. Fuller et al.11 investigated the same complexes as Carraway et
al., comparing photostabilities of the complexes in different matrices (poly-
mers and solutions). They found O2 to be a key agent in photodegradation
processes in general. They concluded though, that in solution, O2 has a
somewhat stabilizing effect on the complexes (referred to photodegradation
in O2-free solutions). According to the authors, this stabilizing effect occurs
due to quenching deactivation of the excited state, which displays the initial
point of ligand photodissociation. On the contrary, O2 strongly enhanced
photodecomposition of investigated complexes in polymer matrices. This ef-
fect is explained by a so-called “cage effect”, in which photosensitized 1O2 is
trapped in close proximity to the sensitizer and has an enhanced opportu-
nity to destroy it. In summary, this work names two main photodegradation
mechanisms: (1) photooxidation/ -oxygenation by photosensitized 1O2 and
(2) ligand photosubstitution (or photodissociation). In solution, these two
effects are antidromic - the photosensitization of 1O2 (through quenching the
excited state of the sensitizer) prevents ligand photodissociation. In polymer
matrices, the limitied diffusion of photosensitized 1O2 (with respect to solu-
tions) leads to enhanced photooxidation of the sensitizer.

Hartman et al. published two papers on photodegradation of Ru2+ polypyri-
dine complexes, investigating the effects of photobleaching on luminescence
intensity and lifetime10,34. Further, the effect of 1O2 quenchers was inves-
tigated. These works showed a major influence of oxygen (and photosensi-
tized 1O2 , respectively) on photodegradation processes, manifesting mainly
in absorption spectra and emission decay times. Additionally, a polymer
matrix dependence of photoeffects was observed. The authors ascribed al-
tered absorption spectra and emission decay times as well as matrix effects
in photobleaching experiments to photosensitized 1O2 . In this case, 1O2 re-
acts with the sensitizer giving non-emissive, oxygenated photoproducts. The
absorption bands of these photoproducts overlap with emission bands of the
original sensitizer, leading to RET from sensitizer to photoproduct. This
mechanism explains changes of sensitizer emission decay times. Matrix ef-
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fects are explained by the varying ability of different polymers for providing
acceptor vibrational modes for excited (1O2 ) singlet state energy. However,
in agreement with the above mentioned work of Carraway et al.35, lumines-
cence intensity decrease is suggested to be dominated by ligand loss. All
results were in agreement with obtained MALDI-TOF data. In addition to
photophysical and photochemical characterisations of photodegradation pro-
cesses, investigations of different tertiary amines as 1O2 quenchers proved
1,4-DiAzaBiCyclo[2.2.2]Octane (DABCO) to act as an efficient photostabi-
lizing agent in examined sensor films.

In their work on fluorescent pH sensors, Weidgans et al.42 reported pho-
tostability tests on differently substituted Fluoresceins. They found that
electron-withdrawing substituents on the chromophore system of the dye,
such as chloro substituents, have a stabilizing effect whereas alkyl substituents
such as dihexyl strongly decrease photostability. Borisov et al.59 performed
similar tests on Fluoresceins, comparing them to a lipophilic HPTS deriva-
tive. The results were in agreement with the results of Weidgans et al. and
showed that the tested HPTS derivative possesses a greater photostability
than the tested Fluorescein derivatives. In another publication, Borisov et
al.37 investigated the photostability of various metalloporphyrins, ascribing
photodegradation to attack of photosensitized 1O2 . Apart from cyclovoltam-
metric measurements determining oxidation potentials of investigated dyes
in37, the latter mentioned works did not further investigate photodegrada-
tion mechanisms.

Õige et al.60 studied effects of long-term aging on various characteristics
of an oxygen sensor consisting of a Pt2+ porphyrin complex in a PMMA film.
The decrease of sensor performance over aging time under varied conditions
was in general ascribed to polymer deplasticization and physical aging. No
further mechanistical interpretation was made whatsoever. Jivaramonaikul
et al.61 synthesized various substituted 4-methylcoumarin derivatives and
found that the photostability of these compounds is affected by substitution
positions as well as types of substituents. One photostability testing exper-
iment was carried out in the abscence and in the presence of oxygen and
resulted in no significant difference of degradation data. However, they did
not further generalize their results nor investigate photodegradation mecha-
nisms in detail.
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1.3 Thesis Overview

1.3.1 Aim of this Work

Since photodegradation processes in OCS are not well understood, the elabo-
ration of stabilization strategies is a challenge not yet successfully met. This
work aims to clearify the role of 1O2 in photodegradation processes and fur-
ther establish stabilizing strategies for optical chemical sensors based on the
physical quenching of 1O2 . It does so by investigating the reactivity of
commonly applied sensor dyes towards 1O2 in their ground- as well as ex-
cited state, testing the influence of the polymer matrix on photodegradation
and finally scanning potential physical 1O2 quenchers for their suitability as
stabilizing agents in optical chemical sensors. The methods applied are ab-
sorption spectroscopy, electron paramagnetic resonance (EPR), luminescence
spectroscopy and oxygen sensing.

1.3.2 Polymer- and Dye Classes investigated in this
Work

Dye classes employed as indicators in optical chemical sensors as well as
polymer matrix materials are manifold and their choice primarily depends
on the analyte of interest. Various reviews give an overview of established
mechanisms and developments in the field47,54,55,62–66. In the following, dye
classes involved in this work’s research are introduced.

Fluoresceins

Fluorescein (figure 1.10) is a xanthene dye and posseses multiple character-
istics qualifying it and it’s derivatives (Fluoresceins) for the use as indicator
in optical chemical sensors:

• High extinction coefficient (ε = 7.84 · 104 mol cm−1 l−1)67

• High fluorescence quantum yield (ΦF = 0.9)67

• Solubility in aqueous media67,68

• Fluorescence properties strongly depend on pH42

• pKa can be tuned through derivatisation without significantly affecting
spectral properties59

• Non-toxicity to living cells68
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Figure 1.10: Fluores-
cein.

Since the fluorescence properties of Fluorescein and
it’s derivatives (Fluoresceins) strongly depend on
pH, they represent a favoured class of indicators in
optical chemical sensors42,59,64,67–70. Figure 1.8 in
section 1.2.1 shows a pH-sening scheme with a Flu-
orescein derivative (Eosin ethylester). Apart from
pH-sensing, Fluoresceins are also applied in sensing
other analytes, such as copper(II)ions71.

Coumarins

Coumarin (figure 1.11) shares some characteristics
with Fluoresceins, such as a high extinction coefficient, fluorescence quan-
tum yield, easy derivatisation and spectral tuneability, making them also
favoured sensor dyes72,73. Coumarin derivatives (Coumarins) offer huge vari-
ability and flexibility in their application as indicators in optical chemical
sensors.

O O

Figure 1.11:
Coumarin.

To start with, Coumarins can act as complexation lig-
ands for metal ions. Complexation measureably alters
spectral properties of coumarins. For example, depend-
ing on substituent groups, complexation might enhance
or quench fluorescence of Coumarin moieties. Optical
chemical sensors based on enhancement or quenching of

fluorescence through complexation of the fluorophor are sometimes called
“turn on”, “turn off” or simply “on-off” types73–75. The range of poten-
tial analytes includes Mg 2+, Ca 2+ 76, Zn 2+, Cd 2+ 77, Fe 3+ 78, Hg 2+ 75 and,
most prominently, Cu 2+ 73,74,79,80. An example of an “on-off” Cu 2+ sensing
mechanism is given in figure 1.12. The coumarin derivative used as indica-
tor changes it’s absorption maximum (λmax) upon complexation with Cu 2+.
Additionally, the Cu 2+ complex is non-fluorescent whereas the uncomplexed
coumarin derivative is fluorescent73.

Further, Coumarins serve as indicators for pH based on mechanisms such
as intramolecular photoinduced electron transfer81 or acid-base equillibria as
in82.

Moreover, Förster Resonance Energy Transfer (FRET) indicator systems
employ Coumarins as donor and/or acceptor moieties72,83,84. FRET again
is a concept serving different means in optical chemical sensors. For exam-
ple, FRET is a key process in enhancing brightness of luminescence sensors
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through light harvesting72.

HPTS

S

SS

OH
O

O
O

-

O

O
-

O

O

O
O

-

Na
+

Na
+

Na
+
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HPTS abbreviates 1-HydroxyPyrene-3,6,8-TriSulfonate
(figure 1.13). HPTS serves as pH indicator in op-
tical chemical sensors based on the equilibrium
of it’s protonated and deprotonated forms37,85,86.
In addition to pH sensing, HPTS is employed in
CO2 sensors87–91. Note that for CO2, the general
sensing principle is the same as in pH sensing: an
acid-base equilibrium. In optical chemical CO2

sensors, HPTS is immobilized in the form of an ion pair. The ion pair is
associated with a small amount of H2O enabling the formation of carbonic
acid (H2CO3) and subsequent deprotonation reactions in the presence of
CO2. Deprotonation alters pH which again shifts the acid-base equilibrium
of HPTS87.

Transition Metal Complexes

Upon other applications11,92, transition metal complexes are mainly used
as O2 probes in optical chemical sensors due to their strong luminescence
and long lifetimes. The mechanism of O2 sensing based on luminescence
quenching has been explained in section 1.2.1. Long luminescence lifetimes
in transition metal complexes stem from enhanced ISC (and therefore strong
population of the first triplet excited state T1) due to the heavy atom effect.
The heavy atom effect describes the influence of nuclear charge on spin-orbit
induced transitions3. Note that often, the lowest excited state of transition
metal complexes is a metal-to-ligand charge transfer state (MLCT), which is
responsible for excited-state electron transfer, emission or quenching chem-
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istry9,11.

Used transition metals and ligands vary and there has been broad re-
search and development in the field55,93,94. This work concentrates on three
transition metal complex categories (structures given in figure 1.3.2):

1. Metalloporphyrins37,60,92,95. Especially Pt 2+ and Pd 2+ complexes
are used as O2 probes. Note that metalloporphyrins are also deliber-
ately used as photosensitizers of 1O2 in photodynamic therapy24.

2. Polypyridyl Complexes9,11,35,96,97. In this category, Ru 2+, Ir 3+ and
Os 2+ are complexed transition metals with a focus on Ru 2+.

3. Cyclometalated Coumarin Complexes52,98,99. Ir 2+ and Pt 2+ are
the most commonly applied transition metals in this category.
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Figure 1.14: Transition metal complexes: (a) Metalloporphyrin,
M = Pt2+,Pd2+, (b) Polypyridyl Complex (Ru(bpy) 2+

3 , 2 Cl – ), (c) Cy-
clometalated Coumarin Complexes, X = NMe,O, S,52.

A variety of polymers are currently used as matrix materials in optical
chemical sensors55,93,100. This work investigates representatives of various
polymer classes (according to Polymer Data Handbook101). Names and ab-
breviations are given in table 1.1.
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Table 1.1: Polymers investigated in this work.

Abbreviation Name Polymer Class101

EC Ethylcellulose Carbohydrate polymers
D4 Hydrogel D4 Polyurethanes
PMMA Poly(methyl metacrylate) Metacrylate polymers
PPO Poly(2,6-dimethyl-1,4-

phenylene
oxide)

Polyether engineering
thermoplastics

PS Polystyrene Vinyl polymers
PSAN Poly(styrene-co-

acrylonitrile
Copolymer

PSS Poly(phenylsilesquioxane) Polysiloxanes
RL Eudragit RL100 Ammonio metacrylate

copolymer type A

1.3.3 Outline of this Work

Chapter 2 This chapter presents investigations on the role of 1O2 in pho-
todegradation of optical chemical sensor dyes by means of two methods.
Both studies are based on a photosensitizer featuring high 1O2 generation
efficiency and photostability, generating a 1O2 surplus upon irradiation. The
effect of a 1O2 surplus on various sensor dyes was monitored by means of Ab-
sorption Spectroscopy and Electron Paramagnetic Resonance (EPR) . The
established methods provide the possibility to compare photostabilities of a
broad variety of sensor dye classes and further allow determining electronic
configurations of a dye prone to 1O2 attack.

Chapter 3 This chapter presents investigations on the role of polymers
and 1O2 quenchers in photodegradation processes of optical chemical sensors.
Literature suggests a variety of 1O2 quenchers41,79,102–115, most of which are
claimed to be physical quenchers. Selected based on availability and process-
ability, a set of suggested 1O2 quenchers has been tested by means of 1O2

luminescence lifetime, oxygen consumption and dye stability measurements.

Chapter 4 This chapter presents investigations of organic super-acceptors
by the means of EPR. Presented results have been published in the attached
publication1.
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Chapter 2

Investigating the Role of 1O2 in
Photodegradation Processes

2.1 Introduction

The role of 1O2 in photodegradation of optical chemical sensors is still a
matter of discussion. Upon other mechanisms such as triplet-triplet anni-
hilation and ligand loss, photosensitized 1O2 attack is generally considered
to contribute to photodegradation. However, the extend to which 1O2 con-
tributes to photodegradation is unclear. In previous work described in detail
in 1.2.4, Carraway et al.35 neglect 1O2 attack to be a major cause for pho-
todegradation of their investigated dyes whereas Fuller et al.11, investigating
the very same dyes as Carraway et al. find 1O2 attack to be a key process
in dye photodegradation in polymer matrices. The works of Hartmann et
al.10,34 clearly support a theory involving photosensitized 1O2 attack as pri-
mary cause for photodegradation of optical chemical sensors. Borisov et al.37

ascribe photobleaching of inverstigated metalloporphyrins to oxygenation by
photosensitized 1O2 . The means by which the influence of 1O2 on pho-

29
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todegradation was investigated previously primary included measurements
in the abscence and presence of O2, addition of 1O2 quenchers to probes and
correlating oxidation potentials to photodegradation rates. However, to the
best of our knowledge, there hasn’t been an attempt to detect 1O2 and other
probably evolving reactive oxygen species in the photobleaching process of
optical chemical sensors. Further, any conclusions drawn out of experiments
involving one photosensitizer solely strongly depend on the 1O2 generation
efficiency of the sensitizer.

An additional aspect investigated and discussed in this chapter concerns
the question as to which electronic configuration of a dye (namely the ground-
or excited state, respectively) substantially contributes to the dye’s pho-
todegradation. On the one hand, according to the oxidation potential, the
excited state of a dye is more prone to 1O2 attack than it’s ground state.
On the other hand, if irradiated with moderate light intensities, only a small
fraction of dye molecules are present in the excited state. The relevance of
discussing this question lies in potential stabilization strategies. If only the
excited state of the dye contributes significantly to photodegradation, the
sensor can be stabilized by employing FRET-cascades as sensing platforms,
in which the excited state energy of the labile dye can be transfered to a
more stable dye present in the sensor, hence preventing the labile dye from
being attacked by 1O2 in it’s excited state.

This section presents investigations on the role of 1O2 in photodegradation
of optical chemical sensor dyes by means of two methods. Both studies
are based on a photosensitizer featuring high 1O2 generation efficiency and
photostability, generating a 1O2 surplus upon irradiation. The effect of a
1O2 surplus on various sensor dyes was monitored by means of Absorption
Spectroscopy and Electron Paramagnetic Resonance (EPR) . The established
methods provide the possibility to compare photostabilities of a broad variety
of sensor dye classes and further allow determining electronic configurations
of a dye prone to 1O2 attack.
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2.2 Theory & Methods

2.2.1 Absorption Spectroscopy

The photochemical system in use consists of two components: (A) A 1O2

photosensitizer, providing a 1O2 surplus upon irradiation and (B) the inves-
tigated dye. Components can either be dissolved in a solvent or immobilized
in a polymer matrix. In order to achieve a 1O2 surplus in solution, the ab-
sorption coefficient (ε) and concentration of A are significantly higher than
that of B, respectively. Further, the absorption maximum (λmax) of A does
not overlap spectrally with that of B in order to enable investigations of B
in it’s ground- as well as excited state. While A is irradiated at λmax, leading
to 1O2 generation, B can either remain in the ground state or be irradiated
independendly of A. Monitoring the absorption maximum of B over time
allows direct observation of dye concentration. A decrease in absorption in-
tensity over time at constant pathlength and ε directly indicates a decrease of
dye concentration due to photodegradation. This measurement setup allows
three different experiments, schematically shown in figure 2.1:

(a) (b) (c)

Figure 2.1: Absorption spectroscopy: (a) Irradiation of A, generating a 1O2

surplus (photosensitization) while B remains in the ground state and may be
attacked by 1O2 . (b) Irradiation of B. No 1O2 surplus generation, the excited
state of B is populated. (c) Irradiation of A and B. Irradiation of A generates a
1O2 surplus (photosensitization), B is present in excited state and may be attacked
by 1O2 .

• Irradiation of A. Excited state A generates a 1O2 surplus (through
photosensitization). B is present in the groundstate. This experiment
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provides information about 1O2 -caused photodegradation (e.g. pho-
tooxygenation) of B in the ground state.

• Irradiation of B. There is no 1O2 surplus generation. B is present in
the excited state. Since no additional 1O2 is produced, the conditions
in this experiment are similar to those of common photodegradation
experiments37,42,59.

• Irradiation of A and B. Excited state A generates a 1O2 surplus
(through photosensitization). A portion of B is present in the excited
state. This experiment provides information about 1O2 -caused pho-
todegradation (e.g. photooxygenation) of B in the excited state.

2.2.2 EPR Measurements

EPR is a spectroscopy technique based on the absorption of electromagnetic
radiation, which is usually in the microwave frequency region, by a paramag-
netic sample placed in a magnetic field. The absorption takes place only for
definite frequencies and magnetic field combinations, depending on the sam-
ple characteristics, which means that the absorption is resonant116. While
1O2 cannot directly be detected by EPR, it is indirectly detectable via a “1O2

trap”117,118. A 1O2 trap is an organic molecule, such as 4-hydroxy-2,2,6,6-
tetramethylpiperidine (TEMP) that reacts with 1O2 to give a stable nitroxyl
radical species, in this case, 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) (Reaction given in figure 2.2).

N
H

OH

N

OH

O

+ O

TEMP TEMPO
diamagentic paramagentic

1
2

Figure 2.2: Reaction of TEMP and 1O2 , giving TEMPO. TEMP is diamag-
netic and does not give an EPR signal, TEMPO is paramagnetic (a stable
nitroxyl radical) and gives a triplet EPR signal.
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Figure 2.3: EPR signal of
TEMPO.

While TEMP is diamagnetic and there-
fore not EPR-active, TEMPO is paramag-
netic and gives a triplet EPR signal (de-
picted in figure 2.3). A change of TEMPO
concentration over the course of an exper-
iment results in a proportional change of
EPR-signal intensity. TEMP reacts specif-
ically with 1O2 (when compared to other
reactive species) and therefore is a highly
selective 1O2 trap119,120. Accordingly, the
EPR-signal intensity of TEMPO is proportional to the 1O2 concentration in
the experiment.

2.3 Experimental

2.3.1 Materials

Pd(II)meso-tetra(4-fluorophenyl)tetrabenzoporphyrin (PdTPTBPF, A1)37,
Pd(II)6-aza-13,20,27-trophenyltetrabenzoporphyrin (PdNTBP, A2)95, Fluorscein
octadecylester (B1), 2,7-Dichlorofluorescein octadecylester (B2), 2,7-Dihexylfluorescein
octadecylester (B3)42, Ir(III)acetylacetonato-bis(N-methyl-benzimidazol-2-
yl-7-diethylaminocoumarin) (Ir(CN)2(acac), B9), Ir(III)acetylacetonato-bis(benzothiazol-
2-yl-7-dethylaminocoumarin) (Ir(CS)2(acac), B10)52, 1-hydroxypyrene-3,6,8-
tris-bis(2-ethylhexyl)sulfonamide (HPTS(DHA), B12)59 and Pt(II)(2-(2-benzothiazolyl)-
7-(diethylamino)-2H-1-benzopyran-2-onato-N (Pt(CS)(acac), B13)99 were pre-
pared according to literature. Coumarin 545 T (B4), Coumarin 30 (CN , B7),
Coumarin 6 (CS, B8) Hydroxypyrene-3,6,8-trisulfonate (B11) and all sol-
vents were purchased from Sigma-Aldrich (www.sigmaaldrich.com). Macrolex R©Fluorescence
Yellow 10GN (B5) and Macrolex R©Fluorescence Red G (B6) were purchased
from Simon & Werner GmbH (www.simon-und-werner.de). Pt(II)-2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphyrin (PtOEP, B14) was purchased from Frontier
Scientific (www.frontiersci.com).

2.3.2 Absorption Spectroscopy Measurements

The sample solution containing the 1O2 sensitizer A and the investigated
dye B was irradiated by a red LED array and/or a blue LED. Over the
course of irradiation time, absorption spectra of the sample solution were
taken frequently. The sample solution was shaken frequently, maintaining
O2 saturation and homogeneity.
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All absorption spectra were acquired at a Cary 50 UV-Vis spectropho-
tometer (www.lzs-concept.com). The red LED array was a 642 nm high-
power 10 W LED array (www.led-tech.de), focused through a lens purchased
from Edmund optics (www.edmundoptics.de), operated at 4.2 W input power.
The blue LED was a 505 nm LED for B3 and B14 and a 475 nm LED for
B8 and B13. Both blue LEDs (Roithner, www.roithner-laser.com) had a
5 mm diameter and were operated at 0.4 W input power. The concentra-
tion of A was 22µmol · l−1, the concentration of B was 10µmol · l−1 in all
measurements. Fluoresceins (B1-3) and HPTS derivatives (B11-12) were
measured under basic conditions, solutions containing 20µmol · l−1 NaOH.
The 1O2 sensitizer A2 was used in experiments investigating B14, for all
other B, A1 was used as 1O2 sensitizer.

2.3.3 EPR Measurements

The sample solution containing the 1O2 trap TEMP, the 1O2 sensitizer A
and the investigated dye B was transfered into a glas tube, mounted in the
EPR spectrometer and irradiated by a red LED array mounted in front of
the EPR cavity. Over the course of irradiation time, EPR spectra of the
sample solution were taken frequently.

All ESP spectra were acquired at a Bruker ESP300e spectrometer. The
red LED array was a 642 nm high-power 10 W LED array (www.led-tech.de),
focused through a lens purchased from Edmund optics (www.edmundsoptics.de),
operated at 4.2 W input power. Except for reference experiments containing
0µmol · 1−1 of A and/or B respectively, the concentration of TEMP was
200µmol · 1−1, the concentration of A1 was 20µmol · 1−1 and the concentra-
tion of B was 100µmol · 1−1 in all measurements.

2.4 Results & Discussion

2.4.1 Choice of Materials

As described in 2.2.1, the photochemical system in use consists of two compo-
nents: (A) A 1O2 photosensitizer, providing a 1O2 surplus upon irradiation
and (B) the investigated dye. The working materials have been chosen cor-
responding to the following requirements:

• ε and concetration of A need to be significantly higher than that of B,
respectively.
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• λmax of A must not overlap with that of B in order to allow investiga-
tions of B in it’s ground- as well as excited state.

• In order to generate a sufficient amount of 1O2 , the efficiency of 1O2

generation (S∆, explained in 1.1.3) should be high in the system, re-
quiring long triplet lifetimes.

• The investigated dyes (B) represent dye classes commonly used in op-
tical chemical sensor systems.

Based on these requirements, two metalloporphyrins were employed as 1O2

sensitizers: (A1) Pd(II)meso-tetra(4-fluorophenyl)tetrabenzoporphyrin (PdTPTBPF)
and (A2) Pd(II)6-Aza-13,20,27-trophenyltetrabenzoporphyrin (PdNTBP), their
structures are depicted in figure 2.4.

Figure 2.4: 1O2 sensitizers (A); A1: PdTPTBPF, A2: PdNTBP.

Figure 2.5: Normalized absorption
spectra of A.

Both complexes are efficiently ex-
citable by red light (λmax,A1 = 629 nm,
εA1 = 115 000 M−1 cm−1 37; λmax,A2

= 642 nm, εA2 = 133 000 M−1 cm−1 95).
Further, both compounds show viru-
tally no absorption in a relatively
broad spectral window (A1: 470-
560 nm, A2: 440-550 nm, see figure
2.5. Since λmax of all investigated
sensor dyes (B) are lower than 600 nm,
A and B may be excited selectively,
enabling experiments with B in the
ground- as well as excited state. Both A complexes have relatively long
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phosphorescence lifetimes in toluene (τA1 = 297µs, τA2 = 213µs), provid-
ing high probability of oxygen quenching. Neither of the complexes shows
fluorescence37,95, indicating that the quantum yields of their triplet states
are close to unity and the quenching by oxygen in solution is close to the
diffusion controlled limit - leading to estimated high S∆.

The investigated dyes (B) are derivatives of dye classes commonly used
in optical chemical sensor systems. These dye classes are introduced in 1.3.2.
Dye classes and compound names are given in table 2.1, their structures are
depicted in figure 2.6.

Table 2.1: Investigated sensor dyes B, representing dye classes commonly
used in optical chemical sensor systems.

Dye class Name

Fluoresceins
B1 Fluorescein ODE*
B2 2,7-Dichlorofluorescein ODE*42

B3 2,7-Dihexylfluorescein ODE*42

Coumarins

B4 Coumarin 545 T
B5 Macrolex R©Fluorescence Yellow
B6 Macrolex R©Fluorescence Red
B7 Coumarin 30 (=CN)
B8 Coumarin 6 (=CS)

Cyclometallated B9 Ir(CN)2(acac)**52

Ir(III)complexes B10 Ir(CS)2(acac)**52

Sulfonated PAH◦
B11 HPTS
B12 HPTS(DHA)3 (1-hydroxypyrene-3,6,8-tris-

bis(2-ethylhexyl)sulfonamide)59

Pt(II)complexes
B13 Pt(CS)(acac) (Pt(II)(2-(2-benzothiazolyl)-7-

(diethylamino)-2H-1-benzopyran-2-onato-
N))99

B14 PtOEP (Pt(II)octaethylporphyrine)

*ODE = OctaDecylEster, **(acac) = acetylacetone,
◦PAH = Polyaromatic Hydrocarbons
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Figure 2.6: Investigated dyes (B); B1: Fluorescein ODE,
B2: 2,7-Dichlorofluorescein ODE, B3: 2,7-Dihexylfluorescein ODE,
B4: Coumarin 545 T, B5: Macrolex R©Fluorescence Yellow,
B6: Macrolex R©Fluorescence Red, B7: Coumarin 30, B8: Coumarin 6,
B9: Ir(CN)2(acac), B10: Ir(CS)2(acac), B11: HPTS, B12: HPTS(DHA)3,
B13: Pt(CS)(acac), B14: PtOEP.
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2.4.2 Determining the Electronic Configuration of B
prone to 1O2 Attack

The employed absorption spectoscropy measurement setup explained in 2.2.1
allows seperate as well as simultaneous irradiation of A and B. A serves as
1O2 sensitizer, generating a surplus of 1O2 in the solution. B is the inves-
tigated dye. Sole irradiation of B is similar to common photodegradation
experiments, photodegradation might occur due to various mechanisms. Sole
irradation of A generates a photosensitized 1O2 surplus while B remains in
the ground state. Since B is not irradiated, the most probable source of
photodegradation is 1O2 attack on the B in the ground state. During simul-
taneous irradiation of A and B, a 1O2 surplus is generated (photosensitiza-
tion by A), while a portion of B is present in the excited state. Comparing
photodegradation rates of these three experiments allows conclusions as to
which electronic configuration (ground- and/or excited state) of B is prone
to 1O2 attack.

All experiments have been conducted with four different B compounds:
B2 (2,7-Dihexylfluorescein ODE), B8 (Coumarin 6), B13 (Pt(CS)(acac))
and B14 (PtOEP). The results of these experiments are given in figure 2.7.
Each graph shows the results of one B compound. Relative absorption max-
imum (at λmax,B) is plottet versus irradiation time. Since absorption inten-
sity is directly proportional to dye concentration, the plotted curves show a
decrease in dye content over irradiation time caused by photodegradation.
The steepness of these curves will be qualitatively refered to as “degrada-
tion rates”. Since the curves fit different mathematical functions, it is not
sufficient to quantify degradation rates in a kinetic manner. The data of
B8 are heavily error-prone, however, trends of signal changes are significant.
All compounds share one characteristic: Degradation rates in experiments
irradiating B only (5 ) are very small compared to those of experiments

with 1O2 surplus (irradiation of A, 1 and ` ), respectively. Accordingly,
the presence of 1O2 dramatically increases photodegradation. While
exciting B (in addition to A) has a destabilizing effect on B8 (Coumarin 6)

and B13 (Pt(CS)(acac)) (degradation rates of ` are bigger than of 1 , re-
spectively), B2 (2,7-Dihexylfluorescein ODE) and B14 (PtOEP) show quite
the contrary behaviour. Obviously, the lifetime and type of the excited state
do not indicate which effect is more prominent since 2,7-Dihexylfluorescein
ODE and Coumarin 6 are fluorescent dyes with rather short lifetimes com-
pared to Pt(CS)(acac) and PtOEP, which are both phosphorescent dyes,
possessing long triplet state lifetimes. Note that Pt(CS)(acac) (B13) is a
Pt(II) complex with Coumarin 6 (B8) as ligand. In both compounds, the
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(a) (b)

(c) (d)

Figure 2.7: Relative absorption maximum of B vs. irradiation time, investi-
gating electronic configuration (ground- and/or excited state) prone to 1O2

attack: 1 Irradiation of A: 1O2 surplus, B in ground state; 5 Irradiation of
B: NO 1O2 surplus, B in excited state; ` Irradiation of A and B: 1O2 surplus,
B in excited state; (a) B2: 2,7-Dihexylfluorescein ODE, (b) B8: Coumarin 6, (c)
B13: Pt(CS)(acac), (d) B14: PtOEP. The presence of 1O2 enhances photodegra-
dation in all experiments. All dyes are attacked by 1O2 in their ground state. The
excited state of B2 and B14 stabilizes the structure whereas the excited state of
B8 and B13 destabilizes the structure towards 1O2 attack.
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excited state causes a loss in photostability and increases photodegradation
compared to the ground state. Both electronic configurations are attacked
by 1O2 , though. This behaviour is not the case for compounds B2 (2,7-
Dihexylfluorescein ODE) and B13 (Pt(CS)(acac)). Here,the curves of ex-

periments with B in the ground state (1 ) are steeper than the curves of

experiments with B partially in the excited state (` ). Accordingly, the ex-
cited state of these compounds is not attacked by 1O2 , leading to an increase
of photostability compared to the ground state. Apart from aliphatic sub-
stituents on the chromophoric π-system, 2,7-Dihexylfluorescein ODE (B2)
and PtOEP (B14) do not share any structural characteristics, B2 is a fluo-
rescent fluorescein while B14 is a phosphorescent Pt(II)porphyrin.

The employed measurement setup allows qualitative investigations of elec-
tronic configurations prone to 1O2 attack. The results show that all investi-
gated dyes are attacked by 1O2 in their ground state. In fact, the attack
of the ground state by 1O2 is the main contributing process to pho-
todegradation in all dyes. The influence of the excited state on photosta-
bility strongly depends on the dye structure and differs in the investigated
dyes. However, even when the excited state is attacked by 1O2 , this process
doesn’t contribute as much to photodegradation as the attack of the ground
state by 1O2 . In order to draw general conclusions as to which structural
characteristics leads to which behaviour, more dyes need to be investigated.
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2.4.3 Comparing Photostabilities of various Optical Chem-
ical Sensor Dye Classes in the Ground State

The employed absorption spectoscropy measurement setup explained in 2.2.1
allows comparing the photostability of various different dye classes. The
selective irradiation of A generates a 1O2 surplus in solution while B remains
in the ground state. Figure 2.8 shows observable absorption spectra of B.
The spectra of B5 and B7-10 are not plottet here since their absorption
maxima overlap with the Soret-band of A and are not selectively visible
in the solution spectra. However, the decrease in absorption over irradiation
time for these compounds was calculated using matrix deviation methods. All
depicted spectra show a decrease in absorption intensity of B with irradiation
time of A. According to the Lambert-Beer law, the absorption intensity
is directly proportional to dye concentration (at constant pathlength and
ε). Consequently, the decrease in absorption intensity over irradiation time
directly indicates the decrease in dye concentration due to photodegradation
caused by 1O2 attack. In the case of B13 (PtC6) and B14 (PtOEP), the
growing absorption of generated photoproducts is visible in the absorption
spectra.

(a) (b)

Figure 2.8: Absorption spectra of B; Irradiation of A: 1O2 surplus, B in
ground state. (continued on next page)
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(c) (d)

(e) (f)

(g)

Figure 2.8: (continued) Absorption spectra of B; Irradiation of A: 1O2

surplus, B in ground state. (contiued on next page)
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(h) (i)

Figure 2.8: (continued) Absorption spectra of B; Irradiation of A: 1O2 sur-
plus, B in ground state. All spectra show a decrease in absorption intensity,
thus a decrease in dye (B) concentration with irradiation time of A, caused
by 1O2 attack. B1, B13 and B14 feature absorption bands of photoproducts
evolving over irradiation time.

Figure 2.9 shows the relative absorption maximum vs. irradiation time
for all investigated dyes B. The curves are differently shaped and do not fit
the same mathematical function. Therefore, in order to compare photosta-
bilities, it is not sufficient to determine kinetic rate constants. The chosen
parameter of comparison in this experiment is the relative dye content after
30 minutes exposure to 1O2 surplus (irradiation of A). This parameter is
given in figure 2.10 for every investigated dye B. A high parameter value in
comparison points to high photostability, respectively.

B1 is Fluorescein ODE, B2 (2,7-Dichlorofluorescein ODE) and B3 (2,7-
Dihexylfluorescein ODE) are Fluorescein ODE derivatives. Compared to
other dye classes, Fluorescein ODE (B1) and 2,7-Dihexylfluorescein ODE
(B3) are most unstable towards 1O2 attack. The photostability decreases
in the order B2 > B1 > B3 (2,7-Dichlorofluorescein ODE > Fluores-
cein ODE > 2,7-Dihexylfluorescein ODE). The structural unit prone to
1O2 attack is the conjugated π-system of the xanthene ring. The electron-
donating alkyl groups in the 2- and 7-positions of the xantene ring (B3, 2,7-
Dihexylfluorescein ODE) strongly destabilize the structure whereas electron-
withdrawing substituents such as chlorine atoms in these positions (B2,
2,7-Dichlorofluorescein ODE) dramatically improve the structure’s stability.
These observations are in good agreement with data obtained by Weidgans
et al.42. Weidgans et al. report similar photostability relations of the very
same Fluorescein derivatives in an experiment where the dyes where irradi-
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Figure 2.9: Relative absorption maximum of B vs. irradiation time, inves-
tigating photostability of B in the ground state; Irradiation of A: 1O2

surplus, B in ground state. In order to compare photostabilities, it is not
sufficient to determine kinetic rate constants since the curves are differently
shaped and do not fit the same mathematical function.
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Figure 2.10: Relative absorption maxima after 30 minutes exposure to 1O2

surplus, investigating photostability of B in the ground state; Irradiation
of A: 1O2 surplus, B in ground state. Absorption intensities are directly
proportional to dye concentration in solution. A relatively high dye conen-
tration after 30 minutes exposure to 1O2 points to high photostability and
vice versa, with respect to other dyes investigated. B1-3: Fluoresceins; B4-
8: Coumarins; B9-10: Cyclometalated Ir(III) Coumarin complexes; B11-
12: HPTS derivatives; B13-14: Pt(II) complexes.
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ated directly and therefore the sole source of photosensitized 1O2 .

B4-8 are Coumarin derivatives. In general, Coumarins are more resistant
to 1O2 attack than Fluoresceins (with the exception of chlorine-substituted
B2). Coumarin 545T, Macrolex R©Fluorescence Red and Coumarin 6 (B4,
B6 and B8, respectively) feature a benzothiazole structure in addition to
the Coumarin entity. The Coumarin structure in these compounds has dif-
ferent substituents: A cyano group in B6 (Macrolex R©Fluorescence Red) and
a Julolidine group instead of a diethylamino group in B4 (Coumarin 545T).
Both substituents destabilize the structure, as B8 (Coumarin 6) is the most
stable Coumarin derivative investigated. The Jolulidine group is known to be
more electron-donating than the diethylamino group, thus destabilizing the
π-system in the Coumarin. Macrolex R©Fluorescence Yellow (B5) features a
benzoxazole structure and Coumarin 30 (B7) a benzimidazole structure in
addition to the Coumarin entity. Although the benzoxazole structure in B5
carries an electron-withdrawing and therefore stabilizing chlorine substituent,
it is less resistant towards 1O2 attack than B7.

Ir(CN)2(acac) and Ir(CS)2(acac) (B9 and B10, respectively) are cy-
clometalated Ir(III)complexes, note that their ligands are Coumarins B7
(Coumarin 30) and B8 (Coumarin 6). Interestingly, the metal complexes
are more stable towards 1O2 attack than their respective metal-free ligands.
This result could be explained by the electron-withdrawing character of the
Iridium atom. However, when applied as single sensor dye, the 1O2 genera-
tion efficiency is higher for metal complexes than for ligands (which produce
virtually no 1O2 ), since the complexes show efficient phosphorescence and
no fluorescence and the quantum yield of the triplet state is expected to be
close to unity. An efficient population of the long-lived triplet state strongly
enhances the probability of 1O2 photosensitization. Therefore, under con-
ditions not involving external generation of a 1O2 surplus, photostabilities
of metal complexes might be lower than of their respective metal-free lig-
ands despite their higher resistance to 1O2 attack. Ir(CN)2(acac) (B9) is
significantly less stable than Ir(CS)2(acac) (B10), which might be explained
by the lower stability of the benzimidazole structure in the ligand with re-
spect to the benzothiazole structure. This relation is less pronounced in the
metal-free ligands, however, the results correlate well with trends in photo-
stabilities obtained previously52. In fact, compounds containing imidazol are
applied as 1O2 detection agents, implicating a high reactivity towards 1O2

121.

B11 and B12 are HPTS and it’s sulfonamide derivative, respectively. In
general, both compounds occupy an intermediate position between Fluores-
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ceins and Coumarins on the photostability scale. The aliphatic substituents
introduced in the sulfonamide derivative destabilize the structure.

Pt(CS)(acac) and PtOEP (B13 and B14, respectively) are Pt(II) com-
plexes with octaethylporphyrine and Coumarin 6 (B8) as ligands, respec-
tively. Note that the same Coumarin derivative is the ligand in cyclometa-
lated Ir(III) complex B10 (Ir(CS)2(acac)). While the Ir(III) metal complex
B10 is more stable than the metal-free ligand B8, this is not the case for
Pt(II) metal complex B13. Also, the Pt(II) Coumarin complex is less stable
towards 1O2 attack than the Pt(II) octaethylporphyrin complex.

The introduced analytical method allows comparing photostabilites of
various optical chemical sensor dye classes. The results demonstrate the im-
portance of 1O2 in photodegradation processes and shed a light on structural
dye characteristics influencing stability towards 1O2 attack. While fluores-
cent dyes might not generate 1O2 as efficiently as introduced phosphorent
metal-ligand complexes upon direct irradiation, they are in general more
prone to 1O2 attack and therefore even small amounts of 1O2 might lead to
significant photodegradation of these dyes.
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2.4.4 EPR measurements

While 1O2 is not detectable via EPR, it can be “trapped” by TEMP, giving
EPR-active TEMPO. This mechanism is explained in 2.2.2, the triplet EPR
signal of TEMPO is given in figure 2.11a. TEMP is highly selective towards
1O2 , accordingly a rise in EPR signal intensity over irradiation time of a
photosensitizer (photosensitized generation of 1O2 ) is proportional to a rise
in 1O2 concentration (shown in figure 2.11b).

(a) (b)

Figure 2.11: EPR spectra of TEMPO: (a) Single EPR spectrum. (b) Central
peak evolving during irradiation of A (1O2 generation), spectra taken every
minute for 10 minutes.

The photochemical system in use is the same as in performed absorption
spectroscopy experiments. A photosensitizer (A) generates a 1O2 surplus
upon selective irradiation. Given that no other compound is present in solu-
tion, 1O2 -trap TEMP reacts with generated 1O2 giving EPR-active TEMPO.
The signal intensity rises over irradiation time, indicating a rise in 1O2 con-
centration. This process is depicted in figure 2.11b, showing the increasing
central signal peak. If, in addition to A and TEMP, an additional dye (B)
potentially reacting with 1O2 is present, the rising rate of the TEMPO signal
will be altered since TEMP and B are competitive reactants for 1O2 .

The results of this experiment set are given in figure 2.12. The parameter
representing singal intensity is the relative integral surface of the respective
TEMPO EPR spectra, plottet versus irradiation time of A. All investigated
solutions contain TEMP in the same concentration. Two reference exper-
iments containing (d ) only B3 (2,7-Dihexylfluorescein ODE) and TEMP

and (b ) only TEMP without any dyes, show no significant rise in TEMPO
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Figure 2.12: Relative integral surface of EPR spectra (of TEMPO) vs. irra-
diation time of A. The rise in relative surface integral of the TEMPO signal
is directly proportional to the rise of 1O2 concentration. All solutions contain
TEMP in the same concentrations. In reference experiments with solutions
containing TEMP and B3 or no dye at all, respectively, no 1O2 is generated.
In the solution containing TEMP and A (photosensitizer) only, 1O2 con-
centration rises almost linear over irradiation time. In the presence of dyes
potentially reacting with 1O2 , the slope of concentration curves descents,
indicating a reaction of dyes B with 1O2 .
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concentration over irradiation time. The experiment investigating 1O2 gen-
eration by A without additional dyes (` ) shows an almost linear rise in
TEMPO and thus 1O2 concentration over irradiation time. All other investi-
gated solutions contained TEMP, A and additional dyes B (1 ,a ,5 ,e ).
The presence of B as potential 1O2 reactant drastically lowers 1O2 concen-
tration. The probability of B reacting with TEMPO (and not with 1O2 )
can be neglected since absorption spectroscopy experiments clearly show a
decrease in B concentration over irradiation time of A, stemming from 1O2

attack, with no TEMPO present. There is the possibility of B acting as a
1O2 quencher, though. However, when compared to absorption spectroscopy
measurements, the here presented data suggests reaction of B and 1O2 . The
stability of B towards 1O2 attack were found to descent in the order: B9 >
B7 > B1 > B3 (Ir(CN)2(acac) > Coumarin 30 > Fluorescein ODE >
2,7-Dihexylfluorescein ODE) (results presented in 2.4.3). These findings per-
fectly correlate with results obtained in EPR experiments. The slope of 1O2

concentration curves descents in the very same order as the stability of re-
spective B dyes towards 1O2 attack. It should be noted that, comparing B9
and B7 (Ir(III) Coumarin complex Ir(CN)2(acac) and the respective metal-
free ligand Coumarin 30), the relation of stabilities towards 1O2 attack (figure
2.10) differs from the relation of the respective 1O2 concentration curve slopes
(figure 2.12). The relation of stabilites towards 1O2 is nearly 1, the metal
complex B9 is only marginally more stable than the metal-free ligand B7.
The relation of concentration curve slopes in the EPR experiment is clearly
> 1, with the metal complex B9 altering 1O2 concentration significantly less
than the metal-free ligand B7. This discrepancy could be caused by other
processes than 1O2 attack (such as ligand loss) causing photodegradation
of B9, leading to almost similar photostability as the metal-free ligand B7,
whereas 1O2 “consumption” of B9 is less pronounced than in the case of B7.

The described EPR measurements clearly show the importance of 1O2

in photodegradation processes. With the help of a 1O2 -trap, 1O2 could be
detected and quantified in a relative manner, pointing to 1O2 attack majorly
contributing to photodegradation in all performed experiments.
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2.5 Conclusion

The results obtained leave no doubt concerning the importance of photosen-
sitized 1O2 in photodegradation processes of optical chemical sensors. The
applied method employing a 1O2 sensitizer generating 1O2 independendly of
investigated dyes allows a direct comparison of sensitivities and stabilities of
various compounds towards 1O2 attack. Further, the method is capable of
determining the influence of electronic configurations on dye stabilities. The
applied EPR measurement technique employing a 1O2 trap allows tracing
reactions of 1O2 and sensor dyes.

Results of measurements investigating the electronic configuration of opti-
cal chemical sensor dyes prone to 1O2 attack showed that the presence of 1O2

substantially increases photodegradation of the dyes. All investigated dyes
are prone to 1O2 attack in their ground state, which is the main contributing
process to photodegradation in all cases. The influence of the excited state
on dye photostability has yet to be clearified in detail since both, a stabi-
lizing as well as a destabilizing effect of the excited state on the overall dye
stability towards 1O2 has been observed for different compounds. To draw
general conclusions as to which structural characteristics evoke which effect,
more dyes need to be investigated.

Apart from pointing out photostability differences between various dye
classes, a comparison of dye stabilities towards 1O2 attack in the ground state
showed that substituents in dye derivatives can have a strong impact on pho-
tostability, which has been found before42. However, comparing fluorescent
compounds to phosphorescent transition metal complexes leads to the general
understanding that the latter are more photostable towards 1O2 attack. Still,
in applications irradiating dyes directly, the efficiency for 1O2 generation has
to be taken into account, being much higher for phosphorescent transition
metal complexes than for fluorescent compounds. Therefore, when applied
as sole sensor dye and directly irradiated, transition metal complexes may be
less photostable than fluorescent compounds despite their higher resistance
to 1O2 attack.

Results obtained in EPR experiments reinforce the import role of 1O2 in
photodegradation processes, showing the reaction of independendly gener-
ated 1O2 with investigated optical chemical sensor dyes.

In addition to clearifing the substantial contribution of 1O2 to photodegra-
dation processes, these findings are particularly important for designing sen-
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sor systems containing more than one dye, such as multianalyte sensors88 and
light harvesting sensor systems72,84, in which different dye stabilities and 1O2

generation efficiencies cause interfering photodegradation effects.
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Chapter 3

Investigating the Role of
Polymers and 1O2 Quenchers in
Photodegradation Processes

3.1 Introduction

The implementation of optical sensing principles in sensor devices (see also
1.2.1) requires immobilizing sensor dyes in a matrix. Polymers are widely
used as matrix materials for a broad range of optical chemical sensors47,55,93,100.
As discussed earlier in chapter 1, polymers undergo photodegradation pro-
cesses, a matter broadly and deeply researched and published since the
1960’s20,24,26–32. According to today’s publications and understanding, most
photodegradation processes in polymers proceed through photoinitiated rad-
ical chain reactions that generate reactive radical species such as hydroperox-
ides. While 1O2 may not directly initiate photodegradation chain reactions
in polymers, it certainly enhances various mechanisms contributing to pho-
todegradation20,29,36. When applied as matrix material in optical chemical

53
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sensors, polymers may react with embedded dyes33 and are certainly ex-
posed to higher 1O2 concentrations than in other applications not involving
1O2 sensitizers. Under such circumstances, 1O2 attack might be added to
relevant photodegradation mechanisms and further investigated.

Previous work (see section 1.2.4) considering photodegradation processes
of optical chemical sensors is focused on dyes only and hardly investigates
the role of polymers. The role of polymers in photodegradation processes
of optical chemical sensors evolves around two central questions: (1) How
stable are different polymers towards 1O2 attack and (2) How long is the 1O2

fluorescence lifetime (τSO) in different polymers? Though these questions
might be mechanistically intertwined, they adress different problems. First,
the stability of polymers towards 1O2 attack adds up to the overall lifetime
of an optical chemical sensor, since photooxygenations in a polymer alter
it’s chemical and physical characteristics needed in optical chemical sensors.
Second, τSO differs depending on the polymer for not only the polymer’s re-
activity towards 1O2 but also other physical dimensions such as the diffusion
coefficient as a function of solubility and permeability of the gas in the poly-
mer vary. A relatively long τSO exposes embedded dyes and other additives
to 1O2 for a longer time than a short τSO, respectively, and therefore enhances
the probability of 1O2 attack.

Considering the important role of 1O2 in photodegradation processes
(elaborated in chapter 2) points towards potentially efficient optical chem-
ical sensor stabilizing strategies122. First, avoiding the generation of 1O2

through avoiding the population of triplet excited states in photosensitizers
and second, deactivating 1O2 by quenching it’s excited state. The former
often is not feasible in optical chemical sensors since populating triplet ex-
cited states of photosensitizers in many cases is core of the sensing principle
itself, for example in oxygen sensors applying dynamic quenching and the
Stern-Volmer relation (see also 1.2.1). The latter, quenching 1O2 , can be
achieved by quenchers chemically reacting with 1O2 (chemical quenching)
or quenchers not chemically reacting with 1O2 but deactivating it through
other mechanisms, such as the formation and decomposition of temporary
charge-transfer complexes (physical quenching)123. As a stabilizing strategy
in optical chemical sensors, physical quenching of 1O2 is desired.

This section presents investigations on the role of polymers and 1O2

quenchers in photodegradation processes of optical chemical sensors. Lit-
erature suggests a variety of 1O2 quenchers41,79,102–115, most of which are
claimed to be physical quenchers. Selected based on availability and process-
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ability, a set of suggested 1O2 quenchers has been tested by means of 1O2

luminescence lifetime, oxygen consumption and dye stability measurements.

3.2 Theory & Methods

3.2.1 Total Photon Emission (TPE) by 1O2 in Polymer
Films

The radiative transition from the first electronically excited state of oxygen
(1∆g) to it’s triplet ground state (3Σ−

g ) emits a photon (hν), whose wave-
length is 1268 nm124. The process of photosensitized generation and radiative
deactivation of 1O2 is schematically shown in figure 3.1. The intensity (I) and
lifetime (τ) of the emission decay are quantities accessible by single photon
counting techniques since the early 1980’s and have constantly been improved
for measurements in solution125,126. However, determining τSO in polymers
is a challenge127 due to low quantum yields, low signal-to-noise ratio (of-
ten caused by photosensitizers emitting in the far IR), microheterogeneity of
environments in polymers, etc. Aquired signals often result from complex in-
teractions in the sample and don’t allow simplified interpretation. Although
attempts to calculate the 1O2 emission lifetime τSO have been successful, view
experimental data is available128–130. Additionally, interpretation of obtained
data needs to consider aspects such as oxygen and 1O2 quencher concentra-
tion, since the meaning of signal rise and decay strongly depends on these
factors127. Since for investigated polymer films, τSO could not be determined,
the total sum of emitted photons (Total Photon Emission, TPE) by 1O2 in
different polymer matrices containing different 1O2 quenchers serves as com-
parable quantity, allowing semi-quantitative interpretation of obtained data.

In order to obtain desired data in different polymers containing different
types of 1O2 quenchers, a 1O2 sensitizer (P) and the 1O2 quencher (Q) are
immobilized in a polymer film coated on a carrier Mylar R©foil. The probe is
then put inside a cuvette and mounted in the measurement system.

3.2.2 Oxygen Consumption in Polymer Films via Op-
tical Oxygen Sensing

Though 1O2 is argued not to directly initiate photodegradation chain reac-
tions in polymers, it still plays an important role as photooxygenating and in-
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Figure 3.1: Energy diagram showing photosensitized generation and photon
emission of 1O2 . The photosensitizer absorbs light and is excited to it’s first
singlet excited state S1. Via intersystem crossing (ISC), the triplet state T1

is populated. In the dynamic quenching process, energy is transfered from
the T1 state of the photosensitizer to the 1∆g state of 1O2 . 1O2 emits a
photon with λ = 1268 nm.

termediate chain reaction agent of photodegradation processes29,36. A broad
variety of methods are employed to analyse and describe photodegradation
processes in polymers4,131,132, one of which is the measurement of oxygen
consumption (also referred to as oxygen uptake) by polymers during degra-
dation133. Oxygen uptake can also be measured in various ways, however,
to the best of our knowledge, optical chemical sensing of oxygen in polymer
films hasn’t been applied in this particular manner yet.

The measurement system applied consists of a photosensitizer dye (P)
serving as optical chemical sensing platform for oxygen via dynamic quench-
ing, a sensing method described in 1.2.1. The photosensitizer is immobilized
in a polmyer matrix. Further, a 1O2 quencher (Q) is optionally added into
the polymer. The polymer is coated as a film on a carrier material, being a
Mylar R©foil. Additionally, an oxygen barrier is coated on the polymer. The
oxygen barrier consists of a polyvinyl alcohol (PVOH) layer, featuring good
gas-barrier properties such as low solubility and permeability for low polarity
gas molecules such as oxygen134,135.

The photosensitizer dye P is irradiated whereat it’s first excited singlet
state S1 and consequently (through intersystem crossing) it’s first excited
triplet state T1 are populated. Molecular oxygen present in the polymer
film in feasible proximity can now dynamically quench the dye’s triplet state.
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This process shortens the dye’s phosophorescence lifetime τT1 to a measurable
extend, which is the key characteristic for measuring oxygen concentration
in the polymer film. During the quenching process, energy transfer from
the dye to molecular oxygen leads to a transition from ground state 3O2 to
excited state 1O2 . Further, 1O2 may:

• chemically react with the polymer, the photosensitizer dye P and/or
the 1O2 quencher Q.

• be physically quenched by either, the 1O2 quencher Q or 1O2 itself
(bimolecular quenching,136).

• undergo spontaneous radiative or non-radiative (spin-forbidden) tran-
sition from it’s singlet excited state (1∆g) to it’s triplet ground state
(3Σ−

g ).

In addition to these processes involving 1O2 , ground state oxygen may also
chemically react with one of the components present in the polymer film.

All of the above processes take place solely inside the polymer film. The
PVOH oxygen barrier hinders oxygen to diffuse either way, into the polymer
film or out of the polymer film. The same is true for the Mylar R©carrier foil.
Consequently, a detected change in oxygen concentration stems from one or
more of the above listed processes. Given that no 1O2 quencher Q is added
to the polymer film, in the case of ground state oxygen and/or 1O2 reacting
with one of the compounds present, the oxygen concentration in the polymer
film will decrease over time with a characteristic rate. If an 1O2 quencher
Q is added to the polymer film, the decrease rate of oxygen concentration
might be altered in one of the following ways, indicating different processes:

• The oxygen concentration decreases faster over time than it does with
no 1O2 quencher Q present: Q either reacts with ground state oxygen
or 1O2 .

• The oxygen concentration decreases more slowly over time than it does
with no 1O2 quencher Q present: Q physically quenches 1O2 and “re-
generates” ground state oxygen.

• The rate of oxygen concentration decrease is not altered by the presence
of a 1O2 quencher Q: Q has no measurable effect whatsoever.

The measurement principle is depicted in figure 3.2. The figure features
two schemes of the polymer sensor film. Both films are convered with a
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Figure 3.2: Principle of oxygen consumption measurements. Two cases of
polymer sensor films are schmatically shown. Both films are covered with
a PVOH oxygen barrier and contain a photosensitizer dye P and oxygen.
The lower film additionally contains a 1O2 quencher Q. In both films, 1O2 is
generated upon dynamic quenching of the excited state P by oxygen. In the
upper film, 1O2 can react with other compounds present in the film, resulting
in a decrease of oxygen concentration over time, schematically shown in the
pO2 vs. time diagram next to the film. In the idealized case of the lower
film, 1O2 is quenched by Q, “regenerating” ground state oxygen. Hence,
the oxygen concentration is constant over time in this ideal case, provided
no other chemical reactions such as between ground state oxygen and the
polymer take place.

PVOH oxygen barrier. The upper film contains the photosensitizer dye P
and oxygen. The lower film additionally contains a 1O2 quencher Q. In both
films, 1O2 is generated upon irradiation of P, followed by dynamic quenching
of the excited state of P by oxygen. In the film containing no 1O2 quencher,
1O2 can chemically react with all other compounds present in the film, that is
the polymer itself and the photosensitizer dye P. The oxygen concentration
decreases over time, schematically shown in the pO2 vs. time diagramm next
to the film. In the ideal case of the lower film, 1O2 is quenched by the 1O2

quencher. Thereby, a transition of excited state 1O2 to ground state oxygen
takes place. If no other reactions described above (e.g. reaction of 1O2 or
oxygen with the quencher or the polymer), the oxygen concentration in the
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film does not change over time, since ground state oxygen is constantly “re-
generated” by the 1O2 quencher.

This experimental setup allows comparing different polymers concerning
their reactivity towards oxygen and 1O2 and further enables to distinguish
between physical and chemical 1O2 quenchers and their efficiency. In ad-
dition to experiments measuring oxygen uptake by the polymer films, the
sensors are characterised (without PVOH gas barrier layer) by the means of
Stern-Volmer relation measurements in order to determine whether added
1O2 quencher alter sensor characteristics such as KSV .

3.2.3 Dye Stability in Polymer Films via Absorption
Spectroscopy

Adding a 1O2 quencher to optical chemical sensor systems for the sake of sta-
bilization towards 1O2 attack should not only affect the polymer but also the
embedded sensor dye. The stabilisation efficiency of different 1O2 quenchers
in different polymers is determined by the means of common photobleaching
experiments applying absorption spectroscopy. Accordingly, the measure-
ment system consist of a photosensitizer dye (P) and a 1O2 quencher (Q)
immobilized in a polymer which is coated as a film on a carrier Mylar R©foil.
The sensor film is fixed in a transparent glass cuvette which is mounted in an
irradiation setup. While constantly irradiated at a resonant absorption wave-
length, absorption spectra are frequently taken. Monitoring the absorption
maximum of the dye over time allows direct observation of dye concentration.
A decrease in absorption intensity over time at constant pathlength and ε di-
rectly indicates a decrease of dye concentration due to photodegradation. In
addition to photobleaching measurements, the sensor is characterized by the
means of Stern-Volmer relation measurements before and after irradiation.

This experimental setup allows comparing different 1O2 quenchers in dif-
ferent polymers considering their stabilisation efficiency towards the dye.
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3.3 Experimental

3.3.1 Materials

Photosensitizer Sensor Dyes

Pd(II)meso-tetra(pentafluorophenyl)porphyrin (P1) was purchased from Tri-
portech (http://www.triportech.com/). Pt(II)meso-tetra(pentafluorophenyl)porphyrin
(P2) and Pt(II)-2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin (P3) were
purchased from Frontier Scientific (www.frontiersci.com).

Polymers

Ethylcellulose (EC) (Ethoxyl assay 45.0-46.5%) was purchased from Sigma
Aldrich (www.sigmaaldrich.com). Hydrogel D4 (available under the name
HydroMedTM) was purchased from AdvanSource biomaterials (www.advbiomaterials.com).
Poly(methyl metacrylate) and Poly(2,6-dimethyl-p-phenylene oxide) (PPO)
were purchased from Scientific Polymer Products, Inc. (http://scientificpolymer.lookchem.com/about.html).
Polystyrene (PS) and Poly(styrene-co-acrylonitrile) (PSAN) were purchased
from Acros Organics (www.acros.com). Poly(phenylsilesquioxane) (PSS) was
purchased from ABCR (www.abcr.de). Eudragit RL100 (RL) was purchased
from Evonic Industries (http://eudragit.evonik.com).

1O2 Quenchers

1,4-diazabicyclo[2.2.2]octane (DABCO, Q1), HexaMethyleneTetrAmine (HMTA,
Q3), 5,6-benzo-4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacos-5-ene
(Kryptofix 222B, Q5), N,N,N-trioctadecylamine (Q6), 1,2,2,6,6-pentamethyl-
4-piperidinol (Q7), 9,10-Anthraquinone (Q8) and Duroquinone (Q9) were
purchased from Sigma Aldrich (www.sigmaaldrich.com).

N-dodecyl-1,4-diazabicyclo[2.2.2]octane tetrafluoroborat (Q2) was syn-
thesized by dissolving 1.602 ml dodecylbromide in 50 ml THF. This solu-
tion was dropwise added to a solution of 3 g 1,4-diazabicyclo[2.2.2]octane
in 50 ml. The solution was stirred for 24 h at 75◦C under reflux. The de-
sired product was extracted from the room temperature solution with water,
dichloromethane and a surplus of sodiumtetrafluoroborat. The dichloromethane
fraction was washed twice with water before the solvent was removed by dis-
tillation. The NMR spectrum of this compound can be seen in the appendix
of this chapter (figure 3.25).
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HMTA stearat (Q4, stearic acid salt of HMTA) was prepared accord-
ing to literature40. The NMR spectrum of this compound can be seen in the
appendix of this chapter (figure 3.25).

1O2 Quencher DABCO Covalently Linked to PolyStyrene

The polymer S1 (and S3, respectively, values given in brackets) was prepared
as follows: Styrene was purified by filtration through a 3 cm aluminium oxide
coloumn. 10 g purified styrol and 0.77 g (0.299 g) chloromethylstyrene were
desoxygenated for 30 minutes. 0.166 g (0.1609 g) AlBN was added, the solu-
tion was heated and stirred for 6 h at 85◦C under Argon atmosphere. The
polymerized product was dissolved in dichloromethane and precipitated by
adding the 5-fold volume of ethanol dropwise to the stirred solution. The
precipitate was filtrated and purified by repeating the dissolving and precip-
itation step. After filtration, the product was washed twice with methanol
and dried. The NMR spectra of the compounds can be seen in the Appendix
of this chapter (figures 3.26 and 3.27).

For the preparation of S2 (and S4, respectively, values given in brackets),
0.5 g of S1(S3) were dissolved in 14 ml dry THF. 0.26 g 1,4-diazabicyclo[2.2.2]octane
(DABCO) (0.133 g hexymethylentetramin (HMTA)) were dissolved in 14 ml
dry THF. The polymer solution was dropwise added to the DABCO solu-
tion. The solution was stirred for 6 h at 50◦C under nitrogen atmosphere.
After cooling, a sufficient amount of THF was added the room tempera-
ture solution so that all compounds dissolved. A solution of 2.6 g (1.0 g)
sodium tetrafluoroborate and 75 ml methanol and 75 ml water was added to
the stirred solution dropwise. The formed precipitate was filered and pu-
rified by repeating the dissolving and precipitation step. Precipitation was
enhanced by adding a sufficient amount of sodium chloride to the solution.
The solvent was removed by centrifugation and the product was dried. The
NMR spectra of these compounds can be seen in the Appendix of this chapter
(figures 3.26 and 3.27).

Other

Poly(ethylene glycol terephthalate) support (Mylar R©) was purchased from
Goodfellow (www.goodfellow.com). All solvents , dodecylbromide, sodiumte-
trafluoroborat, styrene, chloromethylstyrene and AlBN were purchased from
Sigma Aldrich (www.sigmaaldrich.com).

If not indicated differently, all chemicals were used without further pu-
rification.
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3.3.2 Measurements

Preparation of Polymer Sensor Films

The “cocktails” for polymer film coating were prepared by dissolving the
polymer (13 vol.%, except for D4, 10 vol.% and PSS, 40 vol%) in CHCl3. In
addition to the polymer, the sensor dye (P1 and P2 1.5 wt.%, P3 0.25 wt.%
of polymer mass) and - if requested - the 1O2 quencher (in the corresponding
molar ratio P:Q) were dissolved in the sensor cocktail. The cocktails were
knife-coated on Mylar R©support to give, after solvent evaporation, polymer
sensor films 10µm thick.

For PVOH oxygen barriers, a solution of 10 wt.% PVOH in H2O was
prepared and knife coated onto the polymer sensor film to give, after solvent
evaporation, an oxygen barrier 7.5µm thick.

Total Photon Emission (TPE) by 1O2 in Polymer Films

The polymer sensor film was diagonally placed in a glass cuvette. The cuvette
was mounted in a distance of 50 cm to the irradiation laser (angle laser beam
- polymer film surface: 90◦) and the detector (angle polymer film surface -
detector: 45◦). Irradiation laser: Nd:YAG, 532 nm, 50 mW, 2 kHz, the laser
beam was widened to a diameter of 2 cm by a lense. Detector: Hamamatsu
R5509-42, 1270 nm filter. Further details concerning the measurement setup
are described in literature137.

Oxygen Consumption in Polymer Films via Optical Oxygen Sens-
ing

Measurements were performed on a dual phase lock-in amplifier (DSP 830,
Stanford Research Inc.). Excitation light was obtained from a 525 nm LED
(Roithner, www.roithner-laser.com), amplitude 5 V, modulation frequency
5 kHz, time constant 30 ms. Excitation light was filtered by a HQ515/30
longpass filter (Analysentechnik), coupled into one branch of a bifurcated
glass fibre bundle (∅ 2 mm) and guided to the sensor film. The sensor film
was removably fixed on the other end of the bifurcated glass fibre bundle by a
transparent silicone gel. Emitted light by the phosphorescent sensor dye was
coupled back into the bifurcated glass fibre and guided to the detection entity
in the second branch of the glass fibre bundle. Emitted light was filtered
through 630 nm bandpass filter (Schott, www.schott.com). The detector was
a sensitive PMT module (H5701-02, Hamamatsu, Germany).
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Dye Stability in Polymer Films via Absorption Spectroscopy

The polymer sensor film was fixed inside a glass cuvette to a wall of the
cuvette by a transparent silicone gel. The glass cuvette was placed in front
of the excitation 505 nm LED (operated at 3 W) with a distance of 1 cm from
the LED to the sensor film. For absorption spectroscopy measurements, the
cuvette containing the sensor film was placed in a Cary 50 UV-VIS spec-
trophotometer (www.lzs-concept.com).

Calibration (Stern-Volmer) Measurements of the Oxygen Sensors

The sensor film was mounted in a home-made gas-flow device, temperd at
25◦C by a Thermo-Haake DC50 cryostat. Gas calibration mixtures were ob-
tained using a gas mixing device (MKS, www.mksinst.com). Phase-angle
measurements were performed on a OxyView lock-in amplifier (PreSens,
www.presens.de), excitation (505 nm, modulation frequency 4.52 kHz) and
emission light guided in a glass fibre from and to the instrument. The glass
fibre was mounted at an angle of 90◦ directly in front of the polymer sensor
film.
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3.4 Results & Discussion

3.4.1 Choice of Materials

1O2 Quenchers

As discussed in section 3.1, literature suggests a large variety of compounds
as efficient 1O2 quenchers. In his review on quenchers of 1O2 , D. Belluš lists
and categorizes 1O2 quenchers most of which are still applied today102. How-
ever, based on up-to-date literature, the 1O2 quenchers investigated in this
work have been selected considering reported effectiveness and processabil-
ity in optical chemical sensors upon other requirements such as availability.
Selected 1O2 quenchers are given in table 3.1, structures are given in figure
3.3.

Investigations started off with 1O2 Total Photon Emission (TPE) ex-
periments, testing different 1O2 quencher classes: DABCO Q1 , 1,2,2,6,6-
pentamethyl-4-piperidinol (which is also applied in polymer stabilization as
HAL), 9,10-Anthraquinone and Duroquinone (Q7-9). As obtained data (de-
scribed in 3.4.2) proved 9,10-Anthraquinone and Duroquinone (Q8 & 9) to be
ineffective 1O2 quenchers, further investigations focused on DABCO and the
piperidinol derivative (Q1 and Q7), disqualifying the latter as chemical 1O2

quencher in oxygen consumption measurements. As DABCO (Q1) proved to
be the most effective 1O2 quencher tested, it was further investigated in dye
stability measurements. Due to promising performance of DABCO, further
amine 1O2 quenchers containing tertiary amines or ammonium groups (Q2-
6: N-dodecyl-DABCO tetrafluoroborat, HMTA, HMTA stearat, Kryptofix
222B R©, N,N,N-trioctadecylamine) have been investigated by means of oxy-
gen consumption measurements.

1O2 Quencher DABCO Covalently Linked to PolyStyrene

Since DABCO (Q1 ) was a promising 1O2 quencher, it’s 1O2 quenching abil-
ity when being covalently linked to PS was tested. The fact that DABCO
possesses a relatively high vapour pressure potentially leads to evaporation of
the compound out of the polymer matrix. Hence, DABCO and HMTA were
covalently coupled to a polystyrene matrix and also tested in terms of 1O2

quenching ability. Covalently linking the 1O2 quenching compounds to the
polymer prevents potential leaching and/or evaporation of the 1O2 quencher
out of the polymer. To obtain this DABCO (or HMTA, respectively) modi-
fied polymers (S2 and S3), a polymer allowing coupling DABCO (/HMTA)
to it’s main chain had to be synthesized. This precursor polymers (S1) are
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Figure 3.3: Choice of materials: Tested 1O2 quenchers.

atactic copolymers of 95% styrene and 5% 4-chloromethylstyrene (98% and
2% in the precursor polymer modified with HMTA). The structures of all
polymers are given in figure 3.4

Figure 3.4: DABCO and HMTA covalently linked to polymers. Structures
S1-S4.
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Table 3.1: Choice of materials: 1O2 Quenchers.

Abbre-
viation

Name Litera-
ture

Q1 DABCO (1,4-diazabicyclo[2.2.2]octane)
34,109,111,128,138

Q2 N-dodecyl-DABCO tetrafluoroborat
Q3 HMTA (HexaMethyleneTetrAmine)
Q4 HMTA stearat (Stearic acid salt of HMTA)

40

Q5 Kryptofix 222B R©(5,6-benzo-4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacos-5-ene)

Q6 N,N,N-trioctadecylamine
105,138

Q7 1,2,2,6,6-pentamethyl-4-piperidinol
41

Q8 9,10-Anthraquinone
113

Q9 Duroquinone
113

Photosensitizers

The photosensitizer dyes were chosen based on physicochemical requirements.
Names and abbreviations are given in table 3.2. Available structures are
given in figure 3.4.1.

Table 3.2: Choice of materials: Photosensitizers.

Abbreviation Name

P1 PdTPFPP Pd(II)meso-
tetra(pentafluorophenyl)porphyrin

P2 PtTPFPP Pt(II)meso-
tetra(pentafluorophenyl)porphyrin

P3 PtOEP Pt(II)-2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphyrin

Polymers

The polymers tested in this work represent currently used matrix materials
in optical chemical sensors55,93,100. Names and abbreviations are given in
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Figure 3.5: Employed photosensitizers. (a) P1: PdTPFPP, P2: PtTPFPP,
(b) P3: PtOEP.

table 3.3. Available structures are given in figure 3.6.

Figure 3.6: Choice of materials: Tested Polymers.
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Table 3.3: Choice of materials: Polymers.

Abbreviation Name Polymer Class101

D4 Hydrogel D4 Polyurethanes
EC Ethylcellulose Carbohydrate polymers
PMMA Poly(methyl metacrylate) Metacrylate polymers
PPO Poly(2,6-dimethyl-1,4-

phenylene
oxide)

Polyether engineering
thermoplastics

PS Polystyrene Vinyl polymers
PSAN Poly(styrene-co-

acrylonitrile)
Copolymer

PSS Poly(phenylsilesquioxane) Polysiloxanes
RL Eudragit RL100 Ammonio methacrylate

copolymer type A

3.4.2 Testing Different 1O2 Quencher Classes in Differ-
ent Polymers

As discussed in section 3.4.1, investigations of potential 1O2 quenchers started
off with testing different 1O2 quencher classes in different polymers by the
means of 1O2 Total Photon Emission (TPE) and oxygen consumption mea-
surements. The applied methods are described in section 3.2. The tested
compounds were DABCO, 1,2,2,6,6-pentamethyl-4-piperidinol (which is also
applied in polymer stabilization as HAL), 9,10-Anthraquinone and Duro-
quinone (Q1, Q7, Q8 and Q9, respectively; structures are given in figure
3.3). TPE measurements proved 9,10-Anthraquinone and Duroquinone to be
ineffective 1O2 quenchers, therefore DABCO and the piperidinol derivative
(Q1 and Q7) were further investigated by the means of oxygen consumption
measurements.

Total Photon Emission (TPE) by 1O2 in Polymer Films

Since for investigated polymer films, τSO could not be determined (discussed
in section 3.2.1), the total sum of emitted photons (Total Photon Emission,
TPE) by 1O2 in different polymer matrices serves as comparable quantity.
Results for polymers not containing 1O2 quenchers are depicted in figure 3.7.
Unfortunately, polymer samples D4, PMMA, PSAN and PSS didn’t pro-
duce processable results.
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When comparing total photon emissions, factors influencing this param-
eter need to be considered:

• The permeability coefficient for oxygen in the polymer dictates the over-
all oxygen concentration and therefore availability for photosensitized
1O2 generation in the polymer film.

• The reactivity of the polymer towards oxygen and 1O2 .

• The physical 1O2 quenching ability of the polymer.

Figure 3.7:

The TPEs of EC, PPO and PS
decrease in the order: PS > EC >
RL > PPO . This experiment does
not allow a distinction as to which
extend each of the factors described
above influences the TPE. However,
when investigating 1O2 quenchers, the
TPE parameter is of higher signifi-
cance.

Figures 3.8 and 3.9 depict results
of TPE measurements of polymer films containing 1O2 quenchers DABCO
(Q1), 1,2,2,6,6-pentamethyl-4-piperidinol (Q7), 9,10-Anthraqunione (Q8)
and Duroquinone (Q9). Figure 3.8 features four graphs, each depicting re-
sults for one polymer containing DABCO (Q1) in different molar ratios with
reference to the photosensitizer dye P1. The molar ratio (P1:Q1) spans
from 1:0 to 1:200. Obviously, TPE decreases with increasing DABCO con-
centration in all four investigated polymers. As the effect of DABCO on
oxygen permeability and solubility in the polymer is considered to be neg-
ligible, the observed behaviour can only be ascribed to DABCO quenching
the excited state 1O2 . Though the effect is pronounced to a different extend
in different polymers, molar ratios of P1:Q1 = 1:10 and higher are con-
cluded to be effective in all investigated polymers. The option of DABCO
eventually quenching the triplet state of the photosensitizer dye P1 itself
has been tested by the means of phosphorescence lifetime measurements and
been discarded for τT1 of P1 is altered to a negligible extend by the presence
of DABCO (Under N2 atmosphere, in PS containing only P1 τT1 = 892.5µ
s; containing P1 and DABCO in the molar ration 1:10 τT1 = 681.9µ s).

Figure 3.9 features four graphs, each depicting results for one polymer
containing Q7-9 (1,2,2,6,6-pentamethyl-4-piperidinol, 9,10-Anthaquinone and
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Figure 3.8: Total Photon Emission (TPE) of 1O2 in investigated polymers
containing 1O2 quencher DABCO (Q1) in different molar ratios with re-
spect to P1. TPE decreases with increasing DABCO concentration in all
four investigated polymers. The observed behaviour can only be ascribed to
DABCO quenching the excited state 1O2 . Molecular ratios P1:Q1 = 1:10
and higher are concluded to be effective in all investigated polymers.

Duroquinone, respectively). Due to solubility, the molar ratio P1:Q is 1:7 for
Q8 and Q9 and 1:200 for Q7. Obviously, 9,10-Anthraquinone and Duro-
quinone do not alter the TPE compared to TPE of polymer films containing
no 1O2 quencher. Accordingly, the excited state 1O2 is not quenched by these
agents. On the contrary, 1,2,2,6,6-pentamethyl-4-piperidinol alters the TPE
drastically compared to TPE of polymer films not containing 1O2 quenchers
and therefore can be considered an effective 1O2 quencher.

Although the obtained results do not allow a distinction between phys-
ical and chemical 1O2 quenchers, they prove quenchers DABCO (Q1) and
1,2,2,6,6-pentamethyl-4-piperidinol (Q7) to drastically decrease 1O2 TPE in
all investigated polymers and therefore are worth to be further inverstigated.
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Figure 3.9: Total Photon Emission (TPE) of 1O2 in investigated polymers
containing 1O2 quenchers 1,2,2,6,6-pentamethyl-4-piperidinol (Q7), 9,10-
Anthraqunione (Q8) and Duroquinone (Q9) (Data of DABCO, Q1, is plot-
ted here for comparison). Molar ratio (P1:Q): Q7 1:200; Q8 and Q9 1:7.
While 9,10-Anthraquinone and Duroquinone do not alter 1O2 TPE in poly-
mer films, 1,2,2,6,6-pentamethyl-4-piperidinol drastically alters TPE. There-
fore, out of the here presented agents, only the piperidinol derivative (aside
from DABCO) can be considered an effective 1O2 quencher.

Oxygen Consumption in Polymer Films Containing DABCO or
1,2,2,6,6-pentamethyl-4-piperidinol

Since TPE measurments disqualified 9,10-Anthraquinone and Duroquinone
as 1O2 quenchers, DABCO and 1,2,2,6,6-pentamethyl-4-piperidinol were fur-
ther investigated by the means of oxygen consumption measurements.

The polymer films investigated in this experiment series were covered
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with a layer of polyvinyl alcohol (PVOH). The PVOH layer serves as an oxy-
gen barrier. The oxygen barrier allows monitoring the oxygen concentration
in the polymer film upon irradiation of an immobilized photosensitizer P
without additional oxygen diffusing into the film. The oxygen concentration
in the polymer film is detected via optical oxygen sensing as described in
section 3.2.2.

Figure 3.10: Oxygen consumption measurements. Given that no reaction
of either ground state oxygen or photosensitized 1O2 takes place in the film
upon irradiation, the oxygen concentration in the film would stay constant
over irradiation time. This behaviour indicates constant “regeneration” of O2

(from photosynthesized 1O2 ) via physical quenching. A decrease in oxygen
concentration over irradiation time indicates chemical reactions of ground
state oxygen or excited state 1O2 with one of the compounds present: the
polymer itself, the photosensitizer P or eventually added 1O2 quenchers Q.
In this case, there is no physical quenching of 1O2 taking place.

Given that no reaction of either ground state oxygen or photosensitized
1O2 takes place in the film upon irradiation, the oxygen concentration in
the film would stay constant over irradiation time (as schematically depicted
in figure 3.10 on the left side). Due to the oxygen barrier, an increase in
oxygen concentration is virtually not possible and would indicate a leaking
PVOH oxygen barrier. A decrease in oxygen concentration over irradiation
time indicates chemical reactions of ground state oxygen or excited state 1O2

with one of the compounds present: the polymer itself, the photosensitizer
P or eventually added 1O2 quenchers Q (as schematically depicted in figure
3.10 on the right side). If the decrease rate of oxygen concentration over
irradiation time in polymer films containing no 1O2 quencher Q is altered
by the presence of a 1O2 quencher Q, the 1O2 quencher obviously has one of
two effects on oxidative photodegradation processes: (1) The decrease rate
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Figure 3.11: Oxygen concentration (pO2) vs. irradiation time. Each
graph shows results for one polymer, PPO and PS. Polymers contain no
1O2 quencher (black curves), DABCO (Q1, light grey curves) or 1,2,2,6,6-
pentamethyl-4-piperidinol called “HAL” (Q7, dark grey curves) in a molec-
ular ratio of P2:Q = 1:10. pO2 decreases in all cases over time. Polymers
containing the piperidinol derivative show the fastest pO2 decrease over time,
followed by polymer films containing no 1O2 quencher. This behaviour indi-
cates chemical reactions between 1,2,2,6,6-pentamethyl-4-piperidinol (HAL)
and ground state oxygen and/or 1O2 , respectively. pO2 decreases slowlier
or almost not at all (PS) in polymer films containing DABCO (Q1), thus
showing it’s physical 1O2 quenching ability.

of oxygen concentration over irradiation time is higher compared to polymer
films containing no 1O2 quencher. This behaviour indicates that in addition
to the polymer and P, the 1O2 quencher also chemically reacts with either
ground state oxygen or excited state 1O2 . (2) The decrease rate of oxygen
concentration over irradiation time is lower compared to polymer films con-
taining no 1O2 quencher. This behaviour indicates that the 1O2 quencher
effectively quenches excited state 1O2 , which is then converted into ground
state oxygen.

The parameter obtained in measurements indicating the oxygen concen-
tration is the first triplet excited state lifetime (τT1) of P2 (PtTPFPP). As
oxygen is detected via dynamic luminescence quenching, an increase of τT1

indicates a decrease of pO2 (partial pressure of oxygen, equivalent to oxygen
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concentration under standard conditions) and vice versa. The actual pO2

value can be derived from τT1 through Stern-Volmer characteristics.

Following the results of TPE measurements (see section 3.4.2), 1O2 quenchers
DABCO (Q1) and 1,2,2,6,6-pentamethyl-4-piperidinol (also called “HAL”,
Q7) were investigated by the means of oxygen consumption measurements.
Figure 3.11 shows two graphs, each depicting results for one polymer film,
that is, PPO and PS. The graphs plot the oxygen concentration (pO2) ver-
sus irradiation time. In all experiments, pO2 decreases over irradiation time.
The extend to which pO2 decreases varies in the same way in both polymers.
Polymer films containing 1O2 quencher 1,2,2,6,6-pentamethyl-4-piperidinol
(HAL, Q7, dark grey curves) show a significantly faster pO2 decrease than
polymer films containing no 1O2 quencher (black curves). Further, poly-
mer films containing 1O2 quencher DABCO (Q1, light grey curves) show a
quite different behaviour: pO2 decreases slowlier in PPO and doesn’t de-
crease significantly at all in PS. According to theory elaborated above (see
section 3.2.2, this behaviour can only be explained by 1,2,2,6,6-pentamethyl-
4-piperidinol chemically reacting with ground state oxygen and/or excited
state 1O2 and DABCO physically quenching 1O2 to a certain extend in the
polymer film, which is especially pronounced in PS. The reaction of 1,2,2,6,6-
pentamethyl-4-piperidinol and other HALS with ground state oxygen and
1O2 has been discussed before56,58,139 and is now once again proved to be a
reasonable mechanism. DABCO shows to be a physical 1O2 quencher and
therefore is further investigated.
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3.4.3 Testing the Performance of DABCO in Different
Polymers

The only compound efficiently acting as physical 1O2 quencher upon all in-
vestigated compounds in the previous section (3.4.2) is DABCO (Q1). In
order to test the performance of DABCO in various concentrations and dif-
ferent polymers, oxygen consumption and dye stability measurements were
conducted. Measurement principles are elaborated in section 3.2.

Influence of DABCO Concentration on Oxygen Consumption and
Dye Stability

Figure 3.12: Stern-Volmer plots of PPO and PS polymer films containing no
1O2 quencher and DABCO (Q1) in the molar ratio P2:Q1 = 1:10, respec-
tively. The presence of DABCO in the sensor film alters the Stern-Volmer
characteristics slightly due to quenching of τT1 by DABCO.

As can be seen in figure 3.12, DABCO (Q1) only slightly alters the SV
plots of P2 in PPO and PS, accordingly, the triplet excited state τT1 is
marginally quenched by DABCO with respect to 1O2 .

The oxygen concentration in polymer films PPO and PS over irradiation
time is shown in figure 3.13. The figure features two graphs plotting pO2
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versus irradiation time, each graph showing results for PPO and PS, respec-
tively. The photosensitizer employed in these films is PtTPFPP (P2). The
molar ratio P2:Q1 ranges from 1:0 (no 1O2 quencher, black curve) to 1:10
(grey curves). DABCO (Q1) does not sufficiently quench 1O2 in PPO at
all, showing in the same zero level of oxygen all curves convert to after 10
minutes irradiation time. Seemingly, processes involving oxygen consump-
tion by PPO are kinetically competing with (and faster compared to) the
1O2 quenching by DABCO. In the PS plot, the physical quenching action
of DABCO is proven by the increasing sustainment of oxygen concentration
over irradiation time with increasing DABCO content in the sensor films.
This measurement proves DABCO to be a physical 1O2 quencher in PS,
effectively “regenerating” oxygen from photosensitized 1O2 , which would,
unquenched, have reacted with one of the other compounds present in the
polymer film, thus leading to enhanced photodegradation. Further, the 1O2

quenching efficiency of DABCO strongly depends on the type of polymer
matrix it is immobilized in as well as it’s concentration.

Figure 3.13: Oxygen concentration over irradiation time in polymer films
PPO and PS, respectively. The molar ratio of P2:Q1 ranges from 1:0 (no
1O2 quencher, black curves) to 1:10. DABCO (Q1) is shown to have no
1O2 quenching effect in PPO whereas it serves as highly efficient physical
1O2 quencher in PS, showing in the increasing sustainment of oxygen con-
centration over irradiation time with increasing DABCO content. The 1O2

quenching efficiency of DABCO in PS depends on it’s concentration.
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(a)

(b)

Figure 3.14: Absorption spectra of PS films with varied DABCO (Q1) con-
centration. (a) Relative absorption vs. irradiation time. (b) kq vs. ir-
radiation time. The stabilizing effect of DABCO strongly depends on it’s
concentration in the sensor film. DABCO does not significantly alter kq of
P3.
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In order to investigate the stabilizing effect of DABCO towards sensor
dyes embedded in the polymer matrix of optical chemical sensor systems,
common photobleaching experiments were conducted. Tested sensor films
containing photosensitizer P3 (PtOEP) were irradiated at a sufficient wave-
length and absorption spectra were frequently taken over the course of ir-
radiation time. Monitoring the absorption maximum of the dye over time
allows direct observation of dye concentration.

Figure 3.14 (a) shows optained absorption maxima of PtOEP (P3) over
the course of irradiation time. The graph features three measurement curves,
of which the black curve shows data obtained from a sensor film containing
no 1O2 quencher. The grey curves show data obtained from sensor films con-
taining DABCO (Q1) in two different molar ratios P3:Q1: 1:5 (dark grey)
and 1:10 (light grey). Since the relative absorption is directly proportional
to dye concentration, the here plotted decrease of the absorption maximum
over irradiation time shows the photodegradation of the sensor dye. Compar-
ing photodegradation rates (that is, the steepness of the fitted measurement
curves) clearifies that the degree to which the sensor dye is being destroyed
by 1O2 attack strongly depends on DABCO concentration in the sensor film.
The relative dye content after 30 minutes irradiation time decreases in the or-
der (P3:Q1) = (1:10) > (1:5) > (1:0). Accordingly, the stabilizing effect of
DABCO towards the sensor dye depends on it’s concentration in the polymer
film, which is in good agreement with data obtained in oxygen consumption
measurements. Figure 3.14 (b) shows kq of P3 over irradiation time. This
graph shows that kq is not significantly altered over irradiation time, even
when DABCO is present.

Influence of Different Polymers on DABCO Performance as 1O2

Quencher

Since the 1O2 quenching efficiency of DABCO obviously depends on the type
of polymer matrix it is immobilized in, several polymers were investigated in
terms of oxygen consumption and dye stability. Results of oxygen consump-
tion measurements are depicted in figures 3.16 and 3.15. Figure 3.16 shows
eight graphs, each plotting pO2 versus irradiation time for one investigated
polymer. Black curves show data obtained from polymer films containing no
1O2 quencher, grey curves show data obtained from polymer films containing
DABCO (Q1) in the molar ratio P2:Q1 = 1:10. Figure 3.15 shows the oxygen
concentration after one hour of irradiation time for each polymer containing
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no 1O2 quencher (black bars) and Q1 (P2:Q1 = 1:10, grey bars). For certain
polymers, there is virtually no difference in oxygen concentration after one
hour irradiation time between films containing no 1O2 quencher and films
containing DABCO, that is: PMMA, PPO and RL. While in EC and PSAN,
the effect of DABCO on oxygen consumption is relatively small, in D4, PS
and PSS, it proves to be an efficient physical 1O2 quencher. Some structural
correlations can be made: PMMA and RL are poly metacrylates and in both
polymers, DABCO does not have an effect on oxygen consumption upon
irradiation. PS and PSAN are structurally related, PSAN carrying an ad-
ditional acrylonitrile sidegroup obviously destabilizing the polymer against
1O2 attack since the 1O2 quenching effect of DABCO is significantly less
pronounced in PSAN with respect to PS. In order to draw more structural
related stability conclusions, more polymers need to be investigated.

Figure 3.15: Oxygen concentration after one hour irradiation time for differ-
ent polymers containing no 1O2 quencher (black bars) and DABCO (Q1) in
the molecular ratio P2:Q1 = 1:10 (grey bars), respectively.
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Figure 3.16: pO2 versus irradiation time for different polymers containing no
1O2 quencher (black curves) and DABCO (Q1) in the molecular ratio P2:Q1
= 1:10 (grey curves), respectively. The strongest effect of DABCO on oxygen
consumption appears in D4, PS and PSS. In PMMA, PPO and RL, DABCO
had no measurable 1O2 quenching effect.
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Figure 3.17: Relative absorption maximum of PtOEP (P3) versus irradiation
time for all investigated polymers. Black triangles show data obtained from
polymer films containing no 1O2 quencher, grey triangles show data obtained
from polymer films containing DABCO (Q1) in the molar ratio P3:Q1 = 1:10.
The relative absorption maximum is directly proportional to dye content.
The 1O2 quencher shows a stabilizing effect on P3 in all investigated polymers
but RL, showing in the steepness difference of dye content decrease curves
between grey (containing DABCO) and black (no 1O2 quencher) triangles. In
D4, EC and PMMA, the effect is relatively small with respect to PS, PSAN
and PSS. Unfortunately, PPO films didn’t give processable results.
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Results of photobleaching experiments are depicted in figures 3.17 and
3.18. Figure 3.17 shows seven graphs, each plotting the relative absorption
maximum of PtOEP (P3) versus irradiation time for one investigated poly-
mer. Black triangles show data obtained from polymer films containing no
1O2 quencher, grey triangles show data obtained from polymer films contain-
ing DABCO (Q1) in the molar ratio P3:Q1 = 1:10. Figure 3.18 shows the
relative absorption maximum (directly proportional to dye concentration)
after thirty minutes of irradiation time for each polymer containing no 1O2

quencher (black bars) and Q1 (P2:Q1 = 1:10, grey bars). The 1O2 quencher
shows a stabilizing effect on P3 in all investigated polymers but RL, show-
ing in the difference between grey (containing DABCO) and black (no 1O2

quencher) bars. In D4, EC and PMMA, the effect is relatively small with
respect to PS, PSAN and PSS. Unfortunately, PPO films didn’t give process-
able results. Partially, these results correlate with results obtained in oxygen
consumption experiments shown in figure 3.16: There’s no effect of DABCO
on oxygen consumption and little effect on dye stability in polymetacrylates
PMMA and RL. In EC, both effects are also relatively small with respect
to both effects being well pronounced in PS. Results obtained from D4 and
PSAN films are inconsistend with oxygen consumption results. While in D4,
DABCO has a relatively big effect on oxygen consumption, it’s effect on dye
stability is rather small. For PSAN, the opposite behaviour is true. These
findings may be explained by variations in reactivity of the polymers and
photosensitizers P2 and P3 , respectively. However, the conclusion of 1O2

generation and attack as a more or less contributing mechanism to overall
photodegradation (in which other reaction mechanisms discussed in chapter
1 are involved) is valid, too. In D4, 1O2 obviously doesn’t contribute sub-
stantially to dye lability whereas in PSAN, it ought to be the main source for
photodegradation of the sensor dye, since the little amount of 1O2 quenched
by DABCO already shows a big effect concerning the dye stability. As the
amount of potential reaction partners for oxygen and 1O2 in sensor films
leads to rather complicated probable and possible reaction kinetics, no quan-
titave conclusions can be drawn and evolving photodegradation mechanism
theories need to be further investigated.

The effect of DABCO on Stern-Volmer plots of PtOEP (P3) in different
polymers was investigated, too. Figure 3.19 shows two graphs, one plotting
KSV , the other kq for each investigated polymer. Striped bars represent data
obtained from sensor films containing no 1O2 quencher before (black bars)
and after (grey bars) 30 minutes irradiation time, filled bars show data ob-
tained from sensor films containing DABCO (Q1) in the molar ratio P3:Q1
= 1:10. Both graphs show that the addition of DABCO does not significantly
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Figure 3.18: Relative absorption maximum (directly proportional to dye con-
centration) after thirty minutes of irradiation time for each polymer contain-
ing no 1O2 quencher (black bars) and DABCO (Q1, P2:Q1 = 1:10, grey
bars). The 1O2 quencher shows a stabilizing effect on P3 in all investi-
gated polymers but RL, showing in the difference between grey (containing
DABCO) and black (no 1O2 quencher) bars. In D4, EC and PMMA, the
effect is relatively small with respect to PS, PSAN and PSS.

effect either KSV nor kq.
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Figure 3.19: KSV and kq of PtOEP (P3) in PS containing no 1O2 quencher
(striped bars) and DABCO (Q1) in the molar ratio P3:Q1 = 1:10 (full bars)
before (black bars) and after (grey bars) 30 minutes of irradiation. Both
parameters are not significantly altered by DABCO over the course of irra-
diation time.
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3.4.4 Investigating further Amino Compounds for 1O2

Quenching Ability

Among all investigated 1O2 quenching candidates, DABCO proved to be
the only compound sufficiently stablizing optical chemical sensors. However,
DABCO possesses a relatively high vapor pressure and is soluble in water,
two features pontentially leading to evapouration and/or leaching of the com-
pound out of the polymer matrix. These drawbacks motivate the testing of
other tertiary amines for their 1O2 quenching ability. The compounds inves-
tigated are:

• Modified DABCO compound: N-dodecyl-DABCO tetrafluoroborat (Q2),

• HMTA (Q3),

• Stearic acid salt of HMTA: HMTA stearat (Q4),

• Kryptofix 222B R©(Q5) and

• N,N,N-trioctadecylamine (Q6)

The compounds are depicted in figure 3.20

Figure 3.20: Investigated amino comopunds for 1O2 Quenching.

Additionally, DABCO and HMTA were covalently linked to PS and tested.
Covalently linking these compounds to a polymer prevents potential leaching
and/or evaporation of the 1O2 quencher out of the polymer. Four poly-
mers were prepared (their structures depicted in figure 3.21): Precursor
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polymers S1 and S3 are atactic copolymers with the ratios of styrene:4-
chloromethylstyrene 95:5 in S1 and 98:2 S3, respectively. Modified poly-
mers S2 and S4 contain covalently linked DABCO and HMTA, respectively.
Unfortunately, S3 and S4 were not processable into sensor films needed for
conducted measurements due to solubility issues.

Figure 3.21: DABCO and HMTA covalently linked to polymers. Structures
S1-S4.

Amino compounds Q1-6 and modified polymers S1 and S2 were investi-
gated by the means of oxygen consumption and dye stability measurements
in different polymer films.

Oxygen Consumption Results are depicted in figure 3.22. The first ex-
cited triplet state lifetime τT1 of PtTPFPP (P2) serves as parameter indi-
cating oxygen concentration changes. An increase of τT1 indicates a decrease
of oxygen concentration in the polymer film and vice versa. Figure 3.22 fea-
tures two graphs plotting τT1 of P2 versus irradiation time for two polymers,
EC and PS, each polymer containing 1O2 quenchers Q1-6 in the molar ratio
P2:Q = 1:10. Curves of polymers containing no 1O2 quencher are plotted in
black. Additionally (featured in the PS plot), results for modified polymers
S1 and S2 are shown.

In both polymers, all 1O2 quenchers alter the increase rate and overall
oxygen consumption of τT1 over irradiation time. A faster τT1 increase over
irradiation time in polymer films containing a 1O2 quencher Q with respect
to polymer films containing no 1O2 quencher indicates a chemical reaction of
the 1O2 quencher with ground state oxygen and/or 1O2 . On the contrary,
a slower decrease of τT1 in the same comparison indicates effective physical
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1O2 quenching, since obviously, oxygen is “regenerated” from photosensitized
1O2 in the physical quenching process. In EC, this is the case for two in-
vestigated 1O2 quenchers: DABCO (Q1) and N-dodecyl-DABCO (Q2) (the
curve of Kryptofix222B R©(Q5) also ends at a lower τT1 than the curve of
the polymer film containing no 1O2 quencher after one hour irradiation time,
however, in this measurement, τT1 first increases to a certain level and then
starts to decrease again, indicating a leakage in the PVOH barrier). In PS,
all but two tested 1O2 quenchers or modified polymers, respectively, have
a quenching effect on 1O2 (unfortunately, HMTA stearat (Q4) and N,N,N-
trioctadecylamine (Q6) could not be processed into the polymer films due
to poor solubility). Thus, of all investigated 1O2 quenching agents, DABCO
and N-dodecyl-DABCO (Q1 and Q2, respectively) qualify in terms of phys-
ical 1O2 quenching ability as effective 1O2 quenchers potentially employable
as stabilizing agents in optical chemical sensors. Modifying polymer S1 by
covalently linked DABCO yielding in S2 didn’t lead to the desired effect,
much on the contrary, the modified polymer is significantly more prone to
oxygen and 1O2 attack than it’s unmodified equivalent.

Figure 3.22: τT1 of PtTPFPP (P2) versus irradiation time measured in two
polymers, EC and PS, containing different 1O2 quenchers in the molar ratio
P2:Q = 1:10. Black curves are obtained from polymer films containing no 1O2

quencher. In EC, DABCO (Q1) and N-dodecyl-DABCO (Q2) are the only
effective 1O2 quenchers whereas in PS, all but two investigated compounds
quench 1O2 . Modified polymer S2 is highly reactive towards oxygen and/or
1O2 .
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Dye Stability Results are depicted in figure 3.23, featuring one graph for
each polymer. The amount of dye degradated after 30 minutes irradiation
time is plotted for each investigated amino 1O2 quencher. The only 1O2

quencher significantly lowering photodegradation of PtOEP P3 is DABCO
(Q1). These results correlate with data obtained in oxygen consumption
measurements (see also figure 3.22).

Figure 3.23: Degradated amount of PtOEP (P3) after 30 minutes irradiation
time in PS and EC, containing different 1O2 quenchers in the molar ratio
P3:Q = 1:10. A stabilizing effect of the 1O2 quencher shows in lower bars (less
dye content degradated after 30 minutes irradiation) than the sensor films
containing no 1O2 quencher. The only 1O2 quencher showing a stabilizing
effect on the sensor dye is DABCO (Q1.

Investigating the Volatility of DABCO and N-dodecyl-DABCO in
PS

1O2 quencher DABCO (Q1) possesses a relatively high vapor pressure (0.68
hPa at 21◦C), thus the risk of leaching or evaporating (out of the polymer
matrix) needs to be considered34. An experiment storing polymer films con-
taining DABCO and N-dodecyl-DABCO (Q1 and Q2, respectively, P2:Q
= 1:10) at 60◦C for 72 hours investigates the 1O2 quencher’s volatility in
the polymer matrix. Results are shown in figure 3.24. τT1 is plotted versus
irradiation time. As in figure 3.22, an increase of τT1 over irradiation time
indicates a decrease of oxygen concentration and vice versa. In both polymer
films including 1O2 quenchers DABCO (Q1) and N-dodecyl-DABCO (Q2),
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the increase of τT1 is slower and less pronounced resulting in a viewer over-
all oxygen consumption with respect to the polymer film containing no 1O2

quencher. In photobleaching experiments, the relative absorption maximum
after 30 minutes irradiation time was found to be 94% in a sensor film con-
taining DABCO (Q1) in the molar ratio P3:Q1 = 1:10 stored at 60◦C for 72
hours while this parameter is 92% for the same sensor film processed under
standard experimental conditions (figure 3.23) These results prove that even
when stored under harsh conditions for relatively long time, the content of Q
is still sufficiently quenching 1O2 . However, since shelf-lives of much longer
time (in the range of years) are required in most applications, this aspect
needs to be investigated in long-term storage experiments.

When comparing the oxygen consumption in PS containing no 1O2 quencher
measured after 1 hour storage at 60◦C (curve displayed in figure 3.22) to that
measured after 72 hours, the significantly lower rise of τT1 over irradiation
time in the latter curve suggests that thermal conditioning generally improves
the stability of the polymer towards 1O2 attack.

Figure 3.24: τT1 versus irradiation time for polymer films containing no
1O2 quencher (black curve), Q1 (DABCO, dark purple curve) and Q2 (N-
dodecyl-DABCO, light purple curve), respectively. Polymer films have been
stored at 60◦C for 72 hours. Even when stored undere these conditions, Q1
& 2 serve as physical 1O2 quenchers.
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3.5 Conclusion

In this chapter, investigations on the impact of different polymers and 1O2

quenchers on photodegradation processes are presented. Investigation meth-
ods included measuring the total photon emission (TPE) of 1O2 , the oxygen
consumption in the polymer film and the photodegradation of a sensor dye,
respectively, in different polymers containing various 1O2 quenchers.

3.5.1 Polymers

TPE of 1O2 in different polymers decreases in the order: PS > EC > RL
> PPO. However, TPE measurements do not allow to distinguish the as to
which parameter mainly contributes to characteristic TPE of 1O2 .

Of all investigated polymers (listed in table 3.3), the effect of DABCO
on oxygen consumption decreases in the order: D4 > PS > PSS > EC
> PSAN, while virtually no effect was measured for PMMA, PPO and RL.
Structurally, two conclusions can be drawn from these measurement series:
(1) DABCO does not have an effect on oxygen consumption in polymetacry-
lates (PMMA and RL). (2) Structurally related PS and PSAN show a differ-
ent effect of DABCO on oxygen consumption over irradiation time, PSAN
obviously being more reactive towars oxygen or 1O2 , respectively. In order to
draw more structurally related conclusions, more polymers need to be inves-
tigated. Further, oxygen consumption is not only influenced by the polymer
structure, reactions of oxygen and 1O2 in polymers are rather considered to
be caused by side groups and impurities left from monomer synthesis and
polymerisation processes.

The effect of DABCO on the photodegradation of PtOEP in different
polymer matrices was measured by the means of absorption spectroscopy of
irradiated sensor samples. The stabilizing effect of DABCO in different poly-
mers decreases in the oder: PSS > PS > PSAN > EC > D4 > PMMA.
There was no effect whatsoever measured in RL and the effect in PMMA
is very small compared to other polymers. The results for polymetacrylates
PMMA and RL correlate with results obtained in oxygen consumption exper-
iments, DABCO doesn’t have any effect on either, dye stability and oxygen
consumption. Oxygen consumption and photobleaching results for PS and
PSS are also in good agreement. In contrary to polymetacrylates, the pres-
ence of DABCO has a strong impact on oxygen consumption and sensor
dye stability in both, PS and PSS. Comparing dye stability measurement
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results to oxygen consumption measurement results allow furhter interesting
conclusions: In D4, for example, DABCO has a comparatively big effect on
oxygen consumption in the polymer film whereas it’s effect on dye stabil-
ity is relatively small with respect to other polymers. Apart from different
reacitivities of PtTPFPP and PtOEP (P2 and P3, respectively) towards
1O2 in different polymers, this may also point to the conclusion that in D4,
other photodegradation mechanisms than 1O2 generation and attack mainly
contribute to photodegradation of the sensor dye. In PSAN, the opposite
behaviour is the case. While DABCO doesn’t seem to have a strong effect
on 1O2 consumption, it shows one of the bigger effects in comparison in pho-
tobleaching experiments. Accordingly, 1O2 attack must be one of the main
photodegradation mechanisms in PSAN regarding the senor dye.

The inhomogeneous and varying results of experiments concerning differ-
ent polymer matrices show the impact the polymer itself has on photodegra-
dation of optical chemical sensors. These results underline the relevance of
further investigations of more types of polymers.

3.5.2 1O2 Quenchers

Aiming at finding sufficient physical 1O2 quenchers applicable in optical
chemical sensors, a selection of potential 1O2 quenching agents has been
investigated. In TPE measurements, DABCO and 1,2,2,6,6-pentamethyl-
4-piperidinol showed to be the most promising candidates, all other tested
compounds had no quenching effect whatsoever on 1O2 .

DABCO and 1,2,2,6,6-pentamethyl-4-piperidinol were further investigated
in oxygen consumption experiments, where 1,2,2,6,6-pentamethyl-4-piperidinol
disqualified as being highly chemically reactive towards 1O2 rather than a
physical 1O2 quencher. Varying the concentration of DABCO in PS and
PPO showed that both, the concentration of the 1O2 quencher as well as
the type of polymer matrix influence the desired 1O2 quenching effect signif-
icantly.

DABCO is a bridged tertiary diamine featuring a unique structure which
lays the grounds for theories about the physical 1O2 quenching mechanism
of the compound. This mechanism is believed to be a charge-transfer mech-
anism, first reported by Ouannes & Wilson109 and ever since cited in the
majority of publications about DABCO as 1O2 quencher105,107,111,138. As the
proposed 1O2 quenching charge-transfer-complex mechanism between 1O2



92
3 Investigating the Role of Polymers and 1O2 Quenchers in

Photodegradation Processes

and the amino group is based on the geometrically exposed N-lone pair,
other amines and derivatives of DABCO have been investigated as well. Ad-
ditionally, DABCO was covalently bound into a PS polymer and also tested.

While in oxygen consumption experiments, DABCO and N-dodecyl-DABCO
proved to efficiently quench 1O2 in EC and PS, DABCO was the only compo-
nent showing a significant stabilizing effect on the sensor dye in photobleach-
ing experiments. Obviously, DABCO provides a unique structure allowing
for a charge transfer complex to build with 1O2 and it’s kinetically sufficient
dissociation. It is a cost-effective compound, easily processable into polymer
sensor films and therefore potentially applicable as stabilizing agent in opti-
cal chemical sensors.
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3.6 Appendix

Figure 3.25: NMR spectra of Q2 and Q4.
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Figure 3.26: NMR spectra of S1 and S2.
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Figure 3.27: NMR spectra of S3 and S4.
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“It’s an Earth food. They are
called Swedish meatballs. It’s a
strange thing, but every sentient
race has its own version of these
Swedish meatballs! I suspect it’s
one of those great universal
mysteries which will either
never be explained, or which
would drive you mad if you ever
learned the truth.”

G’Kar

Babylon 5

Chapter 4

EPR Investigations of Organic
Super-Acceptors

4.1 Introduction1

The development of optoelectronic devices such as organic light-emitting
diodes (OLEDs) and solar cells entails design and synthesis of functional com-
pounds such as strong organic acceptors (super-acceptors), which are poten-
tially applied as p-type dopants. Cyano-based derivatives represent the most
prominent class of super-acceptors140. Tetracyanoethene (TCNE)141 and
7,7,8,8-tetracyanoquinodimethane (TCNQ)142 together with their derivatives
were shown to form charge-transfer complexes (CTCs) and salts with vari-
ous organic and organo-metallic electron donors that often exhibit techno-
logically interesting materials properties such as alectric conductivity and
magnetic phenomena. Employing such environmentally stable acceptors as
p-type dopants in OLEDS and solar cells significantly improves the perfor-
mance of these devices143.

97
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The cyano-based species investigated in this work are depicted in figure
4.1 consist of two moieties: (1) An electron-acceptor group featuring a conju-
gated pi-system substituted with a sufficient number of cyano-groups and (2)
A N,N-dimethylanilino-group (DMA-group) serving as electron donor. While
the donor moiety is the same in all investigated compounds, the acceptor
group is chemically varied in terms of acceptor strength (introducing fluoro-
groups), number of electron-withdrawing cyano functionalities and introduc-
tion of 2,5-diene-1,4-diylidene spacers. Accordingly, the electron-acceptor
groups are derivatives of TCNE, TCNQ and F4-TCNQ (2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane), respectively. Despite the substitution
with DMA donors, these compounds are potent electron acceptors that com-
pete with TCNE and TCNQ in their ease of reversible electron uptake.

Figure 4.1: Investigated super-acceptors 1 to 5.

The investigations presented in this work have been published by Kivala
et al.1, therefore this chapter is based on this paper.
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4.2 Experimental

4.2.1 Sample Preparation

Solid State. 2-5 mg of the sample were filled into an EPR glass sample
tube and mounted in the instrument for measurements.

Solutions in [D6]acetone. The sample was dissolved in [D6]acetone to
give a 1 mM solution. The solution was deoxygenated thoroughly by argon
bubbling through for 10 minutes.

Reduction. 1,2-Dimethoxyethane (DME) was heated to reflux over Na/K
alloy, condensed under high vacuum and stored over Na/K alloy under high
vacuum. The samples were prepared in custom made sample tubes under
high vacuum. After dissolving the probe in DME, reduction was performed
by contact of the DME solution of the parent compound with a K-metal
mirror (sublimed in the sample tube) under high vacuum.

4.2.2 Measurements

All EPR spectra were recorded on a Bruker ESP 300 X-band spectrome-
ter. All measurements were performed at ambient temperature (ca. 298 K),
unless otherwise stated.

4.3 Results

Compounds 1, 4 and 5 were measured in their solid state and dissolved in
[D6]acetone. Obtained EPR spectra are given in figures 4.2 to 4.4. Com-
pounds 2 and 3 were dissolved in DME and reduced by contact of the DME
solution with a K-metal mirror under high vacuum. Obtained EPR spectra
are depicted in figures 4.5 to 4.7. The g-factors for all measured compounds
are given in table 4.1.
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(b) Dissolved in (D6)acetone

Figure 4.2: EPR spectra of compound 1.
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(b) Dissolved in (D6)acetone

Figure 4.3: EPR spectra of compound 4.
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(b) Dissolved in (D6)acetone

Figure 4.4: EPR spectra of compound 5.
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(b) 2•	

Figure 4.5: EPR spectra of compounds 2 and 2•	 in DME at 180 K
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Figure 4.6: EPR spectra of compounds 3 and 3•	 in DME at 180 K.
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Figure 4.7: EPR spectra of compounds 3 and 3•	 in DME at 270 K.
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Table 4.1: g factors of investigated compounds.

g factor

1 solid state 2.0036
1 [D6]acetone solution 2.0034
2 in DME at 180 K 2.0034
2•	 in DME at 180 K 2.0036
3 in DME at 180 K 2.0033
3•	 in DME at 180 K 2.0037
3 in DME at 270 K 2.0034
3•	 in DME at 270 K 2.0036
4 solid state 2.0037
4 [D6]acetone solution 2.0032
5 solid state 2.0033
5 [D6]acetone solution 2.0032
TCNE•	 144 2.0026± 0.0002
TCNQ•	 145 2.0027± 0.0002
F4-TCNQ•	 145 2.0029± 0.0001
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4.4 Conclusion

EPR measurements of the investigated compounds revealed the paramag-
netic character of all samples. EPR spectra of remarkable intensity were
obtained for solid samples of 1, 4 and 5 at ambient temperature. Dissolv-
ing 1, 4 and 5 in [D6]acetone and 2 and 3 in DME again led to intense
EPR spectra both in liquid and frozen solution. The obtained spectra are
unresolved in all cases, whereas broader lines are observed due to anisotropic
interactions in the solid state. Nevertheless, the virutally matching g factors
indicate that the EPR singals observed for all compounds in the solid-state
and solution result from compatible electronic structures.

Furthermore, reduction of 2 and 3 with K metal in DME at 270 K yielded
in intense EPR specta that are compatible in terms of its shape and g factor
to that of the unreduced compounds in DME solution. The data is in good
agreement with the published values for radical anions of TCNE, TCNQ and
F4-TCNQ. Owing to the very low first reduction potentials of the investigated
compounds, it can be anticipated that the corresponding radical anions are
at least partly present under the applied experimental conditions.

All compounds were furthermore analyzed by the means of NMR. The fact
that no NMR spectra are observable is again in line with the paramagnetism
revealed by EPR experiments.
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Abstract: Thermal [2 +2] cycloaddi-
tions of tetracyanoethene (TCNE),
7,7,8,8-tetracyanoquinodimethane
(TCNQ), and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethaneACHTUNGTRENNUNG(F4-TCNQ) to N,N-dimethylanilino-
substituted (DMA-substituted) alkynes
bearing either nitrile, dicyanovinyl
(DCV; -CH=C(CN)2), or tricyanovinyl
(TCV; -C(CN)=C(CN)2) functionali-
ties, followed by retro-electrocycliza-
tion, afforded a new class of stable or-
ganic super-acceptors. Despite the non-
planarity of these acceptors, as re-
vealed by X-ray crystallographic analy-
sis and theoretical calculations,
efficient intramolecular charge-transfer
(CT) interactions between the DMA
donors and the CN-containing acceptor
moieties are established. The corre-
sponding CT bands appear strongly
bathochromically shifted with maxima
up to 1120 nm (1.11 eV) accompanied
by an end-absorption in the near infra-
red around 1600 nm (0.78 eV) for
F4-TCNQ adducts. Electronic absorp-

tion spectra of selected acceptors were
nicely reproduced by applying the
spectroscopy oriented configuration in-
teraction (SORCI) procedure. The
electrochemical investigations of these
acceptors by cyclic voltammetry (CV)
and rotating disc voltammetry (RDV)
in CH2Cl2 identified their remarkable
propensity for reversible electron
uptake rivaling the benchmark com-
pounds TCNQ (Ered,1 =�0.25 V in
CH2Cl2 vs. Fc+/Fc) and F4-TCNQ
(Ered,1 =++0.16 V in CH2Cl2 vs. Fc+/Fc).
Furthermore, the electron-accepting
power of these new compounds ex-
pressed as adiabatic electron affinity
(EA) has been estimated by theoretical
calculations and compared to the refer-
ence acceptor F4-TCNQ, which is used
as a p-type dopant in the fabrication of

organic light-emitting diodes (OLEDs)
and solar cells. A good linear correla-
tion exists between the calculated EAs
and the first reduction potentials Ered,1.
Despite the substitution with strong
DMA donors, the predicted EAs reach
the value calculated for F4-TCNQ
(4.96 eV) in many cases, which makes
the new acceptors interesting for po-
tential applications as dopants in or-
ganic optoelectronic devices. The first
example of a charge-transfer salt be-
tween the DMA-substituted TCNQ
adduct (Ered,1 =�0.27 V vs. Fc+/Fc) and
the strong electron donor decamethyl-
ferrocene ([FeCp*2]; Cp* =pentame-
thylcyclopentadienide; Eox,1 =�0.59 V
vs. Fc+/Fc) is described. Interestingly,
the X-ray crystal structure showed that
in the solid state the TCNQ moiety in
the acceptor underwent reductive s-di-
merization upon reaction with the
donor.

Keywords: charge transfer · cyclo-
addition · electrochemistry · elec-
tron acceptors · electron affinity ·
EPR spectroscopy

[a] Dr. M. Kivala, P. Seiler, Dr. P. D. Jarowski, Prof. Dr. F. Diederich
Laboratorium f�r Organische Chemie
ETH Z�rich
Hçnggerberg, HCI, 8093 Z�rich (Switzerland)
Fax: (+41) 44 632 1109
E-mail : diederich@org.chem.ethz.ch

[b] Prof. Dr. C. Boudon, Dr. J.-P. Gisselbrecht
Laboratoire d’Electrochimie et de Chimie Physique du Corps Solide
Institut de Chimie—UMR 7177, CNRS, Universit� Louis Pasteur
4, rue Blaise Pascal, 67000, Strasbourg (France)

[c] B. Enko, Prof. Dr. G. Gescheidt
Institut f�r Physikalische und Theoretische Chemie, TU Graz
Technikerstrasse 4/I, 8010 Graz (Austria)

[d] Dr. I. B. M�ller, Dr. N. Langer
BASF SE, GVP/C—A030, 67056 Ludwigshafen (Germany)

[**] TCNE = tetracyanoethene, TCNQ =7,7,8,8-tetracyanoquinodimethane,
F4-TCNQ =2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200802563.

Chem. Eur. J. 2009, 15, 4111 – 4123 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4111

FULL PAPER



Introduction

Among the large number of strong organic acceptors that
have been described to date, cyano-based derivatives repre-
sent the most prominent class of compounds for optoelec-
tronic device applications.[1] Tetracyanoethene (TCNE)[2,3]

and 7,7,8,8-tetracyanoquinodimethane (TCNQ)[4,5] together
with their derivatives[6] were shown to form charge-transfer
(CT) complexes and salts with various organic and organo-
metallic electron donors that often exhibit technologically
interesting materials properties such as electric conductivi-
ty[7,8] and magnetic phenomena.[9] Furthermore, environmen-
tally stable acceptors are increasingly applied as p-type dop-
ants, significantly improving the performance of optoelec-
tronic devices such as organic light-emitting diodes
(OLEDs) and solar cells.[10] Although 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ)[6a] is widely
used for this purpose, alternative dopants, such as the re-
cently reported 3,6-difluoro-2,5,7,7,8,8-hexacyanoquinodime-
thane (F2-HCNQ) with superior thermal stability,[11] are cur-
rently being pursued by many researchers.

Recently, we have shown that formal [2+2] cycloaddi-
tions, followed by retro-electrocyclization of the initially
formed cyclobutenes, of TCNE[12,13] and TCNQ[14, 15] to “elec-
tronically confused” alkynes bearing one electron-
donating group and one electron-withdrawing group, such as
N,N-dimethylanilino-substituted (DMA-substituted) cya-
noalkynes, yield donor-substituted 1,1,2,4,4-pentacyanobuta-
1,3-dienes[16] (PCBDs) and the corresponding cyclohexa-2,5-
diene-1,4-diylidene-expanded derivative, respectively.[17] De-
spite the substitution with DMA donors, these compounds
are potent electron acceptors that compete with TCNE and
TCNQ in their ease of reversible electron uptake. Further-
more, intense bathochromically shifted intramolecular CT
bands are observed in their UV/Vis spectra. Based on these
results, we expected that even stronger electron acceptors
would be in reach upon i) incorporation of particularly
strong acceptor moieties, such as F4-TCNQ, and ii) increas-
ing the number of electron-withdrawing cyano functionali-
ties in the molecule.

Here, we introduce a new family of strong electron ac-
ceptors 1–7 obtained by reactions of TCNE, TCNQ, and F4-
TCNQ with DMA-substituted alkynes bearing either nitrile
(8),[17, 18] dicyanovinyl (DCV; -CH=C(CN)2) (9),[13b] or tricya-
novinyl (TCV; -C(CN)=C(CN)2) (10) functionalities
(Table 1).[19] Initial attempts to prepare intermolecular CT
complexes with strong electron donors, such as decamethyl-
ferrocene ([FeCp*2]; Cp*= pentamethylcyclopentadi-
enide)[20] will be discussed as well.

Results and Discussion

Synthesis and characterization : Whereas the previously re-
ported reaction of TCNE with cyanoalkyne 8 to give DMA-
substituted PCBD 11 proceeded in nearly quantitative yield
in tetrahydrofuran (THF) at 20 8C,[17] similar reaction with

DCV-substituted alkyne 9 and TCV-derivative 10 to yield
the corresponding adducts 1 (26 %) and 2 (66%), respec-
tively, required heating in 1,2-dichloroethane or 1,1,4,4-tet-
rachloroethane up to 120 8C (Table 1). As already observed
for 12,[17] TCNQ displays rather reduced reactivity, com-
pared to TCNE, towards formal cycloadditions with alkynes.
While an excess of TCNQ, prolonged reaction times, and
elevated temperature (60 8C) were applied in the synthesis
of 3, complete consumption of the starting alkyne 9 could
not be reached. Subsequent repeated chromatographic puri-
fications on SiO2 afforded 3 in a rather low yield of 14 %
due to partial decomposition during column chromatogra-
phy (CC). Furthermore, reaction of TCNQ with TCV-substi-
tuted alkyne 10 under various conditions delivered only a
trace amount of the corresponding heptacyano derivative 4,
accompanied by a mixture of unidentifiable products, as re-
vealed by mass spectrometry. Gratifyingly, the stronger ac-
ceptor F4-TCNQ showed significantly higher reactivity, com-
pared to TCNQ, towards regioselective cycloadditions with
alkynes. Thus, fluorinated adducts 5–7 were obtained in
good yields ranging from 65 (5) to 88 % (7), respectively,
upon reaction with DMA-substituted cyanoalkynes 8–10 in
CH2Cl2 at 25 8C (Table 1).

All newly prepared acceptors 1–3 and 5–7 are dark metal-
lic-like solids that are stable at ambient temperature under
air and reasonably soluble in common organic solvents such
as CH2Cl2, acetone, and acetonitrile (except for nearly in-
soluble 6). However, solutions of F4-TCNQ adducts 5–7
were found to deteriorate gradually upon contact with glass
surfaces to form green insoluble products. Thus, glassware
previously deactivated by silylation with dimethyldichlorosi-
lane (DMDCS) should be used for all manipulations involv-
ing 5–7.[21] Complete decomposition was observed during at-
tempted chromatography (SiO2 and C18-reversed phase
SiO2) of 2 and 5–7. Consequently, 2 and 5–7 were successful-
ly purified by repeated crystallization by slow diffusion of
n-hexane into CH2Cl2 solution of the compound at 25 8C.
The identity of 1–7 was confirmed by high-resolution
MALDI FT-ICR (for 1 and 2) or MALDI-TOF mass spec-
trometry (for 3–7), which displayed the corresponding mo-
lecular ion (see the Supporting Information), and/or NMR
spectroscopy, X-ray crystallography (for 1), and elemental
analysis. For acceptors 2, 6, and 7, the NMR spectra could
not be recorded due to the presence of paramagnetic species
in the sample, as confirmed by electron paramagnetic reso-
nance (EPR) spectroscopy (vide infra), and low solubility of
the solid (1H and 19F NMR spectra for 5 were obtained in
one case, however, they could not be reproduced). Similar
behavior has previously been described for other TCNQ-
derived strong acceptors.[6a,11]

Single crystals of 1 suitable for X-ray crystallographic
analysis were obtained by slow diffusion of n-hexane into
CH2Cl2 solution at 25 8C (Figure 1 a). As already observ-
ed,[13c] in the crystal packing of highly distorted 1, two neigh-
boring molecules undergo several dipolar CN···CN interac-
tions (Figure 1 b). The CN groups of one molecule interact
with the C(CN)2 moiety of its neighbor with the shortest
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contact of 3.02 � observed between N16’ and the central vi-
nylic carbon atom C4. Consequently, two nearly orthogonal
intermolecular CN···CN contacts between N16’ and C7 or

C5 of 3.17 and 3.12 �, respec-
tively, are formed. Similarly to
DMA-substituted 1,1,4,4-tetra-
cyanobuta-1,3-dienes
(TCBDs)[13b,c] and TCNQ ad-
ducts,[15a] the DMA ring in 1
exhibits significant bond alter-
nation, as expressed by its qui-
noid character (dr ; for its defi-
nition[22] and bond lenghts, see
caption to Figure 1) of 0.052,
indicative of efficient intramo-
lecular CT interactions in the
ground state.

The thermal stability of se-
lected acceptors, that is essen-
tial for potential practical ap-
plications, was investigated by
thermogravimetric analysis
(TGA). The first observable
decomposition temperatures,
as determined by derivative
thermogravimetry, ranged from
176 (for 7) to 482 8C (for 2)
and presumably correspond to
the loss of co-crystallized sol-
vents. These decompositions
are followed by a gradual
weight loss in most cases (see
the Supporting Information).

UV/Vis spectroscopy : Most of
the DMA-substituted accept-
ors show in CH2Cl2 intense CT
bands with end-absorptions
reaching into the near infrared
region (Figure 2). The
UV/Vis absorption spectrum of
hexacyano derivative 1 fea-
tures the lowest-energy intra-
molecular CT band at 486 nm
(2.55 eV; e=43 300 m

�1 cm�1).
Introduction of the cyclohexa-
2,5-diene-1,4-diylidene spacer
in 3 shifts the CT band to
633 nm (1.96 eV; e=

13 900 m
�1 cm�1), with a second,

weaker CT band of lower
energy appearing at lmax =

930 nm (1.33 eV; e=

1400 m
�1 cm�1). Upon substitu-

tion of the TCNQ-derived
moiety with the strongly elec-
tron-withdrawing fluorine

atoms in 6, an additional red shift of both CT bands to
lmax =697 nm (1.78 eV; e= 40 600 m

�1 cm�1) and lmax =942 nm
(1.32 eV; e=17 000 m

�1 cm�1) occurs (Figure 2). Increasing

Table 1. Summary of the reactions of cyano-substituted alkynes 8–10 with TCNE, TCNQ, and F4-TCNQ.

Cyanoalkyne Acceptor Product Reaction
conditions

Time Yield
[%]

TCNE [a] 4 days 97[b]

TCNQ [c] 12 h 27[b]

F4-TCNQ [d] 17 h 65

TCNE [e] 16 h 26

TCNQ [e] 5 days 14

F4-TCNQ [d] 16 h 84

TCNE [c] 2 days 66

TCNQ [f] [f] n.d.

F4-TCNQ [d] 5 days 88

[a] In THF, 20 8C. [b] See reference [17]. [c] In 1,1,2,2-tetrachloroethane, 120 8C. [d] In CH2Cl2, 25 8C. [e] In
1,2-dichloroethane, 60 8C. [f] Under various reaction conditions, only traces of 4 were formed (MALDI-TOF
MS).
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the number of the accepting CN groups, for example when
going from fluorinated 5 to 7, further lowers the energy of
the CT bands. Indeed, absorption maxima at 753 nm
(1.65 eV) and 1120 nm (1.11 eV), with an end-
absorption near 1600 nm (0.78 eV), are observed for 7. This
low optical gap is quite remarkable for a small chromophore
such as 7.[23] Protonation of the DMA moiety in 7 with tri-
fluoroacetic acid (TFA) in CH2Cl2 eliminated these long-
wavelength bands, whereas neutralization with K2CO3 re-
generated partially (due to decomposition) the original spec-
trum, thus indicating the CT character of these bands (see
the Supporting Information).

Electronic absorption spectra of 1–3, 5, 11, and 12 were
calculated by applying the spectroscopy oriented configura-

tion interaction (SORCI)[24] procedure implemented in the
ORCA program suite.[25] For acceptors 1–3 and 11, the
SORCI excitation energies are in good agreement with the
experimental UV/Vis spectra recorded in CH2Cl2 (Table 2).
However, the computational analysis for 5 and 12 did not
reproduce the experimental values well (see the Supporting
Information). According to theoretical data for 1–3 and 11,
the lowest energy excitation with high extinction coefficient
(e) and calculated high oscillator strength (f) can be as-
signed as a transition from the DMA-located HOMO to the
LUMO + 1 level located predominantly on the CN-contain-
ing acceptor moieties (for calculated HOMOs and LUMOs,
see the Supporting Information). The oscillator strength of
the HOMO!LUMO transition is rather small which is in
agreement with weak or no extinction observed experimen-
tally. The red shift of 1.22 eV of the longest-wavelength CT
band observed in the UV/Vis spectra upon introduction of
the cyclohexa-2,5-diene-1,4-diylidene spacer when moving
from 1 (486 nm (2.55 eV)) to 3 (930 nm (1.33 eV)) is nicely
reproduced in the SORCI spectra and amounts to 1.54 eV,
with the deviation from the experimental value being within
the usual error range of the method.

Whereas the optimized geometries of acceptors of 1–3
and 11 show almost perpendicular CN-containing moieties
with respect to the DMA ring, and the cyclohexa-2,5-diene-
1,4-diylidene spacer in 3, it is not the case for 5 and 12 (see
the Supporting Information). Consequently, the LUMO and
LUMO + 1 are no longer localized on either the central C
atom connecting the DMA ring with the CN-containing
moieties (LUMO+ 1) or the CN-acceptor itself (LUMO),
which results in a more difficult configuration interaction
problem and less accurate SORCI spectra (unless this prob-
lem is explicitly taken care of in the choice of the reference
space). Thus, the first excited state with high oscillator
strength for 5 and 12 is assigned to a mixture of a
HOMO�1!LUMO +1 single excitation and an excitation
of both electrons of the HOMO to the LUMO. The

Figure 2. UV/Vis absorption spectra of acceptors 1, 3, 6, and 7 in CH2Cl2

at 298 K. The high-intensity band of 3 at lmax =400 nm (e=

108 400 m
�1 cm�1) is cut to allow enlargement of the weaker CT transi-

tions.

Figure 1. a) Molecular structure of 1 (ORTEP plot), arbitrary numbering,
hydrogen atoms are omitted for clarity. Atomic displacement parameters
obtained at 220 K are drawn at the 30% probability level. Selected bond
lengths [�] and bond angles [8]: C1�C2 1.516(5), C2�C3 1.448(5), C3�C4
1.366(5), C4�C5 1.433(5), C4�C7 1.412(6), C5�N6 1.140(5), C7�N8
1.146(5), C1�C14 1.376(5), C14�C17 1.442(5), C14�C15 1.427(6), C15�
N16 1.153(5), C17�N18 1.134(5), C2�C9 1.358(5), C9�C12 1.429(6),
C12�N13 1.139(5), C1�C19 1.417(5), C9�C10 1.442(6), C10�N11
1.141(5), C19�C20 1.415(5), C20�C21 1.363(5), C21�C22 1.405(5), C22�
C23 1.413(5), C23�C24 1.362(5), C19�C24 1.423(5), C22�N25 1.354(5),
N25�C27 1.460(5), N25�C26 1.470(5); C14-C1-C2 113.3(3), C15-C14-C17
112.9(3), C7-C4-C5 116.1(3), C12-C9-C10 115.7(3). Selected torsion
angles [8]: C14-C1-C19-C24 �2.9(6), C14-C1-C2-C9 �93.2(4), C26-N25-
C22-C21 �0.3(6). Quinoid character: dr= (((a+a’)/2-(b+b’)/2)+ ((c+c’)/
2-(b+b’)/2))/2.[22] dr=0.052. b) Arrangement of neighboring molecules in
the crystal packing of 1.
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HOMO!LUMO +1 excitation of compounds 5 and 12 is
calculated at higher energies.

Electrochemistry : The redox properties of acceptors 1–3, 5–
7, and the reference compounds TCNE, TCNQ,[26] and
F4-TCNQ were investigated by cyclic voltammetry (CV) and
rotating-disc voltammetry (RDV) in CH2Cl2 (+0.1 m

nBu4NPF6, all potentials vs. the ferricinium/ferrocene couple
(Fc+/Fc)) and are summarized in Table 3. The DMA donor
moiety in all studied acceptors undergoes a one-electron ox-
idation step that is irreversible (CV), except for 1, 6, and
previously reported 11, and 13. An anodic shift of 140 mV is
observed for the oxidation step upon introduction of the ad-
ditional CN group into the buta-1,3-diene-1,4-diyl moiety
when going from DMA-substituted 1,1,4,4-tetracyanobuta-
1,3-diene (TCBD) derivative 13 (Eox,1 =++0.86 V),[13c] to
PCBD 11 (+1.00).[17] In contrast, the effect of substitution
with stronger DCV (�CH=C(CN)2) (in 1) or TCV
(�C(CN)=C(CN)2) (in 2) acceptor moieties is much less pro-
nounced and TCNE adducts 1 and 2 are oxidized at lower
potentials of +0.97 and +0.91 V, respectively. The extra CN
group in cyclohexa-2,5-diene-1,4-diylidene-expanded PCBD
12 (+ 0.52 V) shifted its oxidation step anodically by
100 mV, compared to TCNQ adduct 14, which is irreversibly
oxidized at + 0.42 V. Again, DCV-substituted 3 undergoes
its oxidation step at + 0.50 V, which corresponds to a shift of
only 80 mV compared to 14. An anodic shift of 90 mV is ob-
served for the oxidation step upon F-substitution of the
TCNQ moiety in 5 (+0.61 V) and 6 (+0.59 V) compared to
their TCNQ counterparts 12 and 3, respectively. Overall, the
oxidations of TCNQ adducts 3, 12, and 14 (or fluorinated
5–7) are occurring at significantly lower potentials compared
to the TCNE adducts 1, 2, and 13, which indicates less effi-
cient ground state CT interactions between the DMA donor
moiety and the CN accepting groups in these chromophores
(vide infra).

More importantly, the stud-
ied compounds undergo two (5)
or three (1–3, 6, and 7) reversi-
ble one-electron reduction steps
centered on the CN-containing
moieties, eventually followed
by the fourth irreversible elec-
tron transfer for fluorinated 6
and 7. We have previously
found that the additional CN
group in PCBD 11 (Ered,1 =

�0.30 V)[17] facilitated the first
reduction step by 390 mV when
compared to TCBD 13, which
is reversibly reduced at
�0.69 V.[13c,27] As expected, the
incorporation of stronger ac-
ceptor moieties in DCV-substi-
tuted 1 and TCV-substituted 2
further shifts the observed re-
duction steps towards more

positive potentials. Thus, the introduction of the additional
DCV moiety upon moving from TCBD 13 to TCNE adduct
1 (�0.22 V) shifts the first reduction step anodically by
470 mV to occur at more positive potential than that of
TCNE (�0.32 V) or TCNQ (�0.25 V). Although only
poorly resolved CV traces were obtained for TCV-substitut-
ed TCNE adduct 2, the first reversible electron uptake
occurs at + 0.12 V, which represents an unprecedented
anodic shift of 810 mV with respect to parent 13. On the
other hand, only less pronounced effects are observed be-
tween TCNQ-derivative 14 (�0.50 V)[15a] and expanded
PCBD 12 reduced at �0.27 V[17] or DCV-substituted 3
(�0.28 V).

Noticeable for the new chromophores 1–3 and 5–7 is the
facility of the second one-electron reduction step (Ered,2 be-
tween �0.92 (for 1) and �0.17 V (for 7)) which is irreversi-
ble for chromophore 1. In addition, unprecedented third re-
versible one-electron reduction steps are observed for 1–3,
6, and 7 ranging from �2.30 V (for 1) to �1.19 V (for 7).

As a result of F-substitution in derivatives 5–7, the rever-
sible reduction steps became notably facilitated with respect
to their TCNQ analogues.[28] Thus, the two reversible reduc-
tion steps of fluorinated cyclohexa-2,5-diene-1,4-diylidene-
expanded PCBD derivative 5 occur anodically shifted by
270 and 260 mV at �0.00 and �0.27 V, respectively, com-
pared to TCNQ derivative 12 (�0.27 and �0.53 V).[17] Fur-
thermore, spectroelectrochemical studies of 5 performed in
a optically transparent thin-layer electrode (OTTLE) sug-
gest that the electrogenerated reduced species (i.e. radical
anion and dianion) are persistent at the time scale of spec-
troelectrochemistry, namely at least for 60 s (see the Sup-
porting Information). The three one-electron transfers of
DCV-substituted 6 occurring at �0.10, �0.25, and �1.76 V
appear shifted, compared to 3, to more positive potentials
by 180, 220, and 100 mV, respectively. The introduction of
the additional CN group upon moving from 6 to 7 further

Table 2. Experimental electronic transitions for 1–3 and 11, derived from the UV/Vis spectra in CH2Cl2, and
computed SORCI excitation spectra.

Experimental Computed values[a]

lACHTUNGTRENNUNG[nm (eV)]
eACHTUNGTRENNUNG[m�1 cm�1]

lACHTUNGTRENNUNG[nm (eV)]
f Composition

of band
CI
coefficients[b]

1 486 (2.55) 43300 454 (2.73) 0.81 H!L+1 0.94
317 (3.91) 21400
304 (4.08) 2500 303 (4.09) 0.92 H�2!L 0.37

H�1!L 0.59
2 657 (1.89) 5600 676 (1.83) 0.12 H!L 0.92

469 (2.65) 16300 466 (2.66) 0.33 H!L+1 0.89
364 (3.41) 0.20 H�2!L 0.75

295 (4.21) 15400 311 (3.99) 0.25 H�2!L +1 0.54
H�1!L+ 1 0.31

3 930 (1.33) 1400 1045 (1.19) 0.10 H!L 0.88
639 (1.94) 0.80 H!L+1 0.88

633 (1.69) 13900 632 (1.96) 0.16 H�1!L 0.79
400 (3.10) 108400 414 (3.00) 0.13 H�2!L +1 0.81

11[c] 643 (1.93) 3200 545 (2.27) 0.21 H!L 0.95
450 (2.76) 30000 418 (2.96) 0.51 H!L+1 0.88

[a] Only excitations with oscillator strength larger than 0.10 are shown for the calculated spectra; f =oscillator
strength; H =HOMO; L=LUMO; CI =configuration interaction. [b] Correspond to the final state. [c] Taken
from ref. [17].
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shifts the first electron uptake to more positive potentials by
260 mV.[27] While the first reduction potential for 7 is the
same as that of F4-TCNQ (+ 0.16 V), the second is, similarly
to our previous observations[17] significantly facilitated
(�0.17 (7) vs. �0.46 V (F4-TCNQ)) and is followed by two
reversible one-electron transfers at �1.19 and �1.94 V. It
has to be mentioned that a trace of one-electron reduced
species (radical anion) has been detected by RDV in freshly
prepared CH2Cl2 solutions of 7, thus underscoring its excep-
tional electron-accepting power (see the Supporting Infor-
mation).

An electron-withdrawing group involved in a donor–ac-
ceptor p-conjugated system generally hampers the oxida-
tion, as it decreases the electron density on the oxidizable
donor moieties, and conversely, an electron-donating group
hinders the electron reduction by delivering electrons into
the acceptor. In this respect, our findings might be rather
surprising, as gradual shifts of both the oxidation and the re-
duction steps towards more positive potentials are expected
upon increasing the electron-accepting power of the CN-
containing substituents. Nevertheless, at the same time as
the acceptor strength increases, as expressed by Hammett
constants sp of +0.66 (�CN), + 0.84 (�CH=C(CN)2), and
+0.98 (�C(CN)=C(CN)2),[29] the substituents become steri-
cally more demanding. This consequently, together with
electrostatic repulsion between the negatively polarized N-
atoms in neighboring CN groups, renders the whole mole-
cule highly twisted (as revealed by X-ray crystallography
and theoretical calculations). Under these conditions, effi-
cient p-conjugation between the donor and acceptor moiet-
ies becomes impaired to a certain extent, as already previ-
ously observed,[13c] which makes any straightforward correla-
tion between the observed redox potentials and the acceptor
strength rather difficult.

The optical HOMO–LUMO gaps, determined from the
end-absorption lend of the longest-wavelength UV/Vis band,
correlate reasonably well (R2 =0.895) with the electrochemi-
cal gaps D(Eox,1�Ered,1) suggesting that the same orbitals are
involved in both optical and electrochemical gaps for 1–3,
5–7, and 11–14 (Table 4 and Figure 3). Furthermore, the

Table 3. Cyclic voltammetry (CV; scan rate v=0.1 V s�1) and rotating
disk voltammetry (RDV) data of 1–3, 5–7, and 11–14, and the reference
compounds TCNE, TCNQ, and F4-TCNQ in CH2Cl2 (+0.1 m

nBu4NPF6).[a] Calculated adiabatic electron affinity (EA), based on the
BP86/def-TZVP COSMO ACHTUNGTRENNUNG(e=4.5)//BP86/def-SV(P) method.

CV RDV EA
E8

[V][b]
DEp

[mV][c]
Ep

[V][d]
E1/2

[V][e]
Slope
[mV][f] [eV]

1 + 0.97 90 + 0.95 (1 e�) 4.49
�0.22 80 �0.26 (1 e�) 60

�0.92 �0.99 (1 e�) 90
�2.30 120

2 + 0.91 [g] 4.87
+ 0.12 60 + 0.12 (1 e�) 65
[h]

�1.88 60
3 + 0.50 + 0.47 (1 e�) 80 4.51

�0.28 60 �0.32 (1 e�) 65
�0.47 70 �0.54 (1 e�) 65
�1.86 60 �1.94 (1 e�) 60

5 + 0.61 [g] 4.66
�0.00 75 �0.00 (1 e�) 68
�0.27 70 �0.29 (1 e�) 61

6 + 0.59 80 4.69
�0.10 60 �0.11 (1 e�) 55
�0.25 60 �0.26 (1 e�) 55
�1.76 70

�2.26
7[i] + 0.64 4.98

+ 0.16 80 + 0.16 (1 e�) 60
�0.17 60 �0.19 (1 e�) 60
�1.19 80 �1.24 (1 e�)

�1.94 �1.99 (1 e�)
11[j] + 1.00 90 + 1.00 (1 e�) 65 4.36

�0.30 90 �0.30 (1 e�) 65
�0.85 100 �0.85 (1 e�) 100

12[j] + 0.52 + 0.54 (1 e�) 50 4.42
�0.27 80 �0.28 (1 e�) 60
�0.53 85 �0.56 (1 e�) 60

13[k] + 0.86 80 + 0.87 (1 e�) 70 [m]

�0.69 80 �0.70 (1 e�) 70
�1.26 90 �1.38 (1 e�) 140

14[l] + 0.42 + 0.44 (1 e�) 60 [m]

�0.50 80 �0.55 (1 e�) 70
�0.76 80 �0.86 (1 e�) 70

TCNE �0.32 4.57
�1.35

TCNQ �0.25 90 �0.26 (1 e�) 75 4.59
�0.81 90 �0.87 (1 e�) 75

F4-TCNQ + 1.11 [g] 4.96
+ 0.16 90 + 0.19 (1 e�) 75
�0.46 100 �0.48 (1 e�) 85

[a] All potentials are given versus the Fc+/Fc couple used as internal
standard. [b] E8= (Epc +Epa)/2, where Epc and Epa correspond to the
cathodic and anodic peak potentials, respectively. [c] DEp =Eox�Ered,
where the subscripts ox and red refer to the conjugated oxidation and re-
duction steps, respectively. [d] Ep = Irreversible peak potential. [e] E1/2 =

Half-wave potential. [f] Slope =Slope of the linearized plot of E versus
log[I/ ACHTUNGTRENNUNG(Ilim�I)], where Ilim is the limiting current and I the current.
[g] Electrode inhibition during oxidation. [h] Poorly resolved second re-
duction. [i] Contains a small amount of 7C� (see the Supporting Informa-
tion). [j] Taken from ref. [17]. [k] Taken from ref. [13c]. [l] Taken from
ref. [15a]. [m] Not determined.

Table 4. Optical and electrochemical gaps of TCNE, TCNQ, and
F4-TCNQ adducts 1–3, 5–7, and 11–14 determined from UV/Vis spectros-
copy and CV in CH2Cl2.

lmax [nm (eV)] lend [nm (eV)] D(Eox,1�Ered,1) [V]

1 486 (2.55) 920 (1.35) 1.19
2 657 (1.89) 1100 (1.13) 0.79
3 930 (1.33) 1270 (0.98) 0.78
5 993 (1.25) 1500 (0.83) 0.61
6 942 (1.32) 1400 (0.89) 0.69
7 1120 (1.11) 1640 (0.76) 0.48
11[a] 643 (1.93) 820 (1.51) 1.30
12[a] 859 (1.44) 1300 (0.95) 0.79
13[b] 570 (2.18) 860 (1.44) 1.55
14[c] 759 (1.63) 1050 (1.18) 0.99

[a] Taken from ref. [17]. [b] Taken from ref. [13c]. The originally reported
lend of 960 nm (1.29 eV) was apparently overestimated. [c] Taken from
ref. [15a].
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electrochemical gap decreases in the sequence 13>11>1>
2 reflecting the increased acceptor strength of the CN-con-
taining substituents as mentioned above.

The electron-accepting power, expressed as adiabatic elec-
tron affinity (EA), has been calculated (BP86/def-TZVP
COSMOACHTUNGTRENNUNG(e=4.5)//BP86/def-SV(P))[30] for acceptors 1–7, 11
and 12 as well as for the reference compound F4-TCNQ
(Table 3).[31] A good linear correlation (R2 =0.857) exists be-
tween the calculated EAs and the first reduction potentials
Ered,1 (Figure 4). Despite the substitution with strong DMA

donors, the predicted EAs for 2 (4.87 eV) and 7 (4.98 eV)
rival the value calculated for the state-of-the-art p-type
dopant F4-TCNQ (4.96 eV),[10] which makes them interesting
for potential applications in optoelectronic devices.

Initial EPR investigations : Due to difficulties encountered
during attempted NMR characterization (vide supra), the
samples of acceptors 2 and 5–7 were investigated by means
of EPR spectroscopy. Indeed, paramagnetic character of the
samples both in the solid state and solution was found in all
cases. EPR spectra of remarkable intensity were obtained
for solid samples of 2 and 5–7 at ambient temperature. Dis-
solving 2, 6, and 7 in [D6]acetone and 5 in 1,2-dimethoxy-
ethane (DME) again led to intense EPR spectra both in
liquid and frozen solution (for EPR spectra of 2 and 7, see
Figure 5; for 6, see the Supporting Information). The ob-
tained spectra are unresolved in all cases, whereas broader
lines are observed due to anisotropic interactions in the
solid state. Nevertheless, the virtually matching g factors in-
dicate that the EPR signals observed for 2 and 5–7 in the
solid-state and solution result from compatible electronic
structures (Table 5).

Furthermore, reduction of 5 with K metal in DME at
270 K yielded an intense EPR spectrum that is compatible
in terms of its shape and g factor to that of 5 recorded both
in the solid state and DME solution (see the Supporting In-
formation). The data is in good agreement with the pub-
lished values for radical anions of TCNE, TCNQ, and
F4-TCNQ.[32] Owing to the very low first reduction poten-
tials of 2, and 5–7, it can be anticipated that the correspond-
ing radical anions are at least partly present under the ap-
plied experimental conditions, as observed by others.[6a,11]

Charge-transfer salt {[FeCp*2]
+}2[12]2

2� (15): While explor-
ing the ability of the TCNQ-derived acceptor 12 to form
charge-transfer complexes with various electron donors, we
found that the TCNQ moiety in 12 undergoes reductive
s-dimerization upon reaction with the strong electron donor
decamethylferrocene ([FeCp*2]; Eox,1 =�0.59 V),[20] as previ-
ously observed for TCNQ.[33]

Thus, an intense green solution was obtained upon addi-
tion of yellow [FeCp*2] in CH2Cl2 to the originally deep-
purple solution of 12 in dry acetonitrile at 25 8C. The solid
obtained after evaporation of the solvents was recrystallized
by slow diffusion of n-hexane into CH2Cl2 solution to afford
dark-green crystals of {[FeCp*2]

+}2[12]2
2� (15) in 68 % yield.

The obtained crystals of 15 incorporated, even after pro-
longed drying in vacuo, remaining co-crystallized CH2Cl2

molecules, as indicated by elemental analysis and TGA that
are in good agreement with the formula {[FeCp*2]

+}2-
[12]2

2�·1.4 CH2Cl2 (see the Supporting Information).
The X-ray crystal structure of 15 consists of two inde-

pendent [12]2
2� ions (designated as molecule A and B), four

[FeCp*2]
+ molecules, one of which is disordered, and three

disordered CH2Cl2 molecules (Figure 6, for details, see the
Experimental Section; for molecule B, see the Supporting
Information).[34] The two dimeric ions [12]2

2� feature long
central C�C bonds (C105�C106 and C156�C157) of 1.63 �
which are comparable to those in reported (TCNQ)2

2�

s-dimers.[33] Consequently, the involved C-atoms are practi-
cally tetrahedral with the bond angles ranging from 105.38
(C135-C105-C106) to 113.08 (C102-C105-C106). The uni-

Figure 3. Linear correlation between the optical gap Egap, determined
from lend, and electrochemical gap D(Eox,1�Ered,1) for acceptors 1–3, 5–7,
and 11–14.

Figure 4. Linear correlation between the calculated adiabatic electron
affinity EA (BP86/def-TZVP COSMO ACHTUNGTRENNUNG(e=4.5)//BP86/def-SV(P)) for 1–3,
5–7, 11, and 12, F4-TCNQ, TCNQ, and TCNE against Ered,1 determined
by CV.
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formity of the distances in the originally quinoid TCNQ
rings in [12]2

2�, averaging to 1.39 � for both independent
molecules, suggests that their aromatization occurred upon
s-dimer formation. Furthermore, the significant lengthening
of the C=C bonds in the TCV (�C(CN)=C(CN)2) moieties
to an average value of 1.44 � with the concurrent shorten-
ing of the adjacent C�C bonds to 1.37 � indicate delocaliza-
tion of the negative charge over the entire TCV unit, hence
forming tricyano-substituted allylic anions (Figure 6 a). Simi-

lar effects have previously been described for other anionic
TCV-substituted systems.[35] This is further supported by cal-
culations at the B3LYP/6-31G(d) level[36] performed on the
[12]2

2� s-dimer. The bond lengths and torsional angles of the
calculated dianionic structure compare well to those ob-
tained by X-ray analysis (see caption to Figure 6 a). The cal-
culated HOMO of the dianionic species has most of the
electron density on the TCV moieties with only small coeffi-
cients on the central C�C bond (see the Supporting Infor-
mation).

In the crystal packing of 15, multiple short contacts with
N···C distances ranging from 3.35 to 3.58 � between the
[12]2

2� ions (A and B) and the neighboring [FeCp*2]
+ mole-

cules are observed. For example, molecule A is surrounded
by eight [FeCp*2]

+ units with ten intermolecular N···C con-
tacts between 3.36 and 3.61 � (Figure 6 b; for molecule B,
see the Supporting Information). The average Fe�C bond
lengths of 2.097 �, based on the three ordered [FeCp*2]

+

units, are consistent with the presence of FeIII atoms.[37]

Naturally, the s-bond formation between two radical cen-
ters results in disappearance of paramagnetic properties. In
analogy to the reported TCNQ s-dimers, the central C�C
bond in diamagnetic [12]2

2� is expected to be rather weak
due to the long bond length, considerable delocalization of

Figure 5. EPR spectra of 2 and 7 in the solid state (a and c) and in [D6]acetone solution (b and d) recorded at ambient temperature (ca. 298 K).

Table 5. The g factors extracted from the EPR spectra of 2, 5, and 7, re-
corded under various conditions, and the g factors for the reference com-
pounds TCNE, TCNQ, and F4-TCNQ.

Compound Conditions g factor

2 solid state 2.0036
[D6]acetone solution (1 mm) 2.0034

5 solid state 2.0032
DME solution (270 K) 2.0034
after K metal reduction in DME (270 K) 2.0035

7 solid state 2.0033
[D6]acetone solution (1 mm) 2.0032

TCNEC� [a] 2.0026�0.0002
TCNQC� [b] 2.0027�0.0002
F4-TCNQC� [b] 2.0029�0.0001

[a] Taken from ref. [32a]. [b] Taken from ref. [32b].
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the bonding electrons, and electrostatic repulsions.[33c,38]

Breaking this bond by external stimuli should yield two rad-
ical anions 12C� (Scheme 1). Indeed, the solid-state IR spec-
trum of 15 displays two bands in the n ACHTUNGTRENNUNG(C�N) region at 2169

and 2129 cm�1, accompanied by a band at 806 cm�1 resulting
from the d ACHTUNGTRENNUNG(C�H) bend, which are attributable to the
s-bonded TCNQ moieties.[39] The IR spectrum recorded in
CHCl3 solution of 15 on the other hand features a single
band at n ACHTUNGTRENNUNG(C�N)=2178 cm�1 and a weak band at 839 cm�1,
which most likely results from the dACHTUNGTRENNUNG(C�H) mode (see the
Supporting Information), thus indicating dissociation of the
central s-bond to form two radical anions 12C� in solution.
Moreover, the solid obtained upon evaporation of the
CHCl3 solution gave identical IR spectrum to that of pris-
tine 15. This is further supported by preliminary EPR inves-
tigations both in the solid state and solution. Whereas the
solid sample of 15 containing diamagnetic s-dimers [12]2

2� is
EPR silent both at 290 and 180 K, dissolving 15 in DME re-
sults in appearance of intense EPR spectra apparently re-
sulting from radical anion 12C� (see the Supporting Informa-
tion). This is in agreement with the fact that no NMR spec-
tra of 15 could be obtained in CD2Cl2 or [D6]acetone solu-
tion.

The influence of the counter cation, solvent polarity, con-
centration, and temperature on the s-dimerization process is
currently under investigation.[38]

Conclusions

A series of stable organic super-acceptors has been synthe-
sized by thermal [2+2] cycloadditions of TCNE, TCNQ, and
F4-TCNQ to DMA-substituted alkynes bearing either nitrile,
dicyanovinyl, or tricyanovinyl functions, followed by retro-
electrocyclization of the initially formed cyclobutenes. De-
spite the nonplanarity of these acceptors, as revealed by
X-ray crystallographic analysis (for 1) and theoretical calcu-
lations, efficient intramolecular charge-transfer (CT) inter-
actions are established. The corresponding CT bands appear
strongly bathochromically shifted with an end-absorption
reaching far into the near infrared region, down to 1600 nm
(0.78 eV) for F4-TCNQ adduct 7. Electronic absorption
spectra of 1–3, 5, 11, and 12 were calculated by applying the
spectroscopy oriented configuration interaction (SORCI)
procedure. In most cases the SORCI excitation energies are
in good agreement with the experimental UV/Vis spectra re-
corded in CH2Cl2. The electrochemical investigations of
these acceptors by CV and RDV in CH2Cl2 identified their
remarkable propensity for reversible electron uptake rival-
ing in some cases even the benchmark compound F4-TCNQ
(Ered,1 =++ 0.16 V vs. Fc+/Fc). Furthermore, the electron-

Figure 6. a) ORTEP plot of dianion [12]2
2� (molecule A) in the X-ray

crystal structure of 15. Atomic displacement parameters obtained at
220 K are drawn at the 30% probability level. Hydrogen atoms and
CH2Cl2 molecules are omitted for clarity. Selected experimental[34] and
calculated (in parentheses; B3LYP/6-31G(d))[36] bond lengths [�]: a 1.41
(1.41), b 1.41 (1.42), c 1.44 (1.45), d 1.45 (1.45), e 1.37 (1.39), f 1.48 (1.48),
g 1.63 (1.67). Selected experimental[34] and calculated (in parentheses;
B3LYP/6-31G(d))[36] torsion angles [8]: C81-C82-C83-C84 162.7 (163.5),
C99-C81-C82-C83 167.7 (161.2), C82-C81-C90-C95 140.6 (137.8), C82-
C81-C99-C104 135.2 (141.0). b) Arrangement of neighboring molecules
in the crystal packing of 15 showing ten intermolecular N···C contacts be-
tween [12]2

2� (molecule A) and the eight surrounding [FeCp*2]
+ mole-

cules. The shortest contact between two neighboring molecules of type A
(N117�C129 3.16 �) is not shown.

Scheme 1. Formation and dissociation of dimeric {[FeCp*2]
+}2[12]2

2� (15).
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accepting power of the new compounds expressed as adia-
batic electron affinity has been estimated by theoretical cal-
culations. Despite the substitution with strong DMA donors,
the predicted EAs for acceptors 2 and 7 reach the value cal-
culated for F4-TCNQ (4.96 eV), which makes these com-
pounds interesting for potential applications as p-type dop-
ants in the fabrication of OLEDs or solar cells.

The first example of a charge-transfer salt between the
DMA-substituted TCNQ adduct 12 and strong electron
donor decamethylferrocene has been prepared. The X-ray
crystallographic analysis revealed that the TCNQ moiety in
the acceptor underwent reductive s-dimerization upon reac-
tion with the donor. Initial investigations by EPR and IR
spectroscopy both in the solid state and solution suggest,
that the dimeric species dissociates in solution. Detailed in-
vestigations of this phenomenon as well as attempts to pre-
pare conductive or magnetic charge-transfer salts between
these potent acceptors and various organic and organome-
tallic donors are currently being pursued. We believe that
even stronger acceptors are in reach upon careful choice of
reacting partners in the [2+2] cycloadditions.

Experimental Section

Materials and general methods : Reagents and solvents were purchased at
reagent grade from Acros, Aldrich, and Fluka, and used as received.
CH2Cl2 was freshly distilled from CaH2 under N2. All reactions were per-
formed under an inert atmosphere by applying a positive pressure of N2.
Column chromatography (CC) and plug filtrations were carried out with
SiO2 60 (particle size 0.040–0.063 mm, 230–400 mesh ASTM; Fluka) or
SiO2 60 (particle size 0.063–0.200 mm, 70–230 mesh ASTM; Merck) and
distilled technical solvents. 3-[4-(Dimethylamino)phenyl]-2-propynenitrile
(8),[17, 18] {3-[4-(dimethylamino)phenyl]-2-propyn-1-ylidene}propanedini-
trile (9),[13b] 4-[4-(dimethylamino)phenyl]-1-buten-3-yne-1,1,2-tricarboni-
trile (10),[19] and 3-(dicyanomethylidene)-2-[4-(dimethylamino)phenyl]-
1,4-pentadiene-1,1,5,5-tetracarbonitrile (12),[17] were prepared according
to literature procedures. Thin-layer chromatography (TLC) was conduct-
ed on aluminum sheets coated with SiO2 60 F254 obtained from Macher-
ey–Nagel; visualization with a UV lamp (254 or 366 nm). Melting points
(m.p.) were measured on a B�chi B-540 melting-point apparatus in open
capillaries and are uncorrected. 1H NMR, 13C NMR, and 19F NMR spec-
tra were measured on a Varian Gemini 300 or on a Bruker DRX400 or
on a Bruker DRX500 spectrometer at 298 K. Chemical shifts (d) are re-
ported in ppm relative to the signal of tetramethylsilane (TMS). Residual
solvent signals in the 1H and 13C NMR spectra were used as an internal
reference. Coupling constants (J) are given in Hz. The apparent reso-
nance multiplicity is described as s (singlet), br s (broad singlet), d (dou-
blet), t (triplet), q (quartet), and m (multiplet). Infrared spectra (IR)
were recorded on a Perkin–Elmer BX FT-IR spectrometer; signal desig-
nations: s (strong), m (medium), w (weak). UV/Vis spectra were record-
ed on a Varian Cary-5 spectrophotometer. The spectra were measured in
CH2Cl2 in a quartz cuvette (1 cm) at 298 K. The absorption maxima
(lmax) are reported in nm with the extinction coefficient (e) m

�1 cm�1 in
brackets; shoulders are indicated as sh. High-resolution (HR) EI-MS
spectra were measured on a Micromass AutoSpec-Ultima spectrometer.
HR FT-ICR-MALDI spectra were measured on a IonSpec Ultima Fouri-
er transform (FT) instrument with [(2E)-3-(4-tert-butylphenyl)-2-methyl-
prop-2-enylidene]malononitrile (DCTB) or 3-hydroxypicolinic acid (3-
HPA) as matrix. HR MALDI-TOF spectra were recorded on a Bruker
Ultraflex II mass spectrometer using 7,7,8,8-tetracyanoquinodimethane
(TCNQ) as matrix and internal calibration (Bruker High Precision Cali-
bration Mode) with TCNQ ([M]+, C12H4N4

+ , m/z calc. 204.0430; Fluka),
terthiophene ([M]+ , C12H8S3

+ , m/z calcd 247.9783; Fluka), and hexahy-

dro-2,6-bis(2,2,6,6-tetramethyl-4-piperidinyl)-1 H,4 H,5 H,8H-2,3a,4a,6,7a,
8a-hexaazacyclopenta ACHTUNGTRENNUNG[def]fluor-ene-4,8-dione ([M +H]+ , C26H46N8O2

+ ,
m/z calcd 503.3816; Uvinul 4049 H Ciba Speciality Chemicals). The most
important peaks are reported in m/z units with M as the molecular ion.
Thermogravimetric analyses (TGA) were carried out on a TA Instru-
ments TGA Q500 V5.3 instrument in air, at a heating rate of 20 8C min�1

between 50 8C and 900 8C. Elemental analyses were performed by the
Mikrolabor at the Laboratorium f�r Organische Chemie, ETH Z�rich,
with a LECO CHN/900 instrument, fluorine was estimated by ionchro-
matography on a Metrohm 761 Compact IC instrument, chlorine was es-
timated by argentometric titration.

Electrochemistry: The electrochemical measurements were carried out at
20 8C in CH2Cl2, containing 0.1m nBu4NPF6 in a classical three-electrode
cell. CH2Cl2 was purchased in spectroscopic grade from Merck, dried
over molecular sieves (4 �), and stored under Ar prior to use. nBu4NPF6

was purchased in electrochemical grade from Fluka and used as received.
The working electrode was a glassy carbon disk electrode (3 mm in diam-
eter) used either motionless for cyclic voltammetry (0.1 to 10 V s�1) or as
rotating-disk electrode for rotating disk voltammetry (RDV). The auxili-
ary electrode was a Pt wire, and the reference electrode was either an
aqueous Ag/AgCl electrode or a platinum wire used as a pseudo-refer-
ence electrode. All potentials are referenced to the ferricinium/ferrocene
(Fc+/Fc) couple, used as an internal standard, and are uncorrected from
ohmic drop. The cell was connected to Autolab PGSTAT30 potentiostat
(Eco Chemie BV, Utrecht, The Netherlands) controlled by the GPSE
software running on a personal computer.

EPR measurements: EPR spectra were recorded on a Bruker ESP 300
X-band spectrometer. All measurements were performed at ambient
temperature (ca. 298 K), unless otherwise stated. 1,2-Dimethoxyethane
(DME) was heated to reflux over Na/K alloy and stored over Na/K alloy
under high vacuum. [D6]acetone was used as received. Compounds 2, 6,
and 7 were dissolved in [D6]acetone and deoxygenated thoroughly by
argon bubbling through for 10 min. Reduction of 5 was performed by
contact of the DME solution of the parent compound with a K-metal
mirror under high vacuum.

Calculations: Electronic absorption spectra of 1–3, 5, 11, and 12 were cal-
culated by applying the spectroscopy oriented configuration interaction
(SORCI)[24] procedure implemented in the ORCA program suite.[25] The
geometries of all molecules were optimized by using the TURBOMOLE
program suite, version 5.10[40] at the BP86/def-SV(P) level. A single-point
Hartree–Fock calculation using the TZVP basis set[41] was performed to
generate the input for the SORCI calculation. The active space was con-
structed from all Slater determinants distributing altogether six electrons
in the HOMO�2, HOMO�1, HOMO, LUMO, and LUMO +1 of the
Hartree–Fock calculation, preserving the HF-occupation of all other orbi-
tals. The three configuration selection parameters were set to 10�6 (tsel),
10�4 (tpre), and 10�5 (tnat), respectively.

X-ray analysis : The structures were solved by direct methods (SIR-97)[42]

and refined by full-matrix least-squares analysis (SHELXL-97),[43] using
an isotropic extinction correction. All non hydrogen atoms were refined
anisotropically; hydrogen atoms were refined isotropically, whereby hy-
drogen positions are based on stereochemical considerations.

X-ray crystal structure of 1: Crystal data at 220(2) K for C20H11N7, Mr =

349.36, triclinic, space group P1̄, 1calcd =1.278 gcm�3, Z=2, a=7.0331(18),
b=7.7652(19), c= 16.756(2) �, a= 86.996(14), b=83.408(15), g=

88.385(16)8, V =907.6(3) �3. Bruker–Nonius Kappa-CCD diffractometer,
MoKa radiation, l=0.7107 �, m=0.082 mm�1. A black crystal of 1 (linear
dimensions ca. 0.16 � 0.07 � 0.06 mm) was obtained by slow diffusion of
n-hexane into a solution of 1 in CH2Cl2. Numbers of measured and
unique reflections are 3942 and 2466, respectively (Rint =0.062). Final
R(F)=0.072, wR(F2) =0.168 for 247 parameters and 1636 reflections
with I>2s(I) and 2.92<q<23.238 (corresponding R values based on all
2466 reflections are 0.112 and 0.193, respectively).

X-ray crystal structure of 15 : Crystal data at 220(2) K for 2(C46H28N12)·4-ACHTUNGTRENNUNG(C20H30Fe)·2.5 ACHTUNGTRENNUNG(CH2Cl2), Mr =3010.04, monoclinic, space group P21/cACHTUNGTRENNUNG(no. 14), 1calcd =1.226 gcm�3, Z=4, a =21.8649(13), b= 31.0432(15),
c =26.3554(14) �, b=114.293(11)8, V= 16305(2) �3. Bruker-Nonius
Kappa-CCD diffractometer, MoKa radiation, l =0.7107 �, m=
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0.489 mm�1. A green crystal of 15 (linear dimensions ca. 0.15 � 0.09 �
0.05 mm) was obtained by slow diffusion of n-hexane into a solution of
15 in CH2Cl2. Numbers of measured and unique reflections are 33 275
and 19452, respectively (Rint =0.044). Final R(F) =0.072, wR(F2) =0.165
for 1949 parameters and 14 056 reflections with I> 2s(I) and 1.66<q<

21.988 (corresponding R values based on all 19452 reflections are 0.106
and 0.186, respectively). CCDC-711841 (1) and CCDC-711842 (15) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Silylation of glass surfaces with dimethyldichlorosilane (DMDCS):[21] The
glassware was soaked in a toluene solution of DMDCS (5 % v/v) for
15 min at 25 8C. Subsequently, the glassware was rinsed twice with tolu-
ene, soaked for 15 min in MeOH, rinsed with MeOH, and finally dried in
a nitrogen stream.

3-(Dicyanomethylidene)-2-[4-(dimethylamino)phenyl]-1,4-pentadiene-
1,1,5,5-tetracarbonitrile (1): TCNE (48 mg, 0.380 mmol) was added to a
solution of 9 (42 mg, 0.190 mmol) in 1,2-dichloroethane (35 mL). The
mixture was stirred for 16 h at 60 8C. The solvent was evaporated in
vacuo to afford a black solid that was purified by repeated (3 � ) slow dif-
fusion of n-hexane into CH2Cl2 solution at 25 8C. Subsequent CC (SiO2,
CH2Cl2!CH2Cl2/EtOAc 95:5; decomp) afforded 1 (17 mg, 26%) as a
black metallic-like solid. Rf =0.48 (SiO2, CH2Cl2/EtOAc 95:5; decomp);
m.p.>250 8C (decomp); 1H NMR (500 MHz, CD2Cl2): d=3.21 (s, 6H),
6.80 (d, J=9.4 Hz, 2 H), 7.67 (d, J =9.4 Hz, 2H), 8.02 ppm (s, 1H);
13C NMR (125 MHz, CD2Cl2): d=40.83, 74.33, 97.59, 100.24, 109.54,
109.82, 110.22, 112.27, 113.36, 114.22, 114.32, 117.29, 132.97, 147.72,
155.16, 155.85, 158.85 ppm; IR (neat): ñ=3031 (w), 2923 (w), 2852 (w),
2214 (s), 1603 (s), 1476 (s), 1457 (s), 1382 (s), 1359 (s), 1275 (m), 1218 (s),
1167 (s), 1059 (m), 943 (m), 898 (w), 825 cm�1 (s); UV/Vis (CH2Cl2):
lmax (e) =317 (21 400), 304 (25 000), 486 nm (43 300 m

�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C20H11N7

� [M]�: 349.1081; found:
349.1084.

3-(Dicyanomethylidene)-4-[4-(dimethylamino)phenyl]-1,4-pentadiene-
1,1,2,5,5-pentacarbonitrile (2): TCNE (13 mg, 0.101 mmol) was added to
a solution of 10 (25 mg, 0.101 mmol) in 1,1,2,2-tetrachloroethane
(15 mL), and the mixture was stirred for two days at 120 8C. After that
time, n-hexane (20 mL) was added slowly forming a second layer on the
top of the reaction solution and the mixture was allowed to stand for two
days at 25 8C. The mother liquor was carefully removed using a Pasteur
pipette, and the solid was washed with n-hexane. Repeated (3 � ) crystalli-
zation by slow diffusion of n-hexane into CH2Cl2 solution at 25 8C afford-
ed 2 (25 mg, 66 %) as a black solid. Rf not determined due to rapid de-
composition on SiO2; m.p.>232 8C (decomp); 1H NMR and 13C NMR
not available due to contamination with paramagnetic species and low
solubility of the solid; IR (neat): ñ=2923 (w), 2214 (m), 1601 (s), 1485
(s), 1437 (m), 1375 (s), 1191 (s), 1171 (s), 1121 (m), 1064 (w), 941 (w),
822 cm�1 (w); UV/Vis (CH2Cl2): lmax (e)=295 (15 400), 469 (16 300),
657 nm (5600, m

�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C21H10N8

� [M]�: 374.1023; found: 374.1028.

2-{[4-(Dicyanomethylidene)-2,5-cyclohexadien-1-ylidene][4-(dimethyl-ACHTUNGTRENNUNGamino)phenyl]methyl}-1,3-butadiene-1,1,4,4-tetracarbonitrile (3): TCNQ
(92 mg, 0.450 mmol) was added to a solution of 9 (50 mg, 0.226 mmol) in
1,2-dichloroethane (35 mL). The mixture was stirred for five days at
60 8C. The solvent was evaporated in vacuo and the residue purified by
repeated (3 � ) slow diffusion of n-hexane into CH2Cl2 solution at 20 8C.
The obtained solid was divided into four portions, which were individual-
ly purified by multiple CC (SiO2, 3� CH2Cl2!CH2Cl2/EtOAc 1:1;
decomp) to afford 3 (13 mg, 14 %) as a deep-blue metallic-like solid. Rf =

0.43 (SiO2, CH2Cl2/EtOAc 1:1; decomp); m.p. 140–142 8C; 1H NMR
(400 MHz, 1,1,2,2-[D2]tetrachloroethane): d=3.11 (s, 6 H), 6.70–6.74 (m,
3H), 7.13 (d, J =9.2 Hz, 2H), 7.21 (dd, J =9.5, 1.9 Hz, 1 H), 7.27 (dd, J=

9.5, 1.9 Hz, 1 H), 7.40 (dd, J =9.5, 1.9 Hz, 1 H), 7.96 ppm (s, 1H);
13C NMR (125 MHz, 1,1,2,2-[D2]tetrachloroethane): d=40.59, 97.26,
98.05, 109.48, 110.49, 110.62, 111.99, 113.40, 114.89, 122.14, 126.21, 126.71,
133.18, 133.29, 135.09, 135.65, 143.32, 151.10, 153.65, 153.77, 161.78 ppm;
IR (neat): ñ =2857 (w), 2198 (s), 1607 (w), 1575 (s), 1519 (m), 1395 (m),
1367 (s), 1347 (s), 1162 (s), 1002 (w), 940 (m), 909 (m), 820 cm�1 (m);

UV/Vis (CH2Cl2): lmax (e)=379 (sh, 68 000), 400 (108 400), 633 (13 900),
930 nm (1400 m

�1 cm�1); HR-MALDI-TOF-MS (TCNQ): m/z calcd for
C26H15N7

+ [M]+ : 425.1383; found: 425.1374.

3-[4-(Dicyanomethylidene)-2,3,5,6-tetrafluoro-2,5-cyclohexadien-1-yl-ACHTUNGTRENNUNGidene]-3-[4-(dimethylamino)phenyl]-1-propene-1,1,2-tricarbonitrile (5):
F4-TCNQ (57 mg, 0.206 mmol) was added to a solution of 8 (35 mg,
0.206 mmol) in CH2Cl2 (50 mL) in a flask deactivated with DMDCS. The
mixture was stirred for 17 h at 25 8C. After that time, n-hexane (50 mL)
was added slowly forming a second layer on the top of the reaction solu-
tion and the mixture was allowed to stand for two days at 25 8C. The
mother liquor was carefully removed using a Pasteur pipette, and the
solid was washed with n-hexane. Repeated (3 � ) crystallization by slow
diffusion of n-hexane into CH2Cl2 solution at 25 8C afforded 5 (60 mg,
65%) as a black metallic-like solid. Rf =0.13 (SiO2, CH2Cl2/EtOAc 95:5;
decomp); m.p.>410 8C (decomp); 1H NMR (300 MHz, CD2Cl2): d =3.39
(s, 6H), 6.95 (d, J =9.4 Hz, 2H), 7.33 ppm (d, J =9.4 Hz, 2H); 13C NMR
(125 MHz, CD2Cl2): not available due to low solubility of the solid;
19F NMR (282 MHz, CD2Cl2): d =�140.53 (m), �133.24 ppm (br s); IR
(neat): ñ=2652 (w), 2197 (s), 2181 (m), 1635 (m), 1602 (s), 1532 (m),
1387 (s), 1271 (s), 1200 (s), 1161 (s), 1072 (m), 978 (m), 960 (m), 869 (w),
834 (s), 822 cm�1 (m); UV/Vis (CH2Cl2): lmax (e) =330 (12 400), 370 (sh,
9300), 391 (12 200), 539 (25 600), 993 nm (22 300 m

�1 cm�1); HR-MALDI-
TOF-MS (TCNQ): m/z calcd for C23H10N6F4

+ [M]+ : 446.0898; found:
446.0886; elemental analysis calcd (%) for C23H10N6F4 (446.37): C 61.89,
H 2.26, N 18.83, F 17.02; found: C 61.92, H 2.43, N 18.65, F 17.12.

2-{[4-(Dicyanomethylidene)-2,3,5,6-tetrafluoro-2,5-cyclohexadien-1-yl-ACHTUNGTRENNUNGidene][4-(dimethylamino)phenyl]methyl}-1,3-butadiene-1,1,4,4-tetra-ACHTUNGTRENNUNGcarbonitrile (6): F4-TCNQ (62 mg, 0.225 mmol) was added to a solution
of 9 (50 mg, 0.226 mmol) in CH2Cl2 (40 mL) in a flask deactivated with
DMDCS. The mixture was stirred for 16 h at 25 8C. After that time,
n-hexane (50 mL) was added and the mixture was allowed to stand for
two days at 25 8C. The mother liquor was carefully removed, the solid
was washed with n-hexane (3 � ) and dried in vacuo to give 6 (94 mg,
84%) as a copper-like solid. Rf =0.12 (SiO2, CH2Cl2/EtOAc 95:5;
decomp); m.p.>270 8C (decomp); 1H NMR, 13C NMR, and 19F NMR not
available due to contamination with paramagnetic species and low solu-
bility of the solid; IR (neat): ñ=3039 (w), 2925 (w), 2662 (w), 2189 (s),
2162 (s), 1635 (m), 1603 (s), 1505 (s), 1480 (m), 1401 (s), 1357 (s), 1222
(s), 1179 (s), 1079 (m), 1002 (s), 964 (s), 920 (m), 859 (m), 833 cm�1 (s);
UV/Vis (CH2Cl2): lmax (e)=289 (sh, 20600), 321 (27 000), 697 (40 600),
942 nm (17 000 m

�1 cm�1); HR-MALDI-TOF-MS (TCNQ): m/z calcd for
C26H11N7F4

+ [M]+ : 497.1007; found: 497.1019; elemental analysis calcd
(%) for C26H11N7F4 (497.41): C 62.78, H 2.23, N 19.71, F 15.28; found: C
62.28, H 2.37, N 19.27, F 15.34.

3-{[4-(Dicyanomethylidene)-2,3,5,6-tetrafluoro-2,5-cyclohexadien-1-yl-ACHTUNGTRENNUNGidene][4-(dimethylamino)phenyl]methyl}-1,3-butadiene-1,1,2,4,4-penta-ACHTUNGTRENNUNGcarbonitrile (7): F4-TCNQ (17 mg, 0.061 mmol) was added to a solution
of 10 (15 mg, 0.061 mmol) in CH2Cl2 (10 mL) in a flask deactivated with
DMDCS. The mixture was stirred for five days at 25 8C. After that time,
n-hexane (10 mL) was added slowly forming a second layer on the top of
the reaction solution and the mixture was allowed to stand for three days
at 25 8C. The mother liquor was carefully removed using a Pasteur pip-
ette, and the solid was washed with n-hexane. Repeated (3 � ) crystalliza-
tion by slow diffusion of n-hexane into CH2Cl2 solution at 25 8C afforded
7 (28 mg, 88%) as a black metallic-like solid. Rf not determined due to
rapid decomposition on SiO2; m.p.>360 8C (decomp); 1H NMR,
13C NMR, and 19F NMR not available due to contamination with para-
magnetic species and low solubility of the solid; IR (neat): ñ =2196 (s),
2171 (m), 1633 (m), 1595 (s), 1502 (m), 1476 (m), 1352 (s), 1304 (s), 1200
(s), 1171 (s), 1111 (m), 1030 (m), 972 (m), 869 (w), 836 cm�1 (w); UV/Vis
(CH2Cl2): lmax (e)=306 (sh, 15 900), 342 (19 400), 420 (11 800), 753
(36 700), 1120 nm (9400 m

�1 cm�1); HR-MALDI-TOF-MS (TCNQ): m/z
calcd for C27H10N8F4

+ [M]+ : 522.0959; found: 522.0960.

Charge-transfer salt {[FeCp*2]
+}2[12]2

2�·1.4 CH2Cl2 (15): To a solution of
12 (50.0 mg, 0.133 mmol) in dry MeCN (20 mL), [FeCp*2] (43.4 mg,
0.133 mmol) in dry CH2Cl2 (10 mL) was added dropwise. The originaly
purple solution became intense green while stirred for 30 min at 25 8C.
The solvent was evaporated in vacuo and the dark residue dissolved in
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CH2Cl2 (15 mL). n-Hexane (ca. 15 mL) was added slowly on the top of
the CH2Cl2 solution forming a second layer, and the mixture was allowed
to stand for five days at 0 8C. The formed solid was collected by filtration,
washed with n-hexane, and dried in vacuo (2 � 10�6 mbar) to give an ana-
lytical sample of 15 (69.2 mg, 68%) as dark green crystals readily soluble
in CH2Cl2. Crystals of 15 in equilibrium with the supernatant were used
for X-ray crystallographic analysis to prevent loss of co-crystallized sol-
utes. Interestingly, red-brown crystals that were obtained in comparable
yields in different runs, featured identical elemental composition and
crystallographic parameters as the original sample of 15. M.p.>170 8C
(decomp); IR (neat): ñ= 2961 (w), 2920 (w), 2853 (w), 2796 (w), 2169 (s),
2129 (s), 1601 (s), 1581 (s), 1519 (s), 1476 (m), 1444 (m), 1424 (m), 1338
(s), 1283 (s), 1172 (s), 1124 (m), 1061 (m), 1022 (m), 945 (m), 905 (w),
834 (m), 822 (m), 806 cm�1 (m); IR (CHCl3): ñ =3010 (m), 2920 (w),
2868 (w), 2178 (s), 1601 (m), 1582 (s), 1525 (w), 1505 (w), 1477 (w), 1424
(m), 1356 (s), 1334 (s), 1182 (m), 1174 (m), 1022 (w), 989 (w), 946 (w),
904 (w), 839 cm�1 (w); UV/Vis (CH2Cl2): lmax (e)=277 (52 500), 320 (sh,
37700), 437 (33 700), 470 (sh, 29000), 620 (39 600), 690 (sh, 26000),
1307 nm (28 300 m

�1 cm�1); elemental analysis calcd (%) for
C86H88N12Fe2·1.4 CH2Cl2 (1520.29): C 69.05, H 6.02, N 11.06, Cl 6.53;
found: C 69.11, H 6.31, N 11.11, Cl 6.54.
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