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Abstract

pH as well as CO4 are among the most important parameters in industrial, environmental and
medical monitoring. Therefore, there is an increasing demand for precise and reliable measuring
devices in these fields. Optical sensors represent a promising alternative to conventional
electrochemical sensors for these parameters. In this thesis the synthesis and the photophysical
properties of novel pH sensitive BFa-chelated tetraarylazadipyrromethene (azaBODIPY) dyes,
which show suitable characteristics for indicators in pH and COs sensors, were investigated.
Moreover, their applicability for optical pH as well as CO4 sensing was examined.

In contrast to most previously reported azaBODIPY dyes in pH sensors, which are based
on PET (photoinduced electron transfer) as well as ICT (internal charge transfer), the dyes
investigated in this thesis are purely based on PET and therefore absorption and emission
wavelengths are nearly independent of pH. This facilitates the design of light harvesting
systems with a pH insensitive azaBODIPY as antenna dye resulting in significant enhancement
of sensor brightness. Consequently, film thicknesses can be reduced for faster response times.

The novel dyes show absorption and emission maxima in the red/NIR range (in the so-called
“optical window”), excellent quantum yields and high molar absorption coefficients. These
properties make the new dyes excellent candidates for pH sensors.

The pK, of the dyes was tuned by incorporation of electron donating or electron withdraw-
ing substituents. Dyes with pK, values ranging from 7.8 to 12 were synthesized enabling
applications in various fields like biology, medical applications or marine monitoring. While
the dyes with low pK, are perfectly suitable for pH sensing, azaBODIPYs with such high pKj,
values were not reported before and are especially attractive for applications in carbon dioxide
sensing via “plastic-type” COq sensors. Fluorescence-based “on-off” CO; sensors for simple
emission-based read-out were made.

New synthetic strategies for simple and versatile covalent immobilization of azaBODIPYs
on polymer matrices were developed and investigated towards their applicability in sensors.
Covalent coupling between the dye and the matrix was achieved by activation with BCls. In
the future this method may not only enable covalent immobilization, but also various other
substitution reactions on the boron center to alter the chemical and photophysical properties
of the dye.
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Kurzfassung

Da pH und CO5 wichtige Parameter in Industrie, Umweltanalyse und in der Medizin sind,
besteht ein hoher Bedarf an prézisen und zuverlassigen Instrumenten fiir Messungen in
diesen Bereichen. Optische Sensoren stellen eine vielversprechende Alternative fiir herkomm-
liche elektrochemische Sensoren dar. Der Fokus dieser Arbeit lag auf der Synthese und der
Charakterisierung von neuen pH sensitiven BFs-komplexierten tetraarylazadipyrromethene
(azaBODIPY) Farbstoffen sowie deren Anwendung in optischen pH und COs Sensoren.

Im Gegensatz zu den meisten bisher bekannten azaBODIPY Farbstoffen in pH Sensoren,
welche sowohl auf PET (Photoinduced Electron Transfer) als auch auf ICT (Internal Charge
Transfer) basieren, beruhen die neuen Farbstoffe ausschlieflich auf dem PET-Effekt und
haben daher beinahe pH-unabhéngige Absorptions- und Emissionsspektren. Das ermoglicht
ein einfaches Design von Light Harvesting Konzepten durch Zugabe eines pH-unempfindlichen
Farbstoffes. Mit diesem Konzept konnte die Helligkeit der Sensoren signifikant erhoht werden.
Dadurch kénnen wiederum Schichtdicken verringert, und somit Ansprechzeiten der Sensoren
verkiirzt werden.

Die neuen Farbstoffe haben Absorptions- und Emissionsmaxima im roten/NIR Bereich (im
sogenannten ,optischen Fenster®), haben hervorragende Quantenausbeuten und hohe molare
Absorptionskoeffizienten, wodurch sie bestens als Indikatoren in pH Sensoren geeignet sind.

Der pK, der Farbstoffe wurde durch elektronenziehende oder elektronendriickende Sub-
stituenten verdndert. Farbstoffe mit pK, Werten zwischen 7,8 und 12 wurden hergestellt,
wodurch Nutzungen in verschiedensten Anwendungsbereichen wie zum Beispiel in der Biologie,
in der Medizin oder in Messungen von Meerwasser ermoglicht werden. Einerseits eignen sich
die Farbstoffe mit niedrigem pK, hervorragend fiir pH Messungen, andererseits stellen die
Farbstoffe mit hohem pK, vielversprechende Indikatoren fiir Kohlenstoffdioxid-Messungen
in ,plastic type* COo Sensoren dar. Ein unkompliziertes read-out wird durch den einfachen
, On-Off* Mechanismus der Fluoreszenz ermoglicht.

Fiir eine kovalente Immobilisierung der azaBODIPY Farbstoffe in Polymermatrizen wurden
neue Synthesewege mit BCls entwickelt. In der Zukunft konnte diese Methode nicht nur fiir
die kovalente Bindung der Farbstoffe an Matrixmaterialien genutzt werden, sondern auch fiir
unterschiedlichste Substitutionsreaktionen am Bor-Zentrum der Farbstoffe, um somit deren

chemischen und photophysikalischen Eigenschaften zu verbessern.
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1 Introduction

pH is an important parameter in many aspects of our life. pH monitoring in industrial
processes, biomedical research, in health care or environmental monitoring are just a few
examples to illustrate the importance of pH sensing. In most applications conventionally
glass electrodes are used to monitor pH, but also recently established optical pH sensors have
become an increasingly important tool due to several advantages over other conventional
electrochemical devices: optical sensors have a high sensitivity within their dynamic range,
they are not prone to electrochemical interferences, they allow for contactless measurement,

possibilities of miniaturization and remote measurements in combination with fiber-optics. [1]

azaBODIPYs modified with PET (photoinduced electron transfer) groups are promising
dyes for optical pH sensors and were numerously reported. [2-4] Previously reported azaBOD-
IPYs carry a pH sensitive hydroxy group in para-position on a phenyl ring, which leads to
incorporation of the hydroxy group into the m-system of the dye’s core and consequently to
pH dependent PET- and ICT-quenching. [5, 6] OH-substitution in meta-position however,
does not connect the hydroxy group to the conjugated 7-system, resulting in indicators purely
base on PET-quenching. Thus, the new azaBODIPY dyes with m-OH substitution show a
pH independent absorption and emission spectrum, whereas the intensity of emission spectra
is pH dependent due to PET-quenching in the deprotonated state. Due to absorption and
emission in the far-red/near infrared range of the light, high molar absorption coefficients,
good quantum yields and excellent chemical stability and photostability azaBODIPY dyes are
promising indicators for pH sensors. [3] The pK, of the dyes can be tuned by incorporation of
electron donating or electron withdrawing substituents enabling applications in various fields.
2,5

While azaBODIPYs with pK, in the neutral to slightly basic pH range are suitable for pH
sensors in marine monitoring, in biological or in medical applications, azaBOIDPYs with high
pK, values are promising indicators in “plastic type” carbon dioxide sensors. In combination
with a tetraoctylammonium hydroxide base TOATOH ™~ the dye gets protonated in the presence
of CO2 which is in equilibrium with bicarbonate and carbonate ions. [7] Carbon dioxide
sensors for applications in food packaging, medicine or environmental monitoring can be made

with this approach.
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1 Introduction

Within the scope of this thesis a set of five novel indicator dyes with different electron
donating and electron withdrawing substituents were synthesized, characterized and their
applicability in pH as well as in carbon dioxide sensors for various pH and CO4 ranges was
examined. A pH insensitive azaBODIPY dye was used as an antenna dye (donor dye) in a light
harvesting approach. Covalent immobilization of the dye in a polymer matrix (a copolymer
consisting of polyacryloylmorpholine and polyhydroxyethyl acrylamide as well as cellulose
acetate propionate) was achieved by formation of a B-O bond on the boron-center of the dye

via activation with boron trichloride.
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2 Theoretical Background

2.1 What is luminescence?

This chapter and the following subchapters are based on references [8] and [9]. Other references
will be cited separately.

Luminescence is the emission of photons with energy in the ultraviolet, visible or infrared
region of the light. The emission of a photon takes place after electronic excitation of the
substance i.e. the excitation of an electron into an electronically higher state. Different types
of luminescence can be categorized according to their mode of excitation (e.g. photolumi-
nescence after absorption of a photon, electroluminescence by excitation in an electric field
or chemoluminescence after a chemical process), however only photoluminescence will be
considered in this thesis. De-excitation, i.e. the relaxation of the excited species back into
the electronic ground state, can take place via emission of light, resulting in fluorescence or

phosphorescence, but also via various other non-radiative processes (figure 2.1).

photochemical transformation fluorescence emission
excimer/exiplex formation \ internal conversion
phosphorescence
EXCITED _
energy transfer <€«—— ——> inter-system
MOLECULE crossing

delayed fluorescence

proton transfer / \ intramolecular charge transfer

electron transfer conformational change

Figure 2.1: Possible relaxation processes of an excited species

2.2 Absorption of light

In photoluminescence, excitation of an electron from the ground state to an unoccupied orbital
of higher energy is induced by absorption of a photon. Possible transitions of electrons between

orbitals upon absorption of light to reach an excited states are shown in figure 2.2.
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2 Theoretical Background
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Figure 2.2: Possible transitions of electrons in a molecule to reach the excited state

A common transition is the excitation from HOMO (highest occupied molecular orbital)
to LUMO (lowest unoccupied molecular orbital), which requires the least amount of energy.
However, also other transitions are possible. The energies required for these transitions are of
following order:

no>rt<tTorT<n—ao <ot <o—o"

In general, the spin of an excited electron remains unchanged during the transition from one
molecular orbital to another (i.e. the total spin quantum number of the molecule S =" s;,
with s; = —|—% or —% remains unchanged). Therefore, the multiplicity (M = 25 + 1) of ground
state and excited state is 1. The excited state is called singlet state and the transition is
a singlet-singlet transition. However, also transitions during which an electron changes its
spin orientation are possible, resulting in a state of two unpaired electrons with parallel spin.
The total spin quantum number is 1 and the multiplicity 3, therefore the excited state is

called triplet state. Such transitions are spin forbidden, however, they occur due to “spin-orbit
coupling”.

E |

\ A
\ /A
N4

~—_—"0

nuclear coordinates

Figure 2.3: Franck-Condon principle
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2.8 The Perrin-Jablonski diagram

According to the Franck-Condon principle based on the Born-Oppenheimer approximation,
the motional components of the nucleus and the electrons of a molecule can be considered
as independent from each other. The motions of the electrons are much faster than those
of the nuclei which means that electron transitions from one molecular orbital to another
can be assumed to take place without change of the position of the nucleus. The transitions
can be illustrated by use of Morse-like potential energy functions of the ground state Sy and
excited singlet state S;. As shown in figure 2.3, the transitions in a diatomic molecule (with a
shift representing the distance between the two nuclei) can be drawn as vertical lines between
electronic level to reach the so called Franck-Condon state by a wvertical transition.

Each electronic state has a set of sublevels representing the vibrational states, as showed in
figure 2.3. Transitions take place between the various sublevels, resulting in a broadening of
the absorption band. The maximum in the absorption spectrum is formed by an electronic
transition from one electronic state to a vibrational level of higher state, which takes place
with the highest probability. The rest of the shape of a spectrum is defined by transitions to
other vibrational levels. The shape of the absorption band therefore depends of the shapes
and positions of the involved potential energy curves as well as on the involved vibrational
levels. Each transition is defined by the energy gap between the starting and the final energy
level, which is described by E = hv = he/A (h is the Planck constant, v th frequency, ¢ the
speed of light and A the wavelength). Due to the contribution of the vibrational levels the
absorption as well as the emission spectra do not consist of discrete lines, but of absorption
and emission bands. [10]

The absorbance A) can be described as the efficiency of absorption of light at a certain

wavelength A by an absorbing medium, and is expressed by Lambert-Beer law:

I

— ey -] 2.1
I/\ 6)\lc ( )

Ay =log
where If\) is the intensity of the light entering the absorbing medium, If\) the intensity of the
light leaving the medium, €, is the molar absorption coefficient in L - mol™ - em™, ¢ the
concentration of the medium in mol - L't and 1 is the thickness of the medium (typically
cuvettes with 1 cm path length are used in absorption spectroscopy). The molar absorption
coeflicient ¢ is usually calculated at the maximum of the absorption band An.x. However, it is
important to note, that the linear relationship between the absorbance and the concentration of
a absorbing solution is only applicable for dilute solutions. At higher concentrations the actual

absorbance could deviate from this linear relationship due to e.g. formation of aggregates.

2.3 The Perrin-Jablonski diagram

After absorption of light by a molecule and excitation to a higher electronic state (absorption

takes place within a time span of about 107'°s), the chromophore can return back to the
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2 Theoretical Background

ground state by various intrinsic relaxation pathways under emission of energy (only intrinsic
de-excitation process in absence of quenching substances are considered at this point). These
pathways can be of radiative or non-radiative nature and can schematically be described in a
Perrin-Jablonski diagram (figure 2.4). Sy, S and So are the singlet ground state, the first and
the second singlet state, respectively, T; is the first triplet state. Each electronic state consists
of various vibrational sublevels with different energies. Transitions between the energy levels
are described by vertical lines.

As described above, absorption of a light (photon) induces excitation of an electron from
the lowest vibrational level of the singlet ground state Sy, which is populated by most of the
electrons at room temperature, to a vibrational state belonging to a singlet state of higher
energy Sy,. De-excitation can take place by radiative or non-radiative processes, which compete
all with each other. The stronger the competing losses by non-radiative processes, the lower is

the emission by fluorescence or phosphorescence. [10]
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’ Absorption  Fluorescence Phosphorescence

Figure 2.4: Perrin-Jablonski diagram

2.3.1 Possible intrinsic relaxation pathways

o After a molecule reached a vibrational level of a singlet state higher than 1 (S,,n > 1),
it quickly relaxes to the lowest vibrational level of S,, and subsequently to the lowest
vibrational level of the first excited state S; This pathway is called internal conversion

and takes place in a time span of 10®s- 10"''s. From there, fluorescence or other
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2.8 The Perrin-Jablonski diagram

relaxation processes can take place to reach the ground state Sy (Kasha’s rule). Internal
conversion only takes place between electronic state with the same spin multiplicity (more

precisely only between Sa — S1, S1 — Sp or Ty — T1, but never between S; — T1).

e Relaxation from a vibrational level of S; to one of Sy accompanied by emission of
photons is called fluorescence. Internal conversion from S; to Sy can take place as
well, however the energy gap between the two levels is quite large, so this transition is
hampered and fluorescence is favored over internal conversion. Therefore, fluorescence
with a shorter lifetime (1071°- 10" s) can compete with the internal conversion relaxation
from S7 to Spy.

An important characteristic of emission spectra is that they are often a mirror image
of the absorption spectrum (“mirror image rule”). This can be explained by the fact
that the energy gaps between the vibrational levels of the excited state S; and the
ground state Sy are similarly distributed. Absorption generally takes place from the
lowest vibrational level of Sy to a higher vibrational level of Si, followed by vibrational
relaxation. Vice versa, emission usually takes place from the lowest vibrational level of
S1 to a higher vibrational level of Sy and subsequent vibrational relaxation. Therefore,
emission spectra are shifted to higher wavelengths (lower energy) because energy is ’lost’
to the environment during the vibrational relaxation in the excited S and in the ground
state. [11]

e Besides fluorescence, an alternative de-excitation pathway from S is inter-system
crossing, a transition between states with different spin multiplicities accompanied
by spin reorientation (e.g. a transition from a vibrational level of S; to a vibrational
level of the triplet state 77 with the same energy). Even though these transitions are
spin-forbidden, they can occur if spin-orbit coupling in the molecules is large enough
to promote this transition. In some cases, if the energy gap is small enough and if
the lifetime of 77 is long enough, a transition back to the singlet state is also possible

(reverse inter-system crossing).

e Return to the singlet ground state from a triplet state is called phosphorescence.
Usually, phosphorescence has lower energy (longer wavelength) than fluorescence because
T1 is an energetically lower state than S7. Because this transition is spin-forbidden
(change of the spin multiplicity) emission of phosphorescent light takes much longer
(10%- 1) than fluorescence and therefore mostly relaxation by inter-system crossing

and vibrational relaxation is favored.

e As described above, transition back to the S; from T3 state is possible in some cases.
From there, delayed fluorescence, emission at same energy as usual fluorescence
takes place. However, the decay time of delayed fluorescence is longer than for normal

fluorescence.
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2 Theoretical Background

2.3.2 Characteristics of fluorescence emission
Stokes Shift

The fluorescence emission band is generally shifted to longer wavelength (lower energy)
compared to the absorption band. This energy difference is called the Stokes Shift. It is
defied as the energy gap between the maximum of the emission spectrum and the maximum
of the first absorption band and is expressed in wavenumbers (Av = v, — vy). The Stokes
Shift originates from the electrons being excited to higher vibrational levels of the Sy state
from where they rapidly relax to the lowest Sy vibrational level associated with loss in energy.
Additionally, during fluorescence emission electrons relax to various vibrational levels of Sy,
which is again accompanied with energy loss. Other effects like energy transfer in the excited

state, solvent effects or complex formation can influence the Stokes Shift.

Lifetime

A molecule stays in the excited state for a certain time, before it returns back to the ground
state. This time, the fluorescence lifetime 7, is the average time the species remains in the
excited state. For deactivation from Sj, each process in the Jablonski diagram (2.4) can
be depicted with a rate constant k, with k‘f representing the rate constant for radiative
deactivation from S; by emission of fluorescent light, k. representing the rate constant for
internal conversion and k.
and k.. can be combined to the rate constant for non-radiative de-excitation k5. Deactivation

of a species A after promotion to the S; excited state can be described by the lifetime 7g

representing the rate constant of inter-system crossing to Tj. ki

as the inverse of the sum of all de-excitation processes in the following way (note that only

intrinsic de-excitation pathways will be considered in this section):

B 1 B 1 (2.2)
TSRS, T kS + kD, + kD '
d[A*
R CRL ATy (2.3

Integration and combination with equation 2.2 leads to equation 2.4, which describes the

exponential decay back to the initial state after a light pulse:

[4%] = [A"], - e:cp(—;> (2.4)

Or described with the fluorescence intensity Ir, which is decreasing mono exponentially after

excitation with a pulsed light:

Ir(t) = Ipp - 63711(—;) (2.5)
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2.8 The Perrin-Jablonski diagram

The lifetime of a fluorophore can be measured by using time-resolved fluorimetry. Therefore,

pulse fluorometry and phase-modulated fluorometry will be shortly described here.

Time-resolved fluorometry

IF‘ excitation Ly \ "
pulse S £
8 =1
emission c =9
] O c
e 2
< o
Q <
o
.’
time
-
>
time time
e A
F
[

exc‘ita‘ti‘o‘n: .. .................
emission

time

Figure 2.5: Principles of pulse fluorometry with time-correlated single photon counting
(TCSPC) (top) and phase-modulated fluorometry (bottom)

In pulse fluorometry (or time-domain measurement) (figure 2.5, top) the fluorophore is
excited with a short pulse of light, which should be shorter than the decay time of the
excited species. The response of the fluorophore to this pulse, a (mostly) mono exponential
decay, is recorded in the time-domain. One method for this type of lifetime measurements is
time-correlated single photon counting (TCSPC). The detector settings are adjusted in a way,
that only one emitted photon is detected following each excitation pulse. The time between
the excitation pulse and the detection of the photon is recorded. Pile up of the recorded
photons after each pulse can be shown in a cumulative histogram (time at which the photon
is detected after the pulse vs. number of detected photons), which has a mono exponential
decay. The lifetime can be calculated from the obtained data by least squares fit method.

In phase-modulated fluorometry (or frequency-domain measurement) (figure 2.5, bot-
tom) the fluorophore is excited with an intensity-modulated light with sinusoidally modulated
frequency. The response of the sample is a delayed sinusoidal signal with same frequency, but
with a shifted phase (measured as the phase angle ¢) and an amplitude change (expressed as
the modulation ratio m = %/;4), which are both related to the modulation frequency w and

the decay time 7. [12]
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Quantum yield

The fluorescence quantum yield @z can be described as the ratio of photons emitted by an
excited species to the number of photons absorbed. In other words, the fluorescence quantum
yield is the efficiency to convert absorbed light into emitted light. Fluorescence competes with
many other non-radiative de-excitation processes with the rate constant k., which lower the
quantum yield of a compound according to:

emitted photons kS

Op = = =k? 2.
E™ absorbed photons kS + k3. r78 (2:6)

The product of the quantum yield and the molar absorption coefficient at the excitation
wavelength yields the brightness B of a fluorophore (B = @ - £(Aeac))-

The quantum yield can be determined either by a relative method by comparison to a
standard with known quantum yield or by an absolute method using an integrating sphere
set-up. In the relative method a standard with spectral properties similar to the ones of the
investigated sample has to be selected. Dilute solutions of the standard and the unknown
compound are excited at the same wavelength. Absorption of the solutions at excitation
wavelength should be smaller than 0.05 to avoid errors by inner filter effect. The quantum
yield of the unknown dye ®; can be calculated according to equation 2.7.

Jst Fi n%

@f@:@ﬁst.ﬁ.a.@ (2.7)
where f is the absorption factor given by 1 — 1074(eze), F is the integrated area of the
corrected emission spectrum and n is the refractive index of the solvent. The indices x and st
denote the sample x and the standard, respectively. [13, 14]

For the absolute method an integrating sphere set-up is used, which allows detection of all

absorbed photons and emitted photons of the sample. [13]

2.3.3 Fluorescence quenching

In the previous chapters only luminophores and their intrinsic properties were described (e.g.
without influence of any intermolecular interactions). However, fluorescence emission can
be influenced by various interactions of the excited species A* with a quencher molecule.
As a result of these intermolecular de-excitation process, which compete with the intrinsic
relaxation pathways, the fluorophore’s properties like absorption and emission spectra, lifetimes
or quantum yields are altered. The interaction can be due to diffusion of the quencher to
the fluorophore (dynamic quenching) or due to formation of a complex (static quenching).
Possible mechanisms could be photoinduced electron transfer, eximer or exiplex formation,
photoinduced proton transfer or excitation energy transfer (see also figure 2.1). Intramolecular

quenching can be achieved if the donor and acceptor are covalently linked, as for example in a
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pH sensitive PET sensor, where a pH sensitive group (and hydroxy or amine group) is linked

to an aromatic fluorophore. One quenching mechanism will be shortly described here:

In photoinduced electron transfer (PET) electrons are transferred from a donor molecule
to an acceptor molecule. PET can be oxidative or reductive, depending on the redox potentials
of the ground state and excited state of the donor and acceptor molecule, resulting in
formation of a radical ion pair A~D'* and subsequent relaxation to the ground state via charge

recombination.

Reductive electron transfer: Oxidative electron transfer:

X *

—+— 4+ T —
e ey

Figure 2.6: Schematic description of reductive and oxidative PET quenching

A*¥ + D — A" + DY D

Resonance energy transfer is another possible relaxation mechanism, which can take
place if the emission band of the donor overlaps with the absorption band of the acceptor
molecule. The donor in excited state transfers its excitation energy to the acceptor according
to D*+ A —— D 4+ A*. An important feature of this type of fluorescence quenching is that
energy transfer is a non-radiative process (in contrast to radiative transport, where emitted
light from the donor is reabsorbed by the acceptor without direct interaction of the molecules).
It takes place without emission of photons by interaction of dipoles with similar resonance
energy, and therefore requires direct interaction of the donor and acceptor molecule, which
can be due to long-range coulombic dipole-dipole interaction (Forster mechanism, FRET)
and/or intermolecular orbital overlap involving electron exchange (Dexter mechanism). FRET

is dependent on the distance r of the interacting molecules in the following way:

]. ROG
= —F|— 2'
ke = g 1)) (28)

kr is the rate constant of the transfer, 7'10) the excited-state lifetime of the donor without

transfer and Ry the Forster critical radius, which is typically in the range between 20 and

90 A.
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2.4 Principles of chemosensors

A definition of chemical sensors can be phrased according to IUPAC: “A chemical sensor is a
device that transforms chemical information, ranging from the concentration of a specific sample
component to total composition analysis, into an analytically useful signal. The chemical
information, mentioned above, may originate from a chemical reaction of the analyte or from
a physical property of the system investigated.[...] Chemical sensors contain two basic functional
units: a receptor part and a transducer part. Some sensors may include a separator which is,
for example, a membrane.” (IUPAC 1991, [15])

For clarification of this definition, the human nose can also be described as a very sensitive
and selective sensor in a very abstract way. The olfactory membrane detects single chemical
substances responsible for an odor (equivalent to the receptor of a chemical sensor), the nerve
cells take on the role as transducer, and finally the brain can be compared to the measuring
device and electronics as in sensors. A sensor as a whole consist of a recognition element
(or receptor), a transducer and a read-out device. The recognition element is responsible for
selective recognition and reaction to a specific analyte or a group of analytes, the transducer
converts a response of the recognition element into a measurable signal. [16] An important
feature of a chemical sensor, which is not included in the above mentioned definition, is its
demand for reversibility and continuous measurements. Therefore, the definition should be
extended by the so-called Cambridge definition: “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.” [17]

A useful and often used classification of chemical sensors can be made according to the type

of transduction involved [15]:

e Optical sensors are based on the principles of absorbance or reflectance of light, lumines-

cence, refractive index, optothermal effects or light scattering.

e Electrochemical sensors are voltametric or potentiometric sensors or chemically sensitized

field effect transistors.

e Electric sensors are e.g. metal oxide semiconductor based or organic semiconductor

based sensors.
e Mass sensitive sensors detect a mass change at a surface.
o Magnetic sensors react to the paramagnetic properties of gases.
e Thermometric sensors are based on reaction heat or absorption of heat.

The following chapters are confined to only one group of chemosensors, the optical sensors.
In molecular optical sensing, an indicator (mostly immobilized in or on a suitable polymer

matrix) acts as a recognition element to detect the presence or absence of an analyte. The
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indicator’s optical properties are changed by interaction with the analyte and this information
is converted into a measurable signal. A chemical sensor has to hold a few properties: a chemical
signal is converted into an electrical signal, the response to a analyte change should be fast
and reversible, they should have a long working life, they should be small, miniaturizeable

and cheap, and react selectively to the desired analyte. [18]

The broad field of application make optical sensors such an important technology. In health
care, the blood glucose level of patients could be continuously controlled by a sensor. Other
metabolites could be controlled within seconds at the bedside instead of waiting for hours
for a result from a centralized laboratory. In industrial processes, on-line and continuous
monitoring of important process parameters such as pH, temperature, CO2 or oxygen levels
could be monitored. Another important application is environmental monitoring. Pollutants
in air, water or soil can be monitored fast, decentralized and in real-time. [16] Moreover, the
increasing technological progress in optoelectronics enable development of miniaturized and
cost effective light sources and detector systems. Especially fluorescent sensors offer a number
of advantages such as high sensitivity, selectivity, response time and possibility of spatial and

temporal observations as well as remote sensing (via fiber optics). [8]

2.5 pH sensing

2.5.1 Principles of optical pH sensing

Due to the importance of pH in almost all fields of human life there is a huge interest in
development of pH sensors. The applications of pH sensors range from analytical chemistry,
bioanalytics, intracellular measurements, medical measurements to fluorescent microscopy for
spatially resolved pH measurements. [8] Marine science, continuous monitoring of bioprocesses

or fast and easy bedside metabolite control in health care are just a few examples.

Many different dyes act as pH indicator and can be used in pH sensitive sensors. Most dyes
have only a small detection range of two to three pH units (compared to the large working
range from 1 to 14 of pH electrodes). But for most physiological or environmental applications
this narrow pH range is sufficient. Broad range pH sensors were also reported, which make

use of a mix of dyes with different pK, values to achieve a larger working range. [6, 19]

pH is defined as the negative of the base 10 logarithm of the activity of protons, or simplified
defined as:
pH ~ —logc(H™) (2.9)

(In aqueous solutions, protons are rather present as hydronium ions H3O™T, however for
convenience often H* is used.) For acids and bases in aqueous solutions, the following
reactions can be defined: HA + HoO == A~ + H30" and B 4+ HyO == BH" + OH ", with
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the equilibrium constants K, and K3, respectively.

c(A7) - (H30™)

Ko = c(HA)

(2.10)

_ o(BH*) - (OH")
ko=""5

(2.11)

The Henderson-Hasselbach equation derives from the logarithmic form of equation 2.10

pH = pK, + log [[i]] (2.12)

and can be adapted for fluorometric signals to

I—1y
H =pK,+1

(2.13)

where A and B depict the acid and basic form of the fluorophore, respectively. [18]

Indicators for pH sensors are often weak organic acids or bases. Their optical properties can
be changed by protonation or deprotonation. For choosing an indicator for pH sensing, several
factors are crucial. The pK, of the dye should be in the appropriate range of interest (highest
sensitivity and brightness is achieved close to the pKj,), the dye should have a high molar
absorption coefficient and a good photostability. Moreover, it should exhibit thermal and
chemical stability. For application as fluorescence indicator a large Stokes shift is preferred. In
case of covalent immobilization, a functional group for bonding has to be present. Aside from
that, not negligible are also factors like the indicator’s toxicity, response time, sensitivity and
selectivity. [1] It is important to keep in mind, that optical sensors measure the concentration
of the pH indicator in the acidic and basic form, whereas the signal of electrochemical devices
is directly linked to the activity of H3O™ ions. [1]

For most pH sensitive dyes absorption of the acidic and basic form differ, so distinction on
color change via UV-Vis absorption spectroscopy can be made (colorimetric pH sensing, see
figure 2.7, solid line). But also other optical properties of a dye can be exploited for pH sensing
(reflectometry, fluorescence including lifetime, energy transfer or fluorescence quenching (see
figure 2.7, dashed line)). Fluorescence-based indicators are preferred over absorption-based
indicators for a few reasons: smaller dye concentrations are needed for pH sensing and less

interferences may affect the results.
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Figure 2.7: pH dependency of an exemplaric absorption and emission spectrum of
azaBODIPY dyes

In order to determine the pK, of an indicator in optical sensors, the absorption or emission
of the dye has to be measured at various pH vales. The maxima obtained from each spectrum
is plotted versus the pH values of the corresponding measurements. The obtained curve is

fitted with a Boltzmann equation, which is given by

A — Ay

y = —1 n e(l’_a;())/dx + A2 (214)

where Ap is the maximum, A5 the minimum of the curve, xg represents the point of inflection
and d, the slope at the point zy. The point of inflection of the fitted curve represents the pKj,
of the dye.

2.5.2 PET sensors

An important class of sensors for pH sensing uses the so-called PET (photoinduced electron
transfer) effect. PET dyes usually carry a pH sensitive hydroxy or amino moiety, which is
linked to a fluorophore by a methylene spacer. The spacer electronically disconnects the
m-system of the fluorophore and the pH sensitive group. Intramolecular electron transfer
from the HOMO of the proton free hydroxy or amino group to the excited fluorophore (so
to say a radiation-less decay to the ground state) is enabled and induces quenching of the
fluorescence by diminishing its population in the excited state. Protonation of the recognition
group leads to a change of the redox potential and consequently to a shift of the energy levels
involved. The HOMO of the recognition group become energetically lower than the one of the
fluorophore, PET is blocked and consequently fluorescence emission is enabled. This process
is schematically illustrated in figure 2.8. Indicators following this deactivation mechanism are

also called "on-off" indicators. [8, 20]
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Figure 2.8: Principle of sensing via PET sensors

2.5.3 ICT sensors

Internal charge transfer can be observed in fluorophores in which two functionalities are
connected directly with each other, one acting as an electron donor and the other acting as
an electron acceptor. Upon excitation, an electron-hole pair is generated. This generates a
“push—pull” w-electron system in the excited state with a dipole and charge redistribution
within the m-system. Interaction of an analyte with the electron donating site of the fluorophore
(which is the receptor in this case) diminishes the electron donating character of the dye, which
leads to a change of the dipole and causes destabilization of the ICT state, which in turn
leads to a blue shift of the spectrum. Vice versa, interaction of an analyte with the electron
accepting site causes enhancement of ICT and stabilization and therefore a red shift of the
spectrum is observed (figure 2.8). Additionally, altering of the quantum yields and lifetimes of
ICT indicators can be observed. [21, 22]

donor acceptor donor acceptor
moiety moiety  moiety moiety
LUMO

LUMO  red shift

HOMO

HOMO

unbound analyte-bound
fluorophore fluorophore

Figure 2.9: Principle of sensing via ICT sensors

16 azaBODIPY indicators and their application in pH and COgz sonsors



2.5 pH sensing

2.5.4 Conventional pH sensing - glass electrode

The most common way to measure the pH in solution is measuring with a pH electrodes (glass
electrode). Mostly, a combined electrode consisting of a reference electrode (Ag/AgCl) and a

glass membrane electrode of the same type is used.

2

11— 4
///
///2
6

Figure 2.10: Schematic representation of a combination pH electrode

A schematic of the design of a combination pH electrode can be seen in figure 2.10. A thin
membrane made of sodium silicate glass (1), which is selective to hydrogen ions, is used. An
Ag/AgCl inner electrode (2) is incorporated within the glass membrane and surrounded by
an internal buffer solution with typically pH 7 (3). The main electrode tube is incorporated
in a second concentrically formed glass tube filled with a reference internal solution (KCI
solution) (4) and embeds the reference electrode, which is usually also of Ag/AgCl type
(5). A small frit (6) enables contact of the reference solution with the test solution. In
solution, a gel layer at the surface of the glass membrane builds up. At the interface of
the glass membrane and the test solution the following equilibrium reaction takes place:

SiO"Na® + H30" == SiO H30" + Nayq "
A potential difference between the two electrodes, the one in contact with the internal buffer
solution and the electrode in electric contact with the test solution via the diaphragm, is

generated, which can be expressed in electrochemical way:

Ag/AgCl electrode | buffer solution | glass membrane || test solution | reference electrode

The measured signal is a potential difference at the glass membrane, originating from the
difference of H' ion activities in the test solution and the reference solution.

A pH electrode is an inexpensive and easy tool and enables fast measurements over a
wide working range. However, it can not be used for all sample solutions. Chemicals like
alkaline solutions or fluoride ions may damage the electrode. Further drawbacks are its size,
electromagnetical interferences, bad long-term stability and its limitation to single point
measurements. Most of the mentioned limitations of glass electrodes can be eliminated by

optical pH sensors. [18]
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2.6 CO, sensing

Sensing of carbon dioxide is important in clinical as well as in environmental measurements,
especially in marine monitoring in the context of greenhouse effect. Optical carbon dioxide
sensors make use of the principle of pH sensors (see chapter 2.5). Sensors based on the
Severinghaus electrode contain a hydrogencarbonate buffer entrapped behind a gas-permeable
membrane additionally to the pH sensitive indicator. In the buffer, COs is in balance with

bicarbonate.
COs(g) = COs(aq)
COz(aq) + HoO == H,CO3
HyCO3 == H" + HCO3~

The proton interacts with the basic form of the indicator, producing a color change or a

change of a fluorescence signal.

H" +Ind” == H'Ind"

The membrane is gas-permeable but impermeable to protons to prevent crosstalk to pH.
Thus, the concentration of CO4 can be detected indirectly as a change in proton concentration
within the buffer solution via a pH probe. [7, 23, 24]

A drawback of these aqueous optical COq sensors is the loss of water during storage and
operating time and mostly long response times. Moreover, they often exhibit drifts caused by
a change in osmotic pressure between the internal buffer solution and sample solution due to
changes of sample ionic strength. [25] Dry CO2 (or “plastic type” CO2) sensors overcome these
problems. The indicator as well as a lipophilic base (e.g. quaternary ammonium hydroxide)
as phase transfer agent instead of the bicarbonate buffer are incorporated in a plastic layer,
for example in ethyl cellulose. The deprotonated form of the indicator and the phase transfer

agent form an ion pair.
Q" +Ind == Q"Ind"~
Due to the solvation shell it is probably more appropriate to describe the ion pair as
Q*Ind ™ 2 HyO rather than Q"Ind .
QTInd” 2H30 + CO2(g) = Q'Ind~ zH50 - COq
QTInd” 2H30 - COy == Q'Ind ™ (x-1) H20O - H,CO3
QTInd™ (x-1)H20 - HoCO3 == QTHCO3~ + H"Ind"~

The conversion of QInd~ to HInd ~ is associated with a detectable color change or change

of the fluorescence properties. [7, 23, 26]
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2.7 Fluorescence measuring methods - intensity vs. lifetime

sensing

Direct measurement of the fluorescence intensity (so-called steady-state measurement) is the
easiest and most straightforward method. However, it is prone to various errors, for example
errors associated with leaching of the dye, photobleaching and variations in the intensity of
the light source or sensitivity of the detector, scattering of the light or changing concentration
of the indicator. Many of these errors can be eliminated by use of radiometric or time-resolved
methods. Therefore, in many applications, steady-state measurements have been replaced by

more sophisticated methods. [1, 27]

2.7.1 Principle of dual lifetime referencing (DLR)

DLR (dual lifetime referencing) is a type of time-resolved fluorometry and is a versatile method
overcoming the usual limitations in direct fluorescence intensity measurements. It makes use
of two luminophores, the indicator dye and a reference dye, which have to exhibit overlapping
absorption and emission spectra in order to enable excitation of both lumiophores at one
wavelength and detection of both emissions using only one detector. [1] Measurements can be
done either in the frequency domain or in the time domain. The principles of frequency domain
measurements are known from determinations of lifetimes of fluorophores (chapter 2.3.2). It
requires an analyte sensitive indicator (fluorophore) and an inert luminophore with a much
longer decay time than the fluorophore. Both dyes are incorporated in a matrix, for example
in a hydrogel membrane. The two decay times can be measured as an overall sinusoidal
signal, following a sinusoidal excitation. While the reference signal remains unchanged by
the presence of an analyte, the presence of an analyte leads to a reduces phase angle and
amplitude of the indicator and therefore to a reduction of the overall measured signal in
respect to the sinusoidal excitation light. [28, 29] The phase angle of this overall signal is
again a sinusoidal signal (assuming single exponential decay times for both luminophores) and
results from the constant decay time of a reference luminophore and the variable decay time

of an analyte sensitive fluorophore. According to equation 2.15

1 . Aind
sin CI’Tef Aref

cot @, = cot Py + (2.15)
the measured phase angle reflects the referenced fluorescence signal, where ®,,, is the phase
angle of the measured overall signal, ®,.s the (known) phase angle of the reference luminophore
and A;,q and A,y the amplitudes of the fluorescence indicator and the reference, respectively.
This method is a versatile tool because of its simplicity and a relatively cheap opto-electronic

setup can be used. [30]
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Another possibility of DLR is the measurement in the time domain. Therefore the sample
consisting of an analyte sensitive fluorophore and a insensitive phosphorescent reference is
excited with a light pulse. During the light pulse, the measured signal derives from both, the
fluorophore and the reference phosphor. After the pulse, only luminescence arising from the
long-lived phosphor is measured. In case of a single exponential decay, the following equation

applies.

Aref,l + Aind o

Iy,
= (k1 — 1
Arefg (kil ) + ko

Iref

(2.16)

where A,cr1, Arero and A;pg are the signal intensities of the reference dye during the pulse,
after the pulse and the signal intensity of the fluorophore, respectively. ki and ko are constants,
and I;,q and I, are the fluorescence intensities of the fluorophore indicator and the reference,

respectively. [30]

2.8 Matrices

The selective element (in case of an optical sensor the dye) has to be immobilized and connected
to the transducer in order to successfully pass on an analyte dependent response. Often used
materials in pH sensors are cellulose acetate, ethyl cellulose, collagen, poly(vinyl alcohol),
Nafion or hydrogels like polyurethane. [1] Immobilization can be done by simple adsorption
on a surface. However, this method is not suitable for long-time measurements and should
therefore be restricted to short-time explorative work. Another method is microencapsulation.
In this method an analyte permeable membrane is used to immobilize the selective element
on the surface of the transducer. The dye can furthermore be physically entrapment in a gel,
paste or polymer solution such as polyacrylamide, starch gels or silastic gels, by mixing the
dye with the matrix material and subsequent evaporation of the solvent. This is a simple
and versatile method, however, sensor layer made with this method are not as stable as for
example covalent immobilization due to possible leaching of the dye. Moreover, diffusion of the
analyte to the dye is limited and therefore response times of the sensors are longer. Covalent
immobilization is achieved by forming a covalent bond between a functional group of the dye,
which is not essential for the recognition of analytes, and the matrix material. This method
prevents dye leaching and aggregation of the dye, however finding a suitable immobilization
approach often turns out to be a tricky task. Another method is cross-linking. In the last
method the dye is first entrapped in a matrix and subsequently cross-linked with reagents

such as multi isocyanate crosslinker to prevent the dye from leaching out. [16]

Some properties of the free and the immobilized indicator may differ depending on the type
of immobilization. For example a covalently bound dye may have a slightly different pK,
than a physically entrapped dye. For the special case of pH sensors, the matrix should be
hydrophilic to enable proton diffusion within the matrix. Moreover, a matrix should exhibit

chemical, mechanical and thermal stability. [1]
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Covalent immobilization of azaBODIPYs on a polymer matrix was a central topic of this
thesis. Functionalization and coupling on the boron center of the dyes was investigated.
Functionalization of BODIPYs and azaBODIPYs opens up new possibilities not only to
introduce groups for immobilization of the dye, but also for altering the fluorescence properties
of the dyes, for bioconjugate chemistry, bio-labelling or to increase the solubility. [31]. Many
procedures to substitute the boron center on BFg-chelated dipyrromethenes (BODIPYs) to
convert them into the corresponding C- and O-BODIPYs were reported. [32-34]
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Figure 2.11: Synthesis of C- and O-BODIPYs starting from BFs-chelated dipyrromethenes

Exchanging a fluorine atom at the boron center for a chlorine weakens the B-halogen bond
in the order F' > Cl > Br > I. Due to the weaker bond strength between boron and
chlorine compared to the B-F bond strength, substitution on the boron center in CI-BODIPYs
is expected to be much easier than on the corresponding F-BODIPYs. The CI-BODIPYs
subsequently act as intermediates for further synthesis of C- and O-BODIPYs (BODIPYs
carrying carbon- and oxygen-based moieties on the boron atom). Species like B-aryl, B-alkenyl,
B-alkoxy or B-aryloxy BODIPYs were synthesized in good yields (figure 2.11). [35] Different
approaches to activate the B-F bond were reported. Activation with AlCl3 and subsequent
treatment with methanol or phenol yields methoxy and phenoyloxy derivatives, respectively.
These reactions are reported to work with relatively good yields of approximately 50 %. [36, 37]
Using the Lewis acid BClg F-BODIPYs were converted into CI-BODIPYs, the intermediates
were subsequently transformed into O- and C-substituted derivatives in an one-pot procedure
with excellent yields. [38] Mono-alkoxy derivatives were synthesized by selectively removing
one chlorine at the boron center with TMSOTY (timethylsilyl trifluoromethanesulfonate). This
intermediate was reacted with alcohols to yield monoalkoxy derivatives. PEG-substituted
BODIPYs were synthesized by treatment of BFj-chelated dipyrromethenes with 2-[2-(2-
methoxyethoxy)ethoxylethanol in the presence of AlCls. [39]

These procedures for BODIPYs were investigated on their applicability in substitution
reactions of the B-F bond in azaBODIPYs (see also section 4.1.2).
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2.9 Light harvesting
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Figure 2.12: Principle of energy transfer from antenna dyes to the indicator dye with light
harvesting
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Signal enhancement of an optical sensor is significant in order to improve the signal-to-noise
ratio, to reduce the influence of background fluorescence or to reduce the film thickness in a
sensor. Especially in optical sensors, thin sensor layers (<500 nm) and nanometer-sized sensor
particles are often required. Light harvesting is a versatile tool to increase the brightness of a
dye and as a result to obtain an enhanced signal in reagent mediated sensors. The absorbed
and emitted light of these sensors can be enhanced by adding a so-called antenna dye. The
principle of this concept is illustrated in figure 2.12. Light harvesting appears in nature
during photosynthesis, where auxiliary pigments like carotenoids absorb light and transfer the
absorbed energy to reaction centers [40]. It is also exploited in dye sensitized solar cells for
enhancement of excitation efficiency (in this context the antenna dye is referred to as sensitizer
dye) [41]. In optical sensors, this approach requires an analyte insensitive dye (an antenna dye)
with very high brightness added in a higher concentration than the anaylte sensitive indicator
dye. The antenna dye efficiently absorbs the excitation light, through energy transfer (ET)
[42] this excitation light is transferred to the indicator, which in turn emits fluorescent light.
Since the antenna dye concentration is higher than the indicator concentration, one indicator
molecule absorbs the energy of several antenna molecules in its proximity. This process leads
not only to an enhanced signal intensity compared to the output achieved from the intrinsic
absorption of the indicator, but also to an artificially enhanced Stokes shift. Absorption of the
light takes place at the (energetically higher) excitation band of the donor and emission takes
place at acceptor’s emission band, increasing the Stokes shift by combination of two spectra.
This facilitates the separation of absorption and emission light and provides a possibility to
alter the excitation wavelength of a sensor in a way that inexpensive light sources can be used.
43]
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2.10 Common fluorescent pH indicators
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Figure 2.13: Structures of common optical pH indicators

As described earlier, optical pH sensors require an indicator dye, whose optical properties are
changed upon pH change of the surrounding medium. This properties could be for example
absorption, emission or lifetime changes.

Fluorescein was one of the first pH sensitive dyes used in pH sensors. Fluorescein exists in
a neutral, monoanionic and dianionic form, depending on the pH of the environment, however,
only the monoanionic and dianionic forms are fluorescent. Fluorescein was for example used
for intralysosomal pH measurements. [44] The pK, of fluorescein is approximately 6.5, pH in
cells is slightly higher though, so alternative pH sensitive dyes with higher pK, are preferential.
Moreover, fluorescein rapidly leaks out of cells, limiting its application in biological applications.
BCECF (2, 7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein), a highly charged derivative of
fluorescein, exhibits a higher pK, close to 7.0, making it ideal for sensing of cytosolic pH. [45]

8-Hydroxypyrene-1,3,6-trisulfonate (HPTS) dyes typically absorb in the blue region and
emit at around 520nm. The pK, of HPTS is approximately 7.5, making it a convenient
indicator for medical measurements or marine monitoring, as reported by Hulth et al. [46]
Fluorescein and HPTS based indicators facilitate ratiometric sensing, which is a self-referencing
measuring technique. Instabilities in the emission intensity can arise for example from leaching,
photobleaching or fluctuations of the excitation light source. Ratiometric measurements can
eliminate these errors by measuring at two different wavelengths. [1]

SNAFLs (seminaphthofluoresceins) and SNARFs (seminapthorhodafluors) are pH probes
that contain benzene and naphthalene components. They have a pH dependent wavelength

shift of both, absorption and emission spectra, with the protonated form emitting at around
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550nm and the basic form emitting at above 630nm. Absorption and emission spectra
have isosbestic points at 530 and 585 nm, which makes them suitable for dual-emission
ratiometric sensing. The acidic as well as the basic forms are fluorescent, which makes probes
based on lifetime measurements possible as well. The fluorescence response of SNAFLs
and SNARFs is only slightly dependent on the ionic strength of the surrounding medium,
which is an important advantage over the before mentioned fluorophores. However, SNAFLs
and SNARFs have poor quantum yields and photostabilities, which limits their applications.
Modifications of the SNARF structure to yield carboxy-SNARFS enhances their photostability
and bathochromically shift their excitation wavelength. [9, 45]

Porphyrin based probes enable pH sensing due to protonation and deprotonation of the
pyrrole protons in the porphyrin sturcture. They exhibit excitation at around 400-500 nm
(Soret Band) and weaker excitation bands (Q-bands) at around 500-700 nm. Fluorescence
maxima, are observed between 600 nm and 800 nm, which can be quenched due to for example
Forster resonance energy transfer. The Stokes shift is large enough for separation of the
absorption and emission band which is advantageous for many sensing applications. [47]

Another class of optical pH indicators are BODIPYs and azaBODIPYs, which are addressed

separately in the following section.

2.10.1 BODIPYs and azaBODIPYs

[e¢)

1 7 1 N 7
Cho <D
2 6 2 6
\ N\4 ’N\ \ N\4’N\
3 ,B\ 5 3 ,B\ 5
F F F F
BODIPY core azaBODIPY core

Figure 2.14: Structure of a BODIPY core and azaBODIPY core

Derivatives of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes belong to an impor-
tant indicator class in optical sensing. BODIPYs exhibit typically sharp fluorescence peaks
and good quantum yields. Moreover, they are reasonably stable in physiological conditions
and exhibit an excellent photostability. BODIPYs emit in the region of 520 to 600 nm. [48] A
bathochromic shift of the emission can be induced by modification of the BODIPY structure,
for example by extension of the m-system, by rigidification or by introduction of electron
donating groups.

A related dye class, azaBODIPYs, have a C-to-N substitution at the central carbon (the
meso-carbon). The nitrogen lone pair alters the orbital level of the azaBODIPY in a way that
causes reduction of the HOMO-LUMO energy gap in comparison to a BODIPY with similar
substitution pattern, resulting in a bathochromic shift of absorption and emission bands. [49,
50] Almost all common azaBODIPYs have 1,3,5,7-aryl substituents (“tetraphenyl azaBODIPY”
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2.10 Common fluorescent pH indicators

structure). This compound emits at 695 nm, so a remarkable red-shift compared to the
BODIPY analogues can be observed. Both absorption and emission spectra of azaBODIPY
dyes strongly depend on the substituents pattern on the four aryl groups. Electron donating
substitution in para-position result in a higher absorption coefficient as well as in a further
bathocromic shift of the spectrum. Rigidification and extension of the w-system further
enhances red shift of the emission spectrum. Solvent polarity does not have a large impact
neither on the absorption nor on the emission spectra of azaBODIPYs.

Absorption and emission in the far-red and near-infrared (NIR) region of the light is
preferential over UV, blue or green light excitation due to various reasons: NIR dyes are less
prone to causing photo-damage to the biotissues, auto-absorption as well as auto-fluorescence
of biomolecules is reduced in this region of the light, a deeper and more efficient tissue
penetration can be achieved. Moreover, background noise can be reduced and signal-to-noise
ratio magnified due to less excitation and emission light scattering. Excitation at shorter
wavelength than in the so called “optical window” (650-950 nm) leads to more absorption of
the light by hemoglobin or other endogenous chromophores and higher autofluorescence and
scattering by tissue. On the other side, at higher wavelengths absorption by water becomes
predominant. This makes this class of NIR emitting dyes particularly interesting for in vitro
and in vivo biomedical applications. Apart from that, the development in the field of low-cost
red and NIR region excitation sources and NIR detectors further promoted the development
of far-red and NIR dyes. [3, 27, 51]

2.10.2 azaBODIPY dyes in pH sensors

Based on the PET (photoinduced electron transfer) mechanism, azaBODIPYs are a functional
dye for pH sensing. They typically consist of a “fluorophore—spacer—receptor” design, where
an amino or hydroxy group (an analyte recognition site) is incorporated in the structure
of the azaBODIPY. An aliphatic spacer electronically disconnects the fluorophore and the
receptor. Electron transfer from the amino or hydroxy group to the fluorophore followed by a
non-radiative decay competes with radiative relaxation, and therefore quenches fluorescence
in the deprotonated state (fluorescence “off”). Binding of a proton suppresses PET and

fluorescence is restored (fluorescence “on”). [52]

Fluorescence Fluorescence
IIOFFH llONll

Figure 2.15: Operating principle of a fluorescent pH indicator based on azaBODIPYs
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2 Theoretical Background

Favorable properties of azaBODIPYs are, among others, their high fluorescence quantum
yields, sharp absorption and emission bands, good photostabilities and an ability to tune their
photophysical properties by modifications of their structure.

Recent publications in this field include a publication by Murtagh et al., whose pH sen-
sitive NIR fluorescence probes show a pH response in the physiological pH range upon
phenol/phenolate interconversion and absorption and emission properties above 680 nm. [4] A
conjugation of the dye to a biomolecules via alkyne-azide cycloaddition was reported. [4] Jokic
et al. reported on/off PET sensors based on azaBODIPYs with tuneable pK, values. The
dyes show absorption in the range between 660 nm and 710 nm, fluorescence emission between
680 nm and 740 nm and high molar absorption coefficients of about 80000. The pK, of the
indicators can be tuned in the physiological and slightly alkaline range by introduction of
electron donating (CHsz, OCHg) or electron withdrawing (Cl) substituents on the 3- and 5-aryl
ring of the azaBODIPY. A pH dependent shift of the absorption maximum due to internal
charge transfer (ICT) and Forster resonance energy transfer (FRET) from the protonated to
the deprotonated form of the dye can be observed. Emission spectra exhibit a decrease in
fluorescence intensity due to PET quenching. [5] Schutting et al. reported the application
of di-OH azaBODIPYs in CO9 sensors. The pH sensitive dyes with two de-/protonatable
hydroxy groups together with a tetraoctylammonium base absorb in the near-infrared region.
Furthermore, tuning of the pK, of the dyes with electron donating or electron withdrawing
groups enables different applications from marine science and environmental monitoring to
food packaging. [53] Strobl et al. published a set of azaBODIPYs covering a large pH range
from 1.5 to 13. By using a mixture of several pH indicators with different pK, values a
broad-range sensor was made for pH-sensing over the entire pH range. [6]

The above mentioned dyes exhibit PET- as well as ICT-quenching. Due to ICT deprotonation
of the dye leads to a bathochromic shift of the absorption maximum. Moreover, strong FRET
induces energy transfer from the protonated (fluorescent) to the deprotonated (non-fluorescent)
state of the dye, which reduces the brightness significantly. With a new approach of a m-OH
substitution indicators purely based on PET-quenching are aimed to be synthesized in this

thesis.
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3 Experimental

3.1 Synthesis

3.1.1 Synthesis of azaBODIPY dyes

3-Hydroxy-4’-butoxychalcone

o}
KOH
/@)}\ EIOH.H0 _ /@)Jv/
RT, 12h N0
OH

Figure 3.1: Synthesis of 3-hydroxy-4’-butoxychalcone

1.00g 4’-butoxyacetophenone (5.20mmol, 1.00eq) and 651.0mg 3-hydroxybenzaldehyde
(5.33mmol, 1.02eq) were dissolved in 5mL EtOH in a round bottom flask. 5mL of an
aqueous potassium hydroxide solution (875.5mg, 15.60 mmol, 3.00 eq) were added dropwise.
The solution was stirred for 12 h at room temperature during which the solution turned orange.
The reaction mixture was added dropwise to 40 mL 1 M HCI solution to precipitate a yellow
solid. The product was filtered, washed with water and dried. The obtained yellow solid was

used for further synthesis without purification.

Crude yield: 1.34g (87 %), yellow powder

3-Hydroxy-4’-butoxynitrochalcone

NO
0 o) 2
2 KOH, EtOH
+ CH3NO, ——>
e 60°C,3h g
OH OH

Figure 3.2: Synthesis of 3-hydroxy-4’-butoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 1.34 g 3-hydroxy-4’-butoxychalcone
(4.53 mmol, 1.00 eq) and 5.00 mL nitromethane (92.56 mmol, 20.45 eq) were mixed with 10 mL
of a potassium hydroxide solution in EtOH (612.0 mg, 10.91 mmol, 2.41eq) and stirred at
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38 Ezxperimental

60°C for 3h. The reaction progress was monitored by adding a spatula tip of ammonium
acetate to a few drops of the reaction mixture dissolved in BuOH in a glass vial and heating
with a heat gun up to the boiling point. A blue coloration and TLC (DCM) of the solution
indicates formation of the azaBODIPY ligand and therefore a successful reaction conversion
to the desired nitrochalcone.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 50 mL EtOAc and washed with HCI solution (3x 50 mL). After
drying the organic phase over NasSO4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.

Crude yield: 2.19¢g (135 %, product containing residual solvent), brown oil

4,4’-Dibutoxychalcone

KOH Q
RT, 12h
Figure 3.3: Synthesis of 4,4’-dibutoxychalcone

5.40g 4’-butoxyacetophenone (28.07mmol, 1.00eq) and 5.00g 4-butoxybenzaldehyde
(28.08 mmol, 1.00eq) were dissolved in 20mL EtOH in a round bottom flask. 15mL of
an aqueous potassium hydroxide solution (4.77 g, 85.02 mmol, 3.03 eq) were added dropwise.
The solution was stirred for 12 h at room temperature during which the solution turned orange.
The reaction mixture was added dropwise to 150 mL 1 M HCI solution to precipitate a yellow
solid. The product was filtered, washed with water and dried. The obtained yellow solid was

used for further synthesis without purification.

Crude yield: 8.60g (87 %), yellow powder

4,4’-Dibutoxynitrochalcone

o) o) NO>
=
S + CHaNO, KOH: EtOH B
"0 s 60°C,3h NG

Figure 3.4: Synthesis of 4,4’-dibutoxynitrochalcone
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3.1 Synthesis

In a round bottom flask equipped with a reflux condenser 1.01g 4,4’-dibutoxychalcone
(2.87mmol, 1.00eq) and 3.00 mL nitromethane (55.54 mmol, 19.35eq) were mixed with 5mL
of a potassium hydroxide solution in EtOH (351.0 mg, 6.26 mmol, 2.18 eq) and stirred at 60 °C
for 3h. The reaction progress was monitored by adding a spatula tip of ammonium acetate
to a few drops of the reaction mixture dissolved in BuOH in a glass vial and heating with a
heat gun up to the boiling point. A blue coloration and TLC (DCM) of the solution indicates
formation of the azaBODIPY ligand and therefore a successful reaction conversion to the
desired product.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 100 mL EtOAc and washed with HCI solution (3x 100 mL). After
drying the organic phase over NasSO4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.

Crude yield: 1.29¢g (109 %, product containing residual solvent), brown oil

m-OH azaBODIPY ligand

NO.
o NOZ o) 2
O O NH4OAC BuOH
+
\ -
/\/\O /\/\o O/\/\ 95°C, 5h NH N
OH

Figure 3.5: Synthesis of m-OH azaBODIPY ligand

474.2 mg 3-hydroxy-4’-butoxynitrochalcone (1.33 mmol, 1.00 eq), 507.2 mg 4,4’-dibutoxynitro-
chalcone (1.23 mmol, 0.92eq) and 3.58 g ammonium acetate (46.66 mmol, 35.00 eq) were mixed
with 25 mL BuOH in a round bottom flask equipped with a reflux condenser and stirred
at 95°C. The reaction conversion was monitored by TLC (DCM) and UV /VIS absorption
spectroscopy. After 5h the reaction mixture was cooled to room temperature and stirred over
the weekend.

After removing the solvent by rotary evaporation the obtained solid was dissolved in DCM
and washed with HoO (3x 300 mL). The organic phase was dried over NasSO4 and the solvent
was removed. The crude product was purified by column chromatography (silica gel, DCM,
detection by TLC with DCM and UV /VIS spectroscopy).

Yield: 44.6 mg (5 %), blue solid
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m-OHazaBODIPY complex (1)

s

o
O
S + HsC” SO “CHs
NH N=

& O
~ S

Figure 3.6: Synthesis of m-OH azaBODIPY complex (1)

44.6 mg m-OH azaBODIPY ligand (65.41 pmol, 1.00 eq) were dissolved in dry DCM under inert
argon atmosphere in a Schlenk tube. 230 pl N, N-diisopropylethylamine (1.32 mmol, 20.19 eq)
and 160 nl boron trifluoride diethyl etherate (1.30 mmol, 19.82eq) were added dropwise. The
solution was stirred at room temperature for 3 h during which the solution turned grey-blue.
After a quantitative conversion was monitored by TLC (DCM:CH 3:1), the solution was
partitioned between DCM and aqueous NaHCO3 solution (3x 25mL), dried over NapSO4 and
the solvent was removed by rotary evaporation.

The crude product was purified by column chromatography (silica gel, DCM:CH 3:1, detection
by TLC with DCM:CH 3:1 and UV/VIS spectroscopy) and recrystallization from MeOH to
yield red-purple crystals.

Yield: 26.1mg (55 %), red-purple crystals

'H NMR (300 MHz, chloroform-d): §=8.04 (t, J=7.9Hz, 6H), 7.61 (s, 1H), 7.50 (d, J = 7.5 Hz,
1H), 7.30 (d, J=7.8 Hz, 1H), 7.06 — 6.90 (m, J = 8.0 Hz, 8H), 6.86 (d, J = 7.4 Hz, 1H), 5.06
(s, 1H), 4.13 — 3.90 (m, 6H), 1.88 — 1.70 (m, 6H), 1.51 (dd, J=14.9, 7.4 Hz, 6H), 0.9 (t,
J="7.3Hz, 9H). See figure 9.2 on page 101.

APT NMR (76 MHz, chloroform-d): § = 161.83, 161.44, 160.73, 159.26, 156.72, 155.91, 145.83,
144.78, 143.58, 141.34, 134.28, 131.83, 131.54, 131.01, 129.76, 125.12, 124.23, 123.94, 121.49,
118.24, 117.44, 116.42, 116.01, 114.83, 77.16, 67.97, 31.35, 19.38, 13.98. See figure 9.3 on page
101.
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3.1 Synthesis

2-Chloro-3-hydroxy-4’-butoxychalcone

O
KOH
/@)}\ EtOH. HgO /@)J\%
RT, 12h /\/\O cl
OH

Figure 3.7: Synthesis of 2-chloro-3-hydroxy-4’-butoxychalcone

613.9 mg 4’-butoxyacetophenone (3.20 mmol, 1.01 eq) and 498.0 mg 2-chloro-3-hydroxybenz-
aldehyde (3.18 mmol, 1.00eq) were dissolved in 3mL EtOH in a round bottom flask. 3 mL of
an aqueous potassium hydroxide solution (539.5 mg, 9.62 mmol, 3.02 eq) were added dropwise.
The solution was stirred for 12h at room temperature during which the solution turned orange.
The reaction mixture was added dropwise to 40 mL 1 M HCI solution to precipitate a yellow
solid. The product was filtered, washed with water and dried. The obtained yellow solid was

used for further synthesis without purification.
Crude yield: 907.9mg (86 %), yellow powder

2-Chloro-3-hydroxy-4’-butoxynitrochalcone

NO
o) o) 2
= KOH, EtOH
+ CH3NO, ——>
/\/\O cl 60°C, 2h /\/\O cl
OH OH

Figure 3.8: Synthesis of 2-chloro-3-hydroxy-4’-butoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 907.9 mg 2-chloro-3-hydroxy-4’-
butoxychalcone (2.74mmol, 1.00eq) and 3.00 mL nitromethane (55.54 mmol, 20.24 eq) were
mixed with 5mL of a potassium hydroxide solution in EtOH (337.0 mg, 6.01 mmol, 2.19eq)
and stirred at 60 °C for 2h. The reaction progress was monitored by adding a spatula tip of
ammonium acetate to a few drops of the reaction mixture dissolved in BuOH in a glass vial
and heating with a heat gun up to the boiling point. A blue coloration and TLC (DCM) of
the solution indicates formation of the azaBODIPY ligand and therefore a successful reaction
conversion to the desired 2-chloro-3-hydroxy-4’-butoxynitrochalcone.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 50 mL EtOAc and washed with HCI solution (3x 40mL). After
drying the organic phase over NasSO4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.

Crude yield: 1.34¢g (125 %, product containing residual solvent), brown oil
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m-OH Cl azaBODIPY ligand

o NO, o NO, cl
N O NH,OAC, BUOH
.
NN cl "0 o/\/\ 95°C, 5h N\
OH

Figure 3.9: Synthesis of m-OH Cl azaBODIPY ligand

522.1 mg 2-chloro-3-hydroxy-4’-butoxynitrochalcone (1.33 mmol, 1.00eq), 542.3 mg 4,4’-di-
butoxynitrochalcone (1.31 mmol, 0.98 eq) and 4.09 g ammonium acetate (53.06 mmol, 39.82eq)
were mixed with 25 mL BuOH in a round bottom flask equipped with a reflux condenser and
stirred at 95 °C. The reaction conversion was monitored by TLC (DCM:CH 2:1) and UV /VIS
absorption spectroscopy. After 5h the reaction mixture was cooled to room temperature and
stirred overnight.

After removing the solvent by rotary evaporation the obtained solid was dissolved in DCM
and washed with NaHCOj3 solution (3x 300mL). The organic phase was dried over NasSOy4
and the solvent was removed. The crude product was purified by column chromatography

(silica gel, DCM, detection by TLC with DCM: CH 2:1 and UV/VIS spectroscopy).

Yield: 62.0mg (7 %), blue metallic solid

m-OH Cl azaBODIPY complex (2)

Cl
DIPEA, DCM
/\ /\ —_—
S =g RT, 3h

Figure 3.10: Synthesis of m-OH Cl azaBODIPY complex (2)
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62.0mg m-OH Cl azaBODIPY ligand (68.55 numol, 1.00 eq) were dissolved in dry DCM under
inert argon atmosphere in a Schlenk tube. 230nl N,N-diisopropylethylamine (1.32 mmol,
15.26 eq) and 160 pl boron trifluoride diethyl etherate (1.30 mmol, 14.98 eq) were added drop-
wise. The solution was stirred at room temperature for 3h during which the solution turned
grey-blue. After a quantitative conversion was monitored by TLC (DCM), the solution was
partitioned between DCM and aqueous NaHCOj3 solution (3x 25mL), dried over NaySO4 and
the solvent was removed by rotary evaporation.

The crude product was purified by column chromatography (silica gel, DCM: CH 2:1, detec-
tion by TLC with DCM:CH 2:1 and UV/VIS spectroscopy) and recrystallized from MeOH
to yield red crystals.

Yield: 25.8mg (39 %), red crystals

' NMR (300 MHz, chloroform-d): §=8.19 — 7.98 (m, J=18.0, 8.9 Hz, 6H), 7.39 — 7.28
(m, J=13.0, 6.9 Hz, 2H), 7.17 — 7.07 (m, 2H), 7.05 - 6.93 (m, 5H), 6.87 (d, J = 8.7 Hz, 2H),
5.84 (s, 1H), 4.03 (dt, J=12.5, 6.3 Hz, 6H), 1.88 — 1.71 (m, J=7.8, 5.7 Hz, 6H), 1.57 — 1.47
(m, J=15.0, 7.5 Hz, 6H), 1.00 (t, J=7.3Hz, 9H). See figure 9.4 on page 102.

APT NMR (76 MHz, chloroform-d): & = 162.06, 161.42, 160.80, 160.40, 155.51, 152.15, 146.41,
144.96, 144.00, 138.75, 132.20, 131.97, 131.60, 130.85, 127.23, 125.77, 124.80, 124.27, 123.82,
121.77, 119.60, 117.60, 116.11, 114.84, 77.16, 67.96, 31.37, 19.38, 13.97. See figure 9.5 on page
102.

2,4-Dichloro-3-hydroxy-4’-methoxychalcone

o)
] KOH
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Figure 3.11: Synthesis of 2,4-dichloro-3-hydroxy-4’-methoxychalcone

412.7 mg 4’-methoxyacetophenone (2.75 mmol, 1.12eq) and 469.0 mg 2,4-dichloro-3-hydroxy-
benzaldehyde (2.46 mmol, 1.00eq) were dissolved in 5mL EtOH in a round bottom flask.
5mL of an aqueous potassium hydroxide solution (649.00 mg, 11.57 mmol, 4.71 eq) were added
dropwise. The solution was stirred for 12 h at room temperature during which the solution
turned orange and a precipitate was formed. The reaction mixture was added to 30 mL 1M
HCI solution to precipitate the yellow product. The solid was filtered, washed with water and

dried. The obtained yellow product was used for further synthesis without purification.

Crude yield: 691.7mg (87 %), yellow powder
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2,4-Dichloro-3-hydroxy-4’-methoxynitrochalcone

NO
o) o) 2
& KOH, EtOH
+ CHsNO, ——— >
~o cl cl 60°C,2.5h O cl cl
OH OH

Figure 3.12: Synthesis of 2,4-dichloro-3-hydroxy-4’-methoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 691.7 mg 2,4-dichloro-3-hydroxy-4’-
methoxychalcone (2.14 mmol, 1.00 eq) and 2.5 mL nitromethane (46.28 mmol, 21.62 eq) were
mixed with 3mL of a potassium hydroxide solution in EtOH (340.0 mg, 6.06 mmol, 2.83 eq)
and stirred at 60 °C for 2.5h. The reaction progress was monitored by adding a spatula tip of
ammonium acetate to a few drops of the reaction mixture dissolved in BuOH in a glass vial
and heating with a heat gun up to the boiling point. A blue coloration and TLC (DCM) of
the solution indicates formation of the azaBODIPY ligand and therefore a successful reaction
conversion.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 50 mL EtOAc and washed with HCI solution (3x 40mL). After
drying the organic phase over NasSO4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.

Crude yield: 1.08¢g (131 %, product containing residual solvent), brown oil

4,4’-Dimethoxychalcone

O (o)
J KOH
CHy . H _EOH, H,0 _ O O
o o RT, T RT.12n

Figure 3.13: Synthesis of 4,4’-dimethoxychalcone

998.6 mg 4’-methoxyacetophenone (6.65 mmol, 1.00eq) and 810 pl p-anisaldehyde (6.66 mmol,
1.00 eq) were dissolved in 5mL EtOH in a round bottom flask. 5 mL of an aqueous potassium
hydroxide solution (1.12g, 19.97 mmol, 3.00 eq) were added dropwise. The solution was stirred
for 12h at room temperature during which the solution turned orange and a solid was formed.
The reaction mixture was added dropwise to 40 mL. 1 M HCI solution to precipitate the yellow
product. The solid was filtered, washed with water and dried. The obtained product was used

for further synthesis without purification.

Crude yield: 1.60g (90 %), yellow powder
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4.4’-Dimethoxynitrochalcone
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Figure 3.14: Synthesis of 4,4’-dimethoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 1.60g 4,4’-dimethoxychalcone
(5.96 mmol, 1.00eq) and 6.5 mL nitromethane (120.33 mmol, 20.18 eq) were mixed with 10 mL
of a potassium hydroxide solution in EtOH (740.0 mg, 13.19mmol, 2.21 eq) and stirred at
60 °C for 1 h. During heating the reaction mixture turned brown. The reaction progress was
monitored by adding a spatula tip of ammonium acetate to a few drops of the reaction mixture
dissolved in BuOH in a glass vial and heating with a heat gun up to the boiling point. A blue
coloration and TLC (DCM) of the solution indicates formation of the azaBODIPY ligand and
therefore a successful reaction conversion to the desired nitrochalcone.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 100 mL EtOAc and washed with HCI solution (3x 70mL). After
drying the organic phase over NasSO4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.
Crude yield: 2.41g (123 %, product containing residual solvent), brown oil

m-OH diCl azaBODIPY ligand

NO
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Figure 3.15: Synthesis of m-OH diCl azaBODIPY ligand

492.3 mg 2,4-dichloro-3-hydroxy-4’-methoxynitrochalcone (1.28 mmol, 1.00eq), 441.9mg 4.,4’-
dimethoxynitrochalcone (1.34 mmol, 1.05eq) and 3.69g ammonium acetate (47.35 mmol,
36.95eq) were mixed with 25 mL BuOH in a round bottom flask equipped with a reflux
condenser and stirred at 97 °C. The reaction conversion was monitored by TLC (DCM) and
UV/VIS absorption spectroscopy. After 6.5h, during which the solution turned blue, the

reaction mixture was cooled to room temperature and stirred overnight.
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After removing the solvent by rotary evaporation the obtained blue solid was dissolved in
DCM and washed with HoO (3x 100mL). The organic phase was dried over NasSO4 and the
solvent was removed. The crude product was purified by column chromatography (aluminum
oxide, EA 4+ 1% acetic acid, detection by TLC with DCM and UV/VIS spectroscopy).

Yield: 60.2mg (8 %), metallic blue solid

m-OH diCl azaBODIPY complex (3)

Cl o
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Figure 3.16: Synthesis of m-OH diCl azaBODIPY complex (3)

60.2 mg m-OH diCl azaBODIPY ligand (96.39 pmol, 1.00 eq) were dissolved in dry DCM under
inert argon atmosphere in a Schlenk tube. 250nl N,N-diisopropylethylamine (1.44 mmol,
14.89 eq) and 1801l boron trifluoride diethyl etherate (1.46 mmol, 15.13 eq) were added drop-
wise. The solution was stirred at room temperature for 1h and 15 min. After a quantitative
conversion was monitored by TLC (DCM:CH 3:1), the solution was partitioned between
DCM and aqueous NaHCO3 solution (3x 25mL), dried over NapSO4 and the solvent was
removed by rotary evaporation.

The crude product was purified by column chromatography (aluminum oxide, EA + 2%
MeOH + 0.5 % acetic acid, detection by TLC with DCM: CH 3:1 and UV/VIS spectroscopy)
and precipitated in CH.

Yield: 41.3mg (63 %), green crystals

'H NMR (300 MHz, chloroform-d): 6§ =8.20 — 7.95 (m, 6H), 7.35 (d, J=5.7Hz, 2H), 7.15 (s,
1H), 7.08 — 6.97 (m, J=10.8, 4.0 Hz, 5H), 6.91 (d, J=8.4Hz, 2H), 3.89 (d, J=3.2Hz, 9H).
See figure 9.6 on page 103.

APT NMR spectrum could not be recorded due to insufficient solubility of the compound.
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2,6-Difluoro-3-hydroxy-4’-butoxychalcone

o] F
KOH P
_EtOH, H,0
TRT.12h ~o F
OH

Figure 3.17: Synthesis of 2,6-difluoro-3-hydroxy-4’-butoxychalcone

953.7 mg 4’-methoxyacetophenone (6.35 mmol, 1.04eq) and 964.8 mg 2,6-difluoro-3-hydroxy-
benzaldehyde (6.10 mmol, 1.00 eq) were dissolved in 5mL EtOH in a round bottom flask. 5mL
of an aqueous potassium hydroxide solution (1.06 g, 18.89 mmol, 3.10eq) were added dropwise.
The solution was stirred for 12h at room temperature during which the solution turned
brown. The reaction mixture was added dropwise to 40 mL 1 M HCI solution to precipitate a
brown-orange product. The solid was filtered, washed with water and dried. The obtained

brown product was used for further synthesis without purification.

Crude yield: 1.62g (91 %), brown powder

2,6-Difluoro-3-hydroxy-4’-butoxynitrochalcone

NO,
0 F o} F
/@)V\/@ KOH, EtOH O O
+ CH3NO, ——>
~o = 60°C,1h ™o =
OH OH

Figure 3.18: Synthesis of 2,6-difluoro-3-hydroxy-4’-butoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 1.62 g 2,6-difluoro-3-hydroxy-4’-
butoxychalcone (5.58 mmol, 1.00eq) and 6.00 mL nitromethane (111.07 mmol, 19.90eq) were
mixed with 10 mL of a potassium hydroxide solution in EtOH (618.00 mg, 11.02 mmol, 1.97 eq)
and stirred at 60°C for 1h. The solution turned red-brown and a brown precipitate was
formed. The reaction progress was monitored by adding a spatula tip of ammonium acetate
to a few drops of the reaction mixture dissolved in BuOH in a glass vial and heating with
a heat gun up to the boiling point. A blue coloration and TLC (DCM + MeOH 95+ 5) of
the solution indicates formation of the azaBODIPY ligand and therefore a successful reaction
conversion to the desired 2,6-difluoro-3-hydroxy-4’-butoxynitrochalcone.

After cooling to room temperature the solvent was removed by rotary evaporation. The brown
oily residue was dissolved in 50 mL EtOAc and washed with HCI solution (3x 50mL). After
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drying the organic phase over NaySO,4 and removing the solvent by rotary evaporation a

brown oil was obtained, which was used for further synthesis without purification.
Crude yield: 1.36 g (120 %, product containing residual solvent), brown oil

m-OH diF azaBODIPY ligand

o} NOZF o) NO2
/‘)‘\/L/# /@)k);@\ NH4OAc BuOH
o0 -
\O = \O O/ 90°C, 7h NH
OH

Figure 3.19: Synthesis of m-OH diF azaBODIPY ligand

1.13 g 2,6-difluoro-3-hydroxy-4’-butoxynitrochalcone (3.23 mmol, 1.00 eq), 1.11 g 4,4’-dimethoxy-
nitrochalcone (3.38 mmol, 1.05eq) and 9.06 g ammonium acetate (117.54 mmol, 36.39 eq) were
mixed with 50 mL BuOH in a round bottom flask equipped with a reflux condenser and stirred
at 90 °C. The reaction conversion was monitored by TLC (DCM) and UV /VIS absorption
spectroscopy. After 7h, during which the solution turned dark blue, the reaction mixture was
cooled to room temperature and stirred over the weekend.

After removing the solvent by rotary evaporation the obtained blue solid was dissolved in
DCM and washed with HoO (3x 300mL). The organic phase was dried over NagSO4 and the
solvent was removed. The crude product was purified by column chromatography (silica gel,
DCM + 1% THF, detection by TLC with DCM and UV /VIS spectroscopy).

Yield: 74.7mg (4 %), metallic blue solid

m-OH diF azaBODIPY complex (4)

\NH N\ Hs

Figure 3.20: Synthesis of m-OH diF azaBODIPY complex (4)
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64.7mg m-OH diF azaBODIPY ligand (109.36 pmol, 1.00eq) were dissolved in dry DCM
under inert argon atmosphere in a Schlenk tube. 286 ul N, N-diisopropylethylamine (1.64 mmol,
15.01 eq) and 202 pl boron trifluoride diethyl etherate (4.64 mmol, 14.97 eq) were added drop-
wise. The solution was stirred at room temperature for 1.5h. After a quantitative conversion
was monitored by TLC (CH:EA 1:1), the solution was partitioned between DCM and aqueous
NaHCOj3 solution (3x 25mL), dried over NapSO4 and the solvent was removed by rotary
evaporation.

The crude product was purified by column chromatography (silica gel, DCM: Tol 3: 1, detec-
tion by TLC with DCM: CH 3:1 and UV/VIS spectroscopy) and recrystallization from MeOH.

Yield: 36.9mg (53 %), purple metallic crystals

IH NMR (300 MHz, chloroform-d): §=8.16 — 7.97 (m, 6H), 7.09 — 6.82 (m, 10H), 3.96—
3.78 (m, 9H). See figure 9.7 on page 103.

APT NMR (76 MHz, chloroform-d): § =162.56, 161.68, 161.44, 161.30, 155.61, 152.16, 149.69,
146.58, 146.40, 144.55, 140.68, 140.43, 132.10, 131.49, 130.89, 130.10, 124.98, 124.53, 123.97,
122.12, 118.02, 117.13, 117.01, 114.48, 114.37, 114.26, 111.47, 111.15, 77.16, 55.54. See figure
9.8 on page 104.

3-Hydroxy-4,4’-dimethoxychalcone

O )O [e)
KOH
Z
| Y CHs | H EtOH, H,0 | =
_—
~ P
o o RT, 12h NN o

OH OH

Figure 3.21: Synthesis of 3-hydroxy-4,4’-dimethoxychalcone

998.3 mg 4’-methoxyacetophenone (6.65mmol, 1.00eq) and 1.02g isovanillin (6.69 mmol,
1.01 eq) were dissolved in 5mL EtOH in a round bottom flask. 5 mL of an aqueous potassium
hydroxide solution (1.17 g, 20.85 mmol, 3.14 eq) were added dropwise. The solution was stirred
for 12h at room temperature during which the solution turned orange. The reaction mixture
was added dropwise to 25 mL. 1 M HCI solution to precipitate the yellow product. The solid
was filtered, washed with water and dried. The obtained yellow solid was used for further

synthesis without purification.

Crude yield: 1.49¢g (79 %), yellow powder
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3-Hydroxy-4,4’-dimethoxynitrochalcone

o)
F KOH, EtOH
+ CH3NO; ——>
~o o 60°C, 1h ~o o
OH

OH

Figure 3.22: Synthesis of 3-hydroxy-4,4’-dimethoxynitrochalcone

In a round bottom flask equipped with a reflux condenser 1.49 g 3-hydroxy-4,4’-dimethoxy-
chalcone (5.25 mmol, 1.00eq) and 5.70 mL nitromethane (105.52 mmol, 20.11 eq) were mixed
with 10 mL of a potassium hydroxide solution in EtOH (612.0 mg, 10.91 mmol, 2.08 eq) and
stirred at 60 °C. The reaction progress was monitored by adding a spatula tip of ammonium
acetate to a few drops of the reaction mixture dissolved in BuOH in a glass vial and heating
with a heat gun up to the boiling point. After 1h a blue coloration and TLC (DCM) of the
solution indicates formation of the azaBODIPY ligand and therefore a successful reaction
conversion.

The solution was stirred at room temperature overnight, then the solvent was removed by
rotary evaporation. The brown oily residue was dissolved in 50 mL EtOAc and washed with
HCI solution (3x 50mL). After drying the organic phase over NagSO, and removing the
solvent by rotary evaporation a brown oil was obtained, which was used for further synthesis

without purification.

Crude yield: 2.19¢g (121 %, product containing residual solvent), brown oil

m-OH MeO azaBODIPY ligand

NO NO
o) 2 o] 2
/@)k O O NH4OAc BuOH
+
\ -
~o o~ "o 97°C, “orcan NH N
OH

Figure 3.23: Synthesis of m-OH MeO azaBODIPY ligand

493.4mg 3-hydroxy-4,4’-dimethoxynitrochalcone (1.43 mmol, 1.00eq), 493.8 mg 4’-butoxy-
nitrochalcone (1.45mmol, 1.01eq) and 4.11 g ammonium acetate (53.32 mmol, 37.32eq) were

mixed with 25 mLL BuOH in a round bottom flask equipped with a reflux condenser and
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stirred at 90 °C. The reaction conversion was monitored by TLC (DCM:CH 1:1) and UV /VIS
absorption spectroscopy. After 4h the reaction mixture was cooled to room temperature and
stirred overnight.

After removing the solvent by rotary evaporation the obtained solid was dissolved in DCM
and washed with NaCl solution (3x 300mL). The organic phase was dried over NasSO4 and
the solvent was removed. The crude product was purified by column chromatography (silica
gel, DCM: CH 1:1, detection by TLC with DCM: CH 1:1 and UV /VIS spectroscopy) and
recrystallized from MeOH.

Yield: 62.0mg (7 %), dark green powder

m-OH MeO azaBODIPY complex (5)

0 ~0
OH OH
N DIPEA, DCM N
~ 3
\_NH N= RT, 2h N\ N
_ B
N\ /

» L

Figure 3.24: Synthesis of m-OH MeO azaBODIPY complex (5)

62.0 mg m-OH MeO azaBODIPY ligand (103.73 pmol, 1.00 eq) were dissolved in dry DCM
under inert argon atmosphere in a Schlenk tube. 310 ul N,N-diisopropylethylamine (1.78 mmol,
17.16 eq) and 220l boron trifluoride diethyl etherate (1.78 mmol, 17.19 eq) were added drop-
wise. The solution was stirred at room temperature for 2h. After a quantitative conversion
was monitored by TLC (CH:EA 1:1), the solution was partitioned between DCM and aqueous
NaHCOs3 solution (3x 25mL), dried over NasSO4 and the solvent was removed by rotary
evaporation.

The crude product was purified by column chromatography (silica gel, DCM + 1 % MeOH,
detection by TLC with DCM: CH 3:1 and UV/VIS spectroscopy) and precipitated in CH to

yield purple metallic crystals.
Yield: 66.4mg (98 %), purple metallic crystals

'H NMR (300 MHz, chloroform-d): 6 =8.17 — 8.00 (m, J=8.6, 3.5 Hz, 6H), 7.79 (d, J =1.8 Hz,
1H), 7.64 (dd, J=8.4, 1.7 Hz, 1H), 7.49 (t, J=7.3Hz, 2H), 7.42 (d, J = 7.0 Hz, 1H), 7.07 -
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6.87 (m, 7H), 5.64 (s, 1H), 4.05 (t, J=6.4Hz, 2H), 3.97 (s, 3H), 3.89 (s, 3H), 1.86 — 1.74 (m,
J=14.5, 6.6 Hz, 2H), 1.56 (s, 2H), 0.99 (t, J =7.3 Hz, 3H). See figure 9.9 on page 104.
APT NMR spectrum could not be recorded due to insufficient solubility of the compound.

3.1.2 Synthesis of polymers as sensor matrices

Copolymer PAMcoHEAA with 1% hydroxy groups

o

~
(0]
K2S,0g, H,O 0.99
[N] +oS A ~on T W
\ H 70°C, 12h (N HN
H o\) Z
OH

Figure 3.25: Synthesis of copolymer PAMcoHEAA with 1% hydroxy groups

The two monomers 4-acryloylmorpholine (4.43mL, 35.15mmol, 1.00eq) (filtered through
aluminum oxide to remove the monomethyl ether hydroquinone inhibitor before usage), and
N-hydroxyethyl acrylamide (37nl, 356.7 umol, 0.01 eq) were dissolved in 50 mL H2O in a
Schlenk tube under inert argon atmosphere. A spatula tip of potassium peroxodisulfate was
added. The solution was flushed with nitrogen for 10 min and degassed by freeze-pump-thaw
method (3x). The solution was stirred at 70°C for 12 h.

The viscous reaction mixture was added dropwise to 400 mL THF to precipitate a white
polymer. The polymer was dried in a vacuum drying oven, dissolved in DCM and repeatedly
precipitated in 400 mL Tol (2x). Finally, the polymer was dissolved in DCM and precipitated

in 400 mL CH to obtain a voluminous white polymer, which was dried in a vacuum drying oven.
Yield: 4.43¢g (89 %)

Copolymer PAMcoHEAA with 2% hydroxy groups

o

s
(@]
K>S,0g, H,O X 0.02
[Nj * \)J\N/\/OH il /m
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OH
Figure 3.26: Synthesis of copolymer PAMcoHEAA with 2% hydroxy groups
The two monomers 4-acryloylmorpholine (4.38 mL, 34.71 mmol, 1.00eq) (filtered through

aluminum oxide to remove the monomethyl ether hydroquinone inhibitor before usage), and
N-hydroxyethyl acrylamide (73pl, 708.4 pmol, 0.02eq) were dissolved in 50 mL H2O in a
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Schlenk tube under inert argon atmosphere and 1 mg potassium peroxodisulfate was added.
The solution was flushed with nitrogen for 10 min, degassed by freeze-pump-thaw method (3 x)
and stirred at 70 °C for 12 h.

The viscous reaction mixture was added dropwise to 400 mL. THF to precipitate a white
polymer. The polymer was dried in a vacuum drying oven, dissolved in DCM and repeatedly
precipitated in 400 mL Tol (2x). Finally, the polymer was dissolved in DCM and precipitated

in 400 mL CH to obtain a voluminous white polymer, which was dried in a vacuum drying oven.

Yield: 4.29¢g (75 %)

3.1.3 Covalent immobilization of azaBODIPY dyes on a polymer matrix

Protection of the hydroxy group on p-OH BuO azaBODIPY

DIPEA, DCM
—_—

Cl 0°C, 10 min

Figure 3.27: Synthesis of the protected p-OH BuO azaBODIPY

The p-OH BuO azaBODIPY (100.0 mg, 170.8 pmol, 1.00eq) was dissolved in dry DCM in
a Schlenk tube under inert argon atmosphere and cooled to 0°C in an ice bath. 45pul N,N-
diisopropylethylamine (258.34 pmol, 1.51 eq) and 18 pl acetyl chloride (253.16 pmol, 1.48 eq)
were added. The reaction conversion was monitored by TLC (DCM). After 10 min the solution
was washed with HsO, dried over NaoSO4 and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica gel, DCM, detection by
TLC with DCM).

Yield: 103.6 mg (97 %), purple metallic crystals

'H NMR (300 MHz, chloroform-d): § =8.21— 7.99 (m, 8H), 7.46 (t, J = 6.0 Hz, 6H), 7.23 (d,
J = 8.7Hz, 2H), 7.12 (s, 1H), 7.07- 6.90 (m, 3H), 4.06 (t, J= 6.4 Hz, 2H), 2.34 (s, 3H), 1.90—
1.69 (m, 2H), 1.49 (dd, J= 14.9, 7.5 Hz, 2H), 1.00 (t, J= 7.3 Hz, 3H). See figure 9.10 on page
105.
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Protection of the hydroxy group on m-OH diCl azaBODIPY

e
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Figure 3.28: Synthesis of the protected o, p-diCl m-OH trimethoxy azaBODIPY

The m-OH diCl azaBODIPY (3) (20.0mg, 29.75 pmol, 1.00eq) was dissolved in dry DCM
in a Schlenk tube under inert argon atmosphere and cooled to 0°C in an ice bath. 11 pl
N, N-diisopropylethylamine (63.15 pmol, 2.21 eq) and 4 ul acetyl chloride (56.26 pmol, 1.89 eq)
were added. The reaction conversion was monitored by TLC (DCM:CH 3:1). After 25 min
the solution was washed with HsO, dried over NasSO4 and the solvent was removed under

reduced pressure. The crude product was purified by column chromatography (silica gel,
DCM, detection by TLC with DCM:CH 3:1).

Yield: 20.6 mg (94 %), green solid
'H NMR (300 MHz, chloroform-d): 6 =8.11 (d, J = 8.8 Hz, 2H), 8.03 (t, J = 9.0 Hz, 4H), 7.64
(d, J= 8.5Hz, 1H), 7.44 (d, J= 8.6 Hz, 1H), 7.16 (s, 1H), 7.01 (dd, J = 9.0, 3.4 Hz, 5H), 6.94

(d, J= 8.8Hz, 2H), 3.89 (d, J = 3.4 Hz, 9H), 2.46 (s, 3H). See figure 9.11 on page 105.

General procedure of the reaction of p-OH BuO azaBODIPY dye with
hexaethylene glycole

1) BCl3, DIPEA
DCM
(@]
0 go X=ForCl o go a o
@] @]
OH

Figure 3.29: Reaction scheme of the coupling reaction of p-OH BuO azaBODIPY with
hexaethyleneglycol
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1.0mg protected p-OH BuO azaBODIPY dye (1.59umol, 1.00eq, see section 3.1.3) was
dissolved in dry DCM in a Schlenk tube under inert argon atmosphere. 31l of a 1 M solution
of BCl3 in DCM (3.0 pmol, 1.88 eq) were added. The solution was stirred for 10 min at room
temperature, then a solution of 20 pnl hexaethylene glycol (79.8 pmol, 50.0 eq) and 3.0 nl DIPEA
(17.2 pmol, 10.8eq) in 1ml dry DCM were added to the reaction mixture and stirred for
another 10 min. The solution was partitioned between DCM and water. The resulting solution
was analyzed with TLC (with DCM + MeOH 30 + 5), UV/VIS spectroscopy or '"H NMR (see

section 4).

Coupling of p-OH BuO azaBODIPY dye to a PAMcoHEAA polymer matrix
with 1% OH groups

N
~ N
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Figure 3.30: Reaction scheme of the covalent immobilization of p-OH BuO azaBODIPY on
PAMcoHEAA polymer matrix with 1% hydroxy groups

5.0mg protected p-OH BuO azaBODIPY dye (7.97 pmol, 1.00eq, see section 3.1.3) were
dissolved in dry DCM in a Schlenk tube under inert argon atmosphere. 961l of a 0.1 M
solution of BCl3 in Tol (9.6 pmol, 1.20 eq) were added. The solution was stirred for 20 min
at room temperature, then the reaction mixture was added to a solution of 500 mg PAM-
coHEAA polymer (see section 3.1.2) in DCM under inert argon atmosphere and stirred for
another 30 min. The solution was partitioned between DCM and aqueous NaHCOg3 solution
(2x 200mL). The solvent was evaporated under reduced pressure up to a few milliliters which
were precipitated in 200mL CH:Tol 2:1. (2x) to remove the unbound dye. The obtained
light green polymer was dried in a vacuum oven. The amount of the bound dye was estimated

by dissolving 5mg of polymer in 1 ml DMSO and measuring the absorption of the solution.

Yield: 346 mg light green polymer with approximately 0.05wt.% dye bound to the poly-

mer matrix
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Coupling of p-OH BuO azaBODIPY dye to a PAMcoHEAA polymer matrix
with 2% OH groups

1) BCl3, DCM 2) DCM
RT, 20 min RT, 30 min OOQB o 0.02
N HN
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Figure 3.31: Reaction scheme of the covalent immobilization of p-OH BuO azaBODIPY on
PAMcoHEAA polymer matrix with 2 % hydroxy groups

3.0mg protected p-OH BuO azaBODIPY dye (4.78 pmol, 1.00eq, see section 3.1.3) were
dissolved in dry DCM in a Schlenk tube under inert argon atmosphere. 57nl of a 0.1 M
solution of BCl3 in Tol (5.7 pmol, 1.19 eq) were added. The solution was stirred for 20 min at
room temperature, then the reaction mixture was added to a solution of 300 mg PAMcoHEAA
polymer (see section 3.1.2) in DCM under inert argon atmosphere and stirred for another
30 min. The solution was partitioned between DCM and NaHCO3 solution (2x 150 mL). The
solvent was evaporated under reduced pressure up to a few milliliters which were precipitated
in 200mL CH:Tol 2:1. (2x) to remove the unbound dye. The obtained light green polymer
was dried in a vacuum oven. The amount of the bound dye was estimated by dissolving 5 mg

of polymer in 1 ml DMSO and measuring the absorption of the solution.

Yield: 235mg light green polymer with approximately 0.055 wt.% dye bound to the polymer

Coupling of m-OH diCl azaBODIPY dye to a PAMcoHEAA polymer matrix
with 1% OH groups

2) DCM
Cl Stk 0.99 001
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- 1) BCl3, DCM (N HN
\ N RT, 20 min /\W\om OJ Z
Y O /O

Figure 3.32: Reaction scheme of the covalent immobilization of m-OH diCl azaBODIPY on
PAMcoHEAA polymer matrix with 1% hydroxy groups
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3.0mg protected m-OH diCl azaBODIPY dye (4.20 pmol, 1.00eq, see section 3.1.3) were
dissolved in dry DCM in a Schlenk tube under inert argon atmosphere. 501l of a 0.1 M
solution of BCl3 in Tol (5.0 pmol, 1.19 eq) were added. The solution was stirred for 20 min at
room temperature, then the reaction mixture was added to a solution of 300 mg PAMcoHEAA
polymer (see section 3.1.2) under inert argon atmosphere and stirred for another 30 min. The
solution was partitioned between DCM and NaHCO3 solution (2x 150 mL). The solvent was
evaporated under reduced pressure up to a few milliliters which were precipitated in 200 mL
CH:Tol 2:1. (2x) to remove the unbound dye. The obtained light green polymer was dried
in a vacuum oven. The amount of the bound dye was estimated by dissolving 5 mg of polymer

in 1ml DMSO and measuring the absorption of the solution.

Yield: 221 mg light green polymer with approximately 0.03wt.% dye bound to the poly-

mer matrix

Coupling of p-OH BuO azaBODIPY dye to a cellulose acetate propionate

matrix
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Figure 3.33: Reaction scheme of the covalent immobilization of p-OH BuO azaBODIPY on
a cellulose acetate propionate matrix

3.0mg protected p-OH BuO azaBODIPY dye (4.78 nmol, 1.00 eq, see section 3.1.3) were
dissolved in dry DCM in a Schlenk tube under inert argon atmosphere. 24l of a 1 M solution
of BCl3 in Tol (24 pmol, 5.02 eq) were added. The solution was stirred for 20 min at room
temperature, then the reaction mixture was added to a solution of 300 mg cellulose acetate
propionate in DCM under inert argon atmosphere and stirred for another 30 min. Most of
the solvent was evaporated in a Ny stream up to a few milliliters which were precipitate in
45mL CH:Tol 2:1. (2x) to remove the unbound dye. The precipitate was dried, dissolved in
acetone and precipitated in 45mL CH:Tol 2:1 two more times. The obtained light green
cellulose acetate proprionate was dried in a vacuum oven. The amount of the bound dye was
estimated by dissolving 5 mg of polymer in 1 ml DMSO and measuring the absorption of the

solution.

Yield: 220 mg light green stained cellulose acetate proprionate with approximately 0.33 wt.%
dye bound to the matrix
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3.2 Sensor film preparation

3.2.1 Preparation of stock solutions

Compounds 1, 2, 3, 4 and 5 as well as p-OH C12 azaBODIPY, unsubstituted tetraphenyl
azaBODIPY and diCl tert-butyl BODIPY were weighed in 3 mL vials and dissolved in THF
to obtain solutions with concentrations of 2mg/mL. For the D4 stock solution hydrogel D4
and THF were weighted in a 20 mL vial and stirred overnight to yield a 10 wt. % solution of
polymer in THF. Ethyl cellulose (ethyloxy content 50 %) and Tol: EtOH 3:2 were weighed
in a 20 mL vial to yield a stock solution of 5wt.% EC. A Hyflon® AD 60 stock solution was
prepared by dissolving the polymer in perfluordecalin (washed with aqueous KoCOj3 solution

and dried over NapSOy4 before use) to yield a 5wt.% solution.

3.2.2 Preparation of D4 sensor films for pH calibration

Sensor “cocktails” containing 100 mg D4 (using a stock solution in THF) and 0.2mg dye
(0.2 % relative to the polymer, using stock solutions of compounds 2, 3, 4 and 5 in THF)
were prepared by mixing and homogenizing the solution of the polymer and the dye. The
“cocktails” were knife coated on a dust-free PET foil with a 3 mil coating knife and dried at

room temperature to obtain sensor films with a thickness of approximately 7.6 pm.

3.2.3 Preparation of D4 sensor films for quantum yield measurements

Sensor “cocktails” containing 25 mg D4 (using a stock solution in THF) and 12.5 pg, 50 ng,
125 png or 250 pg of compound 3 (0.05 %, 0.2 %, 0.5% or 1% in respect to the polymer, using
stock solutions in THF') were prepared by mixing and homogenizing the solution of the polymer
and the dyes. The “cocktails” were knife coated on dust-free PET foils with a 3 mil (in case
of the 0.05 % sensor film), 1 mil (in case of the 0.2 % sensor film) or 0.5mil (in case of the
0.5 % and 1% sensor film) coating knife. After evaporation of the solvent, sensor layers with
thicknesses of approximately 7.6, 2.5 and 1.3 pm were obtained.

The same way sensor films with a reference dye p-OH C12 azaBODIPY were prepared. In
addition, blank foils solely based on D4 hydrogel were knife coated on a PET support with
the film thicknesses of 3, 1 or 0.5 mil. For the quantum yield measurements sensor spots with

a diameter of 11 mm were punched out of each sensor foil.

3.2.4 Preparation of D4 sensor films for concentration dependency
measurements

Sensor films consisting of 25 mg D4 and 12.5 pg, 50 ng, 125 pg or 250 ng of compound 3 (0.05 %,
0.2%, 0.5% or 1% in respect to the polymer) were prepared by mixing the corresponding
amount of dye and D4 (by using stock solutions in THF) in a vial and knife coating the

“cocktails” on a dust-free PET foil with a 0.5 mil coating knife. Additionally, sensor foils
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with the same compositions, but using a reference dye p-OH C12 azaBODIPY instead, were
prepared. After evaporation of the solvent sensor foils with a film thickness of approximately

1.3 um were obtained.

3.2.5 Preparation of D4 sensor films for light harvesting experiments

For the investigations of a light harvesting concept, sensor films with a pH insensitive donor dye
(an unsubstituted tetraphenyl azaBODIPY dye, donor 1) and an acceptor dye (compound 3,
m-OH diCl azaBODIPY) in different ratios were prepared (see table 3.1). 12.5mg D4 (using
a stock solution in THF') were mixed with the corresponding amount of donor and acceptor
dye (by using stock solutions in THF), homogenized by vigorous stirring and knife coated
on a dust-free PET foil with a film thickness of 0.5 mil, obtaining a final film thickness of
approximately 1.3pm after evaporation of the solvent. The same way sensor films with
diCl tert-butyl BODIPY as donor dye (donor 2) were prepared.

Table 3.1: Composition of the sensor films for light harvesting measurements

amount of donor amount of acceptor
(wt.% relative to the polymer) (wt.% relative to the polymer)
- 25ng (0.2%)
25 ng (0.2 %) 25 ng (0.2 %)
12. D4

5mg D4 + 50 g (0.4 %) 25 g (0.2 %)
50 ng (0.4 %) 12.5 pg (0.1 %)

50ug (0.4%) -

3.2.6 Preparation of PAMcoHEAA polymer sensor films for pH calibration

25 mg of m-OH diCl azaBODIPY (compound 3) immobilized on polymer PAMcoHEAA (see
section 3.1.3 on page 46) were mixed with 5 mg Egyptian blue and dissolved in 250 pnl dioxane
in the glove box. 1.4 pl di-n-butlydilauryltin (catalyst) and 1.4 pl DESMODUR N 75 MPA /X
(aliphatic polyisocyanate crosslinker) were added and stirred vigorously before the “cocktail”
was knife coated on a dust-free PET foil with a 3 mil coating knife and cured for 1h at 80°C
in the glove box. A final film thickness of approximately 7.6 pm was obtained after curing.
The acetyl protection group on the hydroxy groups of the dyes were cleaved off by stirring in
0.01 M aqueous NaOH solution for 30 minutes.

3.2.7 Preparation of ethyl cellulose sensor films for CO5 calibration

For the indicator layer, a “cocktail” consisting of 25 mg ethyl cellulose (using a stock solution
in Tol: EtOH 3:2), 25 ng m-OH diF azaBODIPY (0.1 % relative to the polymer) and 2mg

Egyptian blue were mixed and homogenized by vigorous stirring. The “cocktail” was purged
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with COg before 10l tetraoctylammonium hydroxide solution (20% in MeOH) were added
and knife coated on a PET foil using a 1 mil coating knife. A CO2 permeable Hyflon layer was
knife coated onto the first layer with a 1 mil coating knife after the first layer was completely
dry. The final sensor film has a thickness of approximately 2.4 pm.

With the same procedure a sensor film containing 25mg ethyl cellulose, 25png m-OH
azaBODIPY (0.1 % relative to the polymer) and 2mg Egyptian blue, as well as a sensor film
containing 25 mg ethyl cellulose, 25 ng m-OH MeO azaBODIPY (0.1 % relative to the polymer)
and 2mg Egyptian blue on a PET support was prepared. For a light harvesting attempt a
“cocktail” consisting of 25 mg ethyl cellulose, 50 ng m-OH azaBODIPY (0.2 % relative to the
polymer), 100 pg unsubstituted tetraphenyl azaBODIPY (as light harvesting donor, 0.4 %)
and 2mg Egyptian blue was knife coated on a dust-free glass support with a 0.5 mil coating
knife, followed by a Hyflon layer, obtaining a film thickness of approximately 1.3 pm in the
dry state.

3.3 Structural characterization

3.3.1 Nuclear magnetic resonance spectroscopy (NMR)

'H, COSY and APT NMR spectra of the synthesized dyes were recorded on a 300 MHz Brucker
instrument (www.bruker.com) in deuterated chloroform as solvent using TMS (tetramethyl-
silane) as reference signal. For analysis of the data MestReNova software from Mestrelab

(www.mestrelab.com) was used.

3.3.2 High resolution mass spectrometry (HR-MS)

Mass spectra of the five synthesized dyes were recored on a Micromass TofSpec 2E Time-
of-Flight Mass Spectrometer by Bruker (www.bruker.com). The data were analyzed with
MassLynx software V4.1 by Waters (www.waters.com). External calibration was done with
a suitable mixture of poly(ethyleneglycol)s (PEG). These measurements were conducted by

Karin Bartl from the Institute of Chemistry and Technology of Materials at TU Graz.

3.4 Photophysical characterization

3.4.1 Preparation of buffer solutions

Buffer solutions with concentrations of 100 mM and pH values ranging from 5 to 13 were
prepared with piperazine, MES, bis-TRIS, TRIS, CHES or CAPS buffer by using a pH meter
(SevenEasy™, Mettler Toledo, www.mt.com) using a glass electrode (SenTix® HW, WTW,
www.wtw.com) to adjust the pH. The pH meter was calibrated by using standard buffer
solutions with a pH of 4.01, 7.01 and 10.01 (Hanna instruments, www.hannainstruments.at).
The pH of the buffer solutions was adjusted by adding 1M HCI or 1M NaOH solution.
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The ionic strength of the buffer solutions was set to 100 mM by using NaCl as background

electrolyte.

3.4.2 Absorption measurements

Absorption spectra were recorded on a Varian Cary® 50 UV-Vis spectrophotometer by Agilent
(www.agilent.com) using Cary WinUV software. The spectra were recorded using fast scan
mode with baseline correction (using the corresponding solvent as blank sample) in a range
between 900 nm and 300 nm. 100-OS precision cuvettes from Hellma Analytics with a light

path of 10 mm were used (www.hellma-analytics.com).

Molar absorption coefficients

For determining the molar absorption coefficients of the synthesized dyes, stock solutions with
concentrations of approximately 5 - 10 M were prepared by dissolving a defined amount of
dye in a defined volume of THF and recording the absorption spectra (triple determination,

see equation 2.1 on page 5).

Determination of the amount of dye bound to the polymer matrix

In order to describe the efficiency of the coupling reactions 5mg of each indicator stained
polymer was dissolved in 1 ml DMSO and absorption of the solution was measured. The

amount of dye bound to the polymer was calculated using Lambert-Beer law (2.1 on page 5).

3.4.3 Emission and excitation measurements

Emission and excitation spectra were recorded on a Fluorolog® 3 Spectrofluorometer from
Horiba Scientific (www.horiba.com) equipped with a R2658 photomultiplier tube by Hama-
matsu (www.hamamatsu.com) or on a fluorescence spectrophotometer F-7000 from Hitachi
(www.hitachi-hightech.com). 100-OS precision cuvettes from Hellma Analytics with a light

path of 10 mm were used (www.hellma-analytics.com).

pH calibration

pH calibration of the synthesized azaBODIPY dyes was conducted for all dyes in solution as
well as for the indicators entrapped in a hydrogel D4 matrix or covalently immobilized on a
PAMcoHEAA polymer matrix. For the measurements in solution, stock solutions of each dye
of approximately 0.5 mg/mL in THF were prepared. The stocks were diluted in EtOH, and
subsequently mixed with buffer solutions with pH values ranging from 5 to 13 in a ratio of
1:1 to obtain solutions with concentrations of approximately 1.5 - 10 M. Emission spectra
of the resulting solutions were recorded from 660 to 850 nm with excitation at 650 nm. The
maxima of the obtained fluorescence spectra were plotted versus the pH values of the buffer,
which was used for the corresponding measurements, and fitted with a Boltzmann equation

(see equation 2.14 on page 15) to calculate the pK,.
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pH calibration of the dyes physically entrapped in a hydrogel D4 matrix was conducted
with sensor films prepared according to the procedure described in section 3.2.2 on page 48.
The sensor layers on PET foil were cut into rectangular stripes which fit exactly diagonally
into a glass cuvette. The cuvette was filled with buffer solutions ranging from pHb5 to pH 13
and washed with water after each pH change. Emission spectra were recorded from 660 nm
to 800 nm with excitation at 650 nm for each pH step. The sigmoidal curves resulting from
plotting the maxima of the spectra versus the pH were fitted with a Boltzmann equation. The
point of inflection of the fitted curve represents the pK, of the physically entrapped dye.

The sensor film consisting of m-OH diCl azaBODIPY (3) covalently immobilized on the
polymer matrix PAMcoHEAA (see section 3.2.6 on page 49) was measured in an analogous
manner, with excitation wavelength set to 620 nm and emission spectra recorded from 650 nm
to 850 nm.

Quantum yields

Quantum yields were measured relatively to a fluorescent dye with a known fluorescence
quantum yield as well as employing an absolute method by using an integrating sphere set up
(see section 2.3.2 on page 10).

For determining the relative quantum yields, first the absorption and emission spectra of a
1.5 - 10°% M solution of diBuO azaBODIPY standard dye in chloroform, which has a quantum
yield of 36 % (in chloroform) [54, 55], were recorded with Aexe =650 nm from 655 nm to 900 nm.
Subsequently, absorption and emission spectra of 1.5 - 10 M solutions of compounds 1, 2, 3,
4 and 5 in THF were recorded with the identical instrument settings. The relative quantum
yields were calculated according to equation 2.7 on page 10. [13, 14]

For determining the absolute quantum yields of the immobilized dyes, a Fluorolog® 3
Spectrofluorometer equipped with a Quanta-y integrating sphere from Horiba Scientific
(www.horiba.com) was used. Excitation spectra were recorded from 600 nm to 650 nm with
excitation wavelength set to 625 nm, and placing a neutral density 5% transmission filter
(actual transmission Aexc(625nm) = 4.74 %, balance factor = 21, see figure 9.19 on page 113)
in front of the detector. Emission spectra were recorded with Aexe = 625 nm from 645 nm
to 900 nm. Sensor films containing 0.05 %, 0.2 %, 0.5% and 1% m-OH diCl azaBODIY dye
(compound 3) or p-OH C12 azaBODIPY dye in a D4 matrix as well as blank films consisting
of only D4 were prepared according to the procedure described in section 3.2.3 on page
48. Sensor spots with a diameter of 11 mm were punched out and placed in a pH5 buffer
in the sample holder of the device. The quantum yields of the dyes were calculated using

FluorEssence™ software by Horiba.

Concentration dependency of emission in D4

In order to investigate the impact of various concentrations of PET dyes physically entrapped in
a D4 matrix, sensor films of compound 3 (m-OH diCl azaBODIPY) and p-OH C12 azaBODIPY
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in hydrogel D4 were prepared as described in 3.2.4 on page 48. The sensor films were cut into
rectangular stripes to fit diagonally into a glass cuvette filled with buffer solutions ranging
from pH5 to pH 11 and measured, rinsing the cuvette with water after each pH step. Emission
spectra were recorded from 650 nm to 850 nm with excitation at 620 nm. pK, values were
determined in an analogues manner as for pH calibrations. Additionally, absorption spectra

from 300 nm to 900 nm were recorded at pH5 and pH 11.

Light harvesting concept in D4

A concept of light harvesting was investigated by using the sensor films as described in section
3.2.5 on page 49. Emission spectra (Aem = 635 nm to 900 nm, Aexe = 624 and Aep = 660 nm to
900 nm, Aexe = 650) and excitation spectra (Aexe = 400nm to 730 nm, Aep, = 740 nm) were
recorded at pH5 and 10.

The sensor films in dry state were also examined using a FireStingO2 from PyroScience

(www.pyro-science.com).

Fluorescence lifetime

Fluorescence lifetimes 7 were determined by TCSPC (time-correlated single photon counting)
using a Fluorolog® 3 Spectrofluorometer equipped with a NanoLED light source N-635L
(for excitation at Aexe=635nm) controlled by a DeltaHub module from Horiba Scientific.
Data analysis was performed with DAS6 decay analysis software from Horiba Scientific
(www.horiba.com). A scattering suspension of poly(1-vinylpyrrolidone-co-styrene) in water
was used to record the prompt fluorescence signal (with emission monochromator set to
643nm). The lifetimes of compounds 1, 2, 3, 4 and 5 were measured in THF with emission
monochromator set to 700 nm. Moreover, the sensor films for concentration dependency
measurements in D4 (see section 3.2.4 on page 48) were measured with emission wavelength
set to 700 nm in buffer solution with pH5.7. Furthermore, decay times of the dyes in the
sensor films prepared for light harvesting measurements (see section 3.2.5 on page 49) were
measured in a buffer solution with pH5.7 at Aepy = 660 nm (emission maximum of the donor)
and at 730 nm (emission maximum of the acceptor). The measured data were fitted with a

mono-exponential or bi-exponential fit.

COs calibration

CO2 measurements were performed on a set-up consisting of four Piccolo2-OEM modules from
Pyro Science (www.pyro-science.com) and mass flow controllers (MFCs) red-y from Vogtlin
Instruments (www.voegtlin.com) controlled by SenGasChar software from Pyro Science. The
COg sensitive foils prepared as described in section 3.2.7 on page 49 were cut into rectangular
stripes to fit into the sample holder of the device. A gas mix of nitrogen and test gas (20,
5 or 0.2% CO2) was produced by the MFCs, the gas mix was humidified to 100 % relative
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humidity by bubbling through water before the gas stream entered the sample chamber. All
measurements were performed at room temperature. The measurements were performed with
maximum LED intensity, 8 ms measuring time and a modulation frequency of 2000 Hz. Each
cycle consisted of 5 or 7 calibration steps, with a duration of 15 min up to 60 min, from 0 hPa
to 189.6 hPa CO4 (using the 20 % COq gas mix), from 0hPa to 49 hPa CO; (using the 5%
CO3 gas mix) or from 0hPa to to 1.9 hPa CO; (using the 0.2% COq gas mix), performing

multiple cycles.
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4 Results and Discussion

azaBODIPYs exhibit a couple of favorable properties, which make them ideal indicators for
pH sensing: they have high molar absorption coefficients, high fluorescence quantum yields,
sharp absorption and emission bands and they are extremely photostable. Moreover, they
absorb and emit in the red/ near infrared region of the light, which is preferential for many
applications of fluorescence-based sensors. Previously reported azaBODIPYs in pH sensors
are based on on/off PET-quenching and ICT. [5, 6] They carry a pH sensitive hydroxy group
in para-position on the phenyl group, which leads to incorporation of the OH-group into the
m-system of the dye’s core. Consequently, absorption spectra show a pH dependent shift to
higher wavelengths upon deprotonation. With a new approach, azaBODIPYs with meta-OH
substitution were synthesized. Due to the meta-hydroxy group, the pH sensitive group is no
longer incorporated into the 7-system and the dye is purely based on PET-quenching.

In the first section of this chapter the synthesis of the novel azaBODIPY dyes as well as
new synthetic strategies for covalent immobilization of the dyes on a matrix material will
be discussed. In the second section the photophysical properties of the new dyes will be
examined. And finally, the sensing properties and the applicability of the new dyes in pH and

CO4 sensors will be discussed.

4.1 Synthetic considerations

4.1.1 Synthesis of azaBODIPY dyes

For the synthesis of tetraarylazadipyrromethenes, the precursors of azaBODIPYs, two different
approaches are commonly used. The first approach uses 2,4-diaryl-5-nitroso-pyrroles and
2,4-diarylpyrroles as educts, which are condensed to yield a tetraarylazadipyrromethene. This
synthetic strategy allows for unsymmetrical tetraarylazadipyrromethenes with four distinct
aryl substituents. The condensation reaction is tolerant to a wide range of different aryl
substituents, however, the commercially available choice of pyrroles for this reaction is limited.
[56]

Ary Ars Arq Arg
N
Ao O — &
Ay >y TNO N~ AL N\_NH N=
H H
Ary Ary

Figure 4.1: Method 1 for the synthesis of tetraarylazadipyrromethenes
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In the second approach diaryl «,f-unsaturated ketones (chalcones) are used as educts. The
chalcones are converted into the corresponding 1,3-diaryl-4-nitrobutan-1-ones (nitrochalcones)
via Michael addition of nitromethane. Condensation of to nitrochalcones with ammonium
acetate yields the tetraarylazadipyrromethene. [54] When two nitrochalcones with distinct sub-
stituents are used for this reaction generally three main products are formed: two symmetrical

tetraarylazadipyrromethenes and one asymmetrical tetraarylazadipyrromethene.

Arq Ary Ary Arg
N
/é . § o, — @ @
o o NH N=
Ary Ar, Ary Ary
Figure 4.2: Method 2 for the synthesis of tetraarylazadipyrromethenes

The second approach was used to synthesize the azaBODIPY dyes 1-5. «,f-unsaturated
ketones with the desired aryl substitution are not commercially available, therefore a previous
reaction step, the synthesis of the chalcones from an acetophenone and a benzaldehyde,
was necessary. A disadvantage of this reaction method is the limited availability of the
corresponding benzaldehydes for the azaBODIPY synthesis. An overview of the four reaction

steps is illustrated in figure 4.3.

NO,
o O R o Rs 0 Rs
KOH Z KOH, EtOH
CHy , H EtOH, H,0 ' O O
Ri Ry Ry Ri Ry R, CHNOz o Ri Rs
OH OH OH
NO
o) o) o] o) 2
KOH _
CHy , HT TS EtOH, H,0 B KOH, EtOH O O
_—
P4 e
Rs Re Rs Re ~ CHNOz g Re
NH,OAC
BuOH
R R
2 OH 6
1: Ry-Rg = H, R4-Rg = OBuU O O
2: Ry = Cl, Ry, R3 = H, R4-Rg = OBuU R Ry
3: Ry, Rz = Cl, Ry = H, R4-Rg = OMe DIPEA, DCM  ° N

4:R;, R3 =F, R, = H, Ry-Rg = OMe
5:R1, R3=H, R, = OMe, R4 = OMe, Rs = OBu, Rg = H

Figure 4.3: Overview of the reaction steps for the synthesis of compounds 1-5
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AzaBODIPYs with the substitution pattern as shown in figure 4.3 and a pH sensitive group
in meta-position on the Ar; were chosen due to several reasons: azaBODIPYs with similar
structure, but pH sensitive group in para-position of the Ars ring show absorption shifts to
higher wavelength in the deprotonated form because the hydroxy group is fully integrated into
the conjugated m-system of the dye’s core. [6] OH-substitution on meta-position prevents the
integration of the hydroxy group into the m-system and therefore the absorption spectrum is
nearly independent of pH. Such a meta-OH substitution on Ary was reported by Jokic et al..
However, this m-OH-substituted dye shows very low quantum yields. [5] With a new approach
azaBODIPY dyes carrying a hydroxy group in meta-position on the Ar; were synthesized. They
are promising pH indicators with pH independent absorption, exhibiting emission quenching
due to sufficient PET quenching. Methoxy and butoxy groups were introduced to enhance the
hydrophobic character of the dye, to enhance its solubility in organic solvents and its stability
in matrix materials to prevent migration and aggregation. Different electron donating and
electron withdrawing substituents on Ar; offer a possibility to tune the pK, of the dye. In
general, the more electron withdrawing a substituent on the aryl moiety is, the lower the pK,
of the indicator.

The procedure and reaction conditions for the synthesis of compounds 1-5 were adapted
from Jokics et al. [5]

Step 1: Chalcone

(0 _ o) R)OK)H o of\ O (OH o
R)k,ﬁ\::\joi’ Rv RMR_ H20 @H' RJ\/\R
H

Figure 4.4: Reaction mechanism of the Claisen-Schmidt reaction

In the first reaction step an acetophenone and a benzaldehyde are coupled via Claisen-Schmidt
condensation by using KOH as base. The reaction was run overnight at room temperature.
The reaction worked with excellent yields of approximately 80-90% (crude yields). The

obtained yellow solid was used for the next reaction step without purification.

Step 2: Nitrochalcone

- _NO NO
Qoo © R [T
R~ R R <\ R " R R
0

A

H™ O H

Figure 4.5: Reaction mechanism of the Michael addition with nitromethane
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In a Michael addition with nitromethane the chalcone was converted into the corresponding
nitrochalcone. The nitromethane, which acts as Michael-donor, is deprotonated by a base
(KOH) to yield a carbanion. The nitromethanide anion intermediate couples to the Michael-
acceptor, an «,f-unsaturated ketone, followed by uptake of a proton to yield the product.
The reaction time was between 1 and 4 hours. After a complete conversion of the chalcone to
the nitrochalcone the reaction mixture was washed with aqueous HCI solution and the solvent
was removed by rotary evaporation. Oily products with crude yields of more than 100 %
were obtained, which were used in the following reaction steps without further purification.
It is assumed that not all of the nitromethane was completely removed, resulting in an oily
instead of a solid crude product with yields over 100 %. That made it difficult to weigh out
an accurate amount for the following reaction step, and consequently impossible to define an
exact ratio of the two nitrochalcones for the ligand-forming reaction. Complete drying of the

crude product could therefore possibly increase the yields of the follow up reaction step.

Step 3: Tetraarylazadipyrromethene

Two nitromethanes with different aryl substituents were joined by a condensation reaction
with ammonium acetate. Studies using isotope-labelled compounds, mass spectrometry and
15N NMR techniques suggest a possible reaction mechanism via an in situ formation of a pyrrole
and the corresponding nitrosopyrrole followed by a condensation reaction. [57] The reaction
yields a mixture of three different products, two symmetric products and one asymmetric
product. The desired asymmetric tetraarylazadipyrromethene could be easily separated and
purified via column chromatography with silica gel (or aluminum oxide in case of compound

3). However, only low yields of less than 10 % could be achieved in this reaction step.

Step 4: BF2-chelated tetraarylazadipyrromethene

tetraarylazadipyrromethene
10 —— BF2-chelated

0.8

0.6

0.4

norm. Abs

0.2+ N\

0.0+

T T T T T T
300 400 500 600 700 800
Wavelength [nm]

Figure 4.6: Absorption of the tetraarylazadipyrromethene vs. BFs-chelated tetraarylazadi-
pyrromethene using the example of compound 1
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Finally, in the last step of the azaBODIPY synthesis, complexation of the tetraarylazadipyrro-
methenes with boron trifluoride diethyl etherate and N, N-diisopropylethylamine yields the
BFs-chelated tetraarylazadipyrromethene (azaBODIPY) in good yields. Purification of the
final product was done by column chromatography with silica gel (or aluminum oxide in case
of compound 3) and subsequent recrystallization from MeOH. The bathochromic shift of the
absorption from a tetraarylazadipyrromethene to a BFs-chelated tetraarylazadipyrromethene

by using the example of compound 1 can be seen in figure 4.6.

Concluding, the following set of five azaBODIPY dyes was synthesized (figure 4.7).

O (6] (@) (6]
1 2
m-OH azaBODIPY m-OH Cl azaBODIPY

pK, 11.93 pKg 11.11
ol o~ o)
OH
® - O
N NS N
- N\ -
/N N\ IN

Oo— —O 4
m-OH diCl azaBODIPY m-OH diF azaBODIPY m-OH MeO azaBODIPY\\\\
pKy 7.77 pKa 10.25 pKa > 12

Figure 4.7: Set of five synthesized azaBODIPY dyes and their pK, in EtOH/H;O 1:1
(1 m-OH azaBODIPY, 2 m-OH Cl azaBODIPY, 3 m-OH diCl azaBODIPY, 4 m-OH diF
azaBODIPY and 5 m-OH MeO azaBODIPY)
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4.1.2 Covalent immobilization of azaBODIPY dyes on a polymer matrix

The covalent immobilization of azaBODIPYs on two different matrix materials was investigated.
Firstly, immobilization on a copolymer of polyacryloylmorpholine and polyhydroxyethyl-
acrylamide (PAMcoHEAA) was investigated, and secondly, cellulose acetate propionate was
examined as matrix material. Covalent immobilization of the dye on a matrix material can be
beneficial over physically entrapped dye molecules: that way leaching and aggregation of the
dye within the matrix can be prevented.

The bonding of the dye to the matrix should be achieved via a B-O bond on the boron center
of the dye. Many procedures for substitution reactions on the boron center on BFs-chelated
dipyrromethenes (BODIPYs) to convert them into the corresponding C- and O-BODIPYs
were reported (see section 2.8). [32-34] These procedures are adopted for the functionalization
of azaBODIPYs.

The aim of this task is to couple azaBODIPY dyes to the N-hydroxyethyl acrylamide moiety
of a polymer and to the hydroxy group of cellulose acetate propionate. The in section 2.8
mentioned functionalization reactions were examined for this purpose. However, the bond
formation on the boron center of azaBODIPYs seems to be a much more delicate reaction than
the functionalization on the BODIPY analogues. Prior to the coupling reaction the hydroxy
group of the azaBODIPY needs to be protected to prevent dimerization or polymerization of
the azaBODIPY molecules during treatment with BCls or reaction of the hydroxy group with
the crosslinker during the curing step (see section 3.2.6). Protection with acetyl chloride was
conducted in DCM at room temperature under inert atmosphere in a 10 minute reaction with
quantitative yields. p-OH BuO azaBODIPY was chosen for the investigation of this reaction
mechanism because it was available in large amounts. In the p-OH azaBODIPY molecule
the pH-sensitive hydroxy group is connected to the m-system of the dye which leads to pH

dependent absorption.

Coupling of azaBODIPYs to HEG

First experiments were conducted with hexaethylene glycol (HEG) instead of the polymer for
easier handling and simpler analysis by TLC, 'H NMR and UV/VIS spectroscopy (figure 4.8).
Reaction with TMSOTY in various amounts (5-10eq), 50eq HEG and various amounts of
DIPEA (approximately 10 or 50 eq) were conducted at 0°C and at room temperature
(according to the general procedure described in section 3.1.3). TLC of a reaction at 0°C for
10 min with 7.5eq TMSOTT, 50eq HEG and 10eq DIPEA showed a spot, presumably the
product spot, besides the educt spot. However, the educt spot is predominant with only very
little conversion. Longer reaction times (20 min) and large excess of DIPEA (50eq) leads to
decomposition of the azaBODIPY to the corresponding ligand, indicated by a color change of
the solution from green to blue. The conclusion can be drawn that TMSOTT is not a suitable

reagent for this reaction.
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Reaction with 10eq BCl3 (using a 1M solution in DCM), 50eq HEG and 15eq DIPEA
leads to conversion of the azaBODIPY besides an unknown side-product (see figure 4.8, TLC
on the right).

»

1) TMSOTABCl; )
DIPEA S
—_— N N

DCM

Figure 4.8: Reaction pathway and TLC of the coupling reaction of p-OH BuO azaBODIPY
and hexaethylene glycol with TMSOT{/BCl3

The fractions can be easily separated by column chromatography (on silica gel with DCM : CH
1:1). A blue side product elutes first, which is supposedly a degradation product of the dye,
the ligand. After elution of a green product, presumably the unbound azaBODIPY dye, the
desired product elutes, the HEG-coupled azaBODIPY. 'H NMR data reveal that one HEG
group is bound on the boron center and that the protection group was removed by the harsh
reaction conditions (see figure 9.12 on page 106). Absorption spectra of the product in acidic
and basic environment (by adding a drop of trifluoroacetic acid or triethylamine, respectively)
confirm that the protection group was removed which is visualized by a shift of the absorption

maximum to higher wavelength upon deprotonation (figure 4.9).
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Figure 4.9: Absorption spectrum of the immobilization reaction of p-OH BuO azaBODIPY
and HEG in MeOH in acidic and basic environment
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Coupling of azaBODIPYs to PAMcoHEAA
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Figure 4.10: Reaction pathway of the coupling reaction of p-OH BuO azaBOIDPY on the
polymer PAMcoHEAA with BClg

With these results immobilization reactions of the acetyl protected p-OH BuO azaBODIPY
on the copolymer PAMcoHEAA according to the procedure in section 3.1.3 were examined
(figure 4.10). First attempts were not successful: reaction with 10 eq BCls (using a 1 M solution
in DCM) and stirring for 10 min at 0°C yields a pale green polymer. UV /VIS spectra however
show an untypical broad band (figure 4.11 (a)). This broad absorption band may result
from degradation of the dye or formation of a side product due to too high concentrations of
the reactive Lewis acid BCl3. Using only 2eq of BCls seems to work well. The product is
a pale green polymer and absorption spectra show typical sharp peaks. Absorption bands
exhibit a shoulder in basic environment at higher wavelength though, pointing out partial
deprotection of the dye (figure 4.11 (b)). After using a new bottle of BCl3 solution (1M in
DCM) deprotection and decomposition was observed again, even when small amounts of the
BCl3 solution were used (figure 4.11 (c)). Apparently BCl3 is not stable over a long period of
time and degrades when stored in DCM. This would explain why the reaction worked with
large amounts of the old BClg batch, but decomposition and deprotection takes place even

when small volumina of the new BCl3 solution were used.

It is assumed that BCls is more stable as a solution in toluene, which is commercially
available as well. Another advantage over DCM is its higher boiling point which makes the
solution easier to handle. By using a 1 M solution of BCl3 in toluene the reaction conditions
were optimized to achieve a maximum of dye bound to the polymer while reducing the
ratio of dye being deprotected during the reaction progress. For the coupling reaction of
p-OH azaBODIPY to the polymer PAMcoHEAA the ideal reaction conditions were found to
be activation of the B-F bond with 1.2eq BCl3 (1M solution in toluene) for 20 min at room
temperature in DCM, and reaction with a solution of PAMcoHEAA in DCM for 30 min at room
temperature. Work up was done by partitioning between DCM and aqueous NaHCOj3 solution
and multiple precipitation in CH:Tol 2:1 (figure 4.11 (d)). With this method a polymer with
approximately 0.05wt.% dye bound (relative to the polymer) could be synthesized.
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The amount of dye bound to the polymer can be estimated via the molar absorption
coefficient of the dye (assuming that the spectral properties of the dye remain unchanged
after the immobilization) by dissolving a known amount of the obtained product in a known
volume of DMSO and measuring its absorption. Moreover, the size of the shoulder in the
absorption spectrum at higher wavelength in basic milieu indicates the ratio of deprotected

(and therefore deprotonated) dye.
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Figure 4.11: Absorption spectra of the immobilization products of p-OH BuO azaBODIPY
and PAMcoHEAA with BCl3 in DMSO in acidic and basic environment

This procedure was adapted for immobilizing p-OH BuO azaBODIPY on PAMcoHEAA
containing 2 % OH groups (see section 3.1.3). Other than expected, only slightly more dye
could be immobilized (approximately 0.055wt.%), even though twice the amount of hydroxy
groups are available for immobilization in this polymer (figure 4.12 (a)).

With the same procedure the new dye m-OH diCl azaBODIPY (compound 3) was immobi-
lized as well. m-OH diCl azaBODIPY was coupled to PAMcoHEAA with 1% hydroxy groups
obtaining a pale green polymer with approximately 0.03 wt.% dye bound (figure 4.12 (b)).
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Due to the meta-hydroxy substitution absorption spectra are pH independent. Therefore,

degree of deprotection (deprotonation) is not apparent from the shown spectrum.

acidic

0.4+ basic 0.4

0.3+ 0.3 o

0.24 0.2+

Absorption
Absorption

o
0.1 ) 0.1

0.0+ 0.0

T T T T T T T T T T |
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]

(a) 1.2eq BCl3 in Tol, RT, 20 min (b) 1.2eq BCls in Tol, RT, 20 min

Figure 4.12: Absorption spectra of the immobilization reaction of (a) p-OH BuO azaBODIPY
and PAMcoHEAA with 2% OH groups in DMSO and (b) m-OH diCl azaBODIPY (com-
pound 3) and PAMcoHEAA with 1% OH groups in DMSO in acidic and basic environment

Coupling of azaBODIPYs to CAP

p-OH BuO azaBODIPY was coupled to cellulose acetate propionate (CAP) using a similar
procedure. According to the manufacturer CAP has a hydroxyl content of 4.4 to 5.6 wt.%, to
which the dye should bind.

For preparation of sensor films with CAP no crosslinking step is necessary. Therefore,
more BCl3 can be used for the coupling reaction because the protection groups do not have
to stay intact. By using 5eq BCl3 a strongly stained polymer with approximately 0.3 wt.%
immobilized dye was obtained (figure 4.13). However, a drawback of this matrix material is
that CAP per se is too hydrophobic and H™ permeability is too low to be used in pH sensors.
Therefore, CAP must be hydrolyzed to convert it into cellulose which has a higher proton
permeability. The harsh conditions of this preparation step of cellulose sensor films might

cause decomposition of the dye molecules.
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Figure 4.13: Absorption spectra of the immobilization reaction of p-OH BuO azaBODIPY
and CAP in acetone in acidic and basic environment (5eq BCls in Tol, RT, 20 min)

An important factor influencing the coupling reaction is first of all the amount of BCl3 used.
There seems to be a thin line between deprotection/ decomposition of the dye and efficient
coupling. Too high BCl3 concentrations lead to degradation, whereas too little BCls does not
activate the B-F-bond efficiently. It is assumed that BCls as a solution in DCM is not stable
over an long time and degrades even when storing under inert atmosphere in the fridge. BClj
in toluene seems to be a better option. Due to toluene’s higher boiling point it is easier to
measure and add a reproducible amount of the solution to the reaction mixture. Nevertheless,
it was difficult to obtain reproducible results from the previously described experiments. BCls
is a Lewis acid and is highly reactive towards water. In contact with water it hydrolyzes to
hydrochloric acid and boronic acid. It also reacts with esters which leads to the cleavage of
the acetyl protecting group. [58] Due to the high reactivity of BCls, only small amounts of
residual water could have an impact on the efficiency of the coupling reaction, even when

particular attention was paid to anhydrous and oxygen free reaction conditions.

Another important factor is the reaction temperature. The experiments were carried out
either at 0°C or at room temperature. Higher temperatures seem to enhance the reaction
progress, however, also the degree of acetyl cleavage is enhanced at elevated temperatures.
Concerning reaction times, it was found that the second reaction step (adding of a solution of
PAMcoHEAA or CAP) increases with increasing reaction time up to 30 minutes. Between 30

and 120 min no further increase of reaction progress could be observed.

Size of the reaction batch turned out to have an impact as well. Better conversions with less
deprotection were obtained when larger batches were used. BCls reacts rapidly with residual
water in the glass ware or syringe, therefore the negative impact of water gets less pronounced

in larger reaction batches.
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4.2 Photophysical characterization

The photophysical properties of the synthesized dyes 1-5 (see figure 4.7) are summarized in

table 4.1 and will be discussed in the following sections.

Table 4.1: Photophysical properties of azaBODIPY dyes 1-5

)\abs )\em 3 q)rel pKa, pKa’ TF
Compound  (DCM) (EtOH/H,0) (THF) (THF) (EtOH/H,0) (D4) (THF)
[nm] [nm] [M'1 cm'l] [%] [ns]
1 m-OH 696 723 83205 24 >11.5 - 2.54
2 m-OH Cl 696 722 85355 27 11.11 10.77 2.69
3 m-OH diCl 689 721 80705 26 7.77 7.53 2.56
4 m-OH diF 693 719 73292 27 10.25 10.29 2.67
5 m-OH OMe 694 721 90024 14 - >12 1.57
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Figure 4.14: Absorption (in dichloromethane) and emission spectra (in ESOH/H20 1:1) of

the new azaBODIPYs 1-5
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4.2 Photophysical characterization

4.2.1 Absorption

The synthesized azaBODIPYs 1-5 carry a pH sensitive group (a hydroxy group) in meta-
position on the Ar;. In consequence of the m-substitution, the hydroxy group is not connected
to the m-system of the azaBODIPY core, resulting in a nearly pH independent absorption
spectrum (see figure 4.15 bottom). In contrast to the novel dyes, previously synthesized
azaBODIPYs had similar substitution pattern but a hydroxy group in para-position on
an Arg group. [5, 6] Thus, the hydroxy group is incorporated into the m-system of the
fluorophore resulting in a wavelength shift from protonated to deprotonated state of the dye

(see figure 4.15 top).

All five synthesized dyes have very similar absorption spectra with maxima ranging from
689 nm to 696 nm in dichloromethane (figure 4.14). Compared to other azaBODIPYs a slight
bathochromic shift can be achieved with the new meta-hydroxy substitution. [6] Absorption
in this region of the light is preferential for many applications because it lies in the so-called
“optical window”. Between 650 nm an 950 nm autoabsorption and autofluorescence as well as
scattering of the light is reduced resulting in higher signal-to-noise ratios and less background

noise.

Molar absorption coefficients of the dyes are in the range between 73 000 and 90 000 M-! cm™
(in THF), which is typical for this class of dyes. [3, 5, 6]

Interestingly a shift of absorption maxima in the blue range (approximately 400 nm to
500nm) can be observed. The absorption maxima of the dyes in the blue range and the
molar absorption coefficients are summarized in table 4.2. The wavelengths of these “second”

absorption maxima are important for e.g. blue light excitation of sensors.

Table 4.2: Absorption maxima (in the blue region) and molar absorption coefficients at the
maxima (in the blue region) of dyes 1-5

Compound [>r\1 ‘?;15] [M‘lscm‘l]
1 m-OH 487 12634
2 m-OH Cl 453 11814
3 m-OH diCl 451 12697
4 m-OH diF 444 10766
5 m-OH OMe 471 13820
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Figure 4.15: Comparison of absorption and emission spectra of para-OH substitution (p-OH
C12 azaBODIPY) and meta-OH substitution (m-OH diCl azaBODIPY) depending on the
pH

4.2.2 Fluorescence

As described in the theoretical part of this thesis, PET (photoinduced electron transfer) leads to
quenching of fluorescence in the deprotonated state. An electron from the deprotonated oxygen
is transferred to the m-system of the azaBODIPY core, which results in a radiationless decay to
the ground state. In the protonated state however, this electron transfer is suppressed due to
changes of the energy levels of the molecular orbitals, and the molecule relaxes under emission
of fluorescent light. Consequently, fluorescence intensities, which reflect the concentration of
the protonated dye in the excited state, change with changing pH of the surrounding medium
(figure 4.16). The emission maxima of all five dyes are very similar, resembling the trend of
the absorption maxima. The dyes emit in the NIR region of the light in a range from 719 nm
to 723 nm (figure 4.14). Same as absorption maxima, the emission maxima are shifted a few

nanometers to higher wavelengths compared to previously reported azaBODIPYs. [6]
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Figure 4.16: pH dependent emission spectrum of compound 3 at various pH values in
EtOH/H20

Quantum yields

Quantum yields measured in THF with the relative method range from 24 % to 27 %, with
the exception of compound 5, which has a significantly lower quantum yield of only 14 %.
The quantum yields of compounds 1-4 are relatively high, compared to other compounds of
this dye class. [6] A similar structure of an azaBODIPYs with meta-hydroxy group on the
Ars ring was reported, however, this dye has very low quantum yields of only 10 %. [5] By a
structural modification of the dye, by relocating the position of the hydroxy group to Ary,
the photophysical properties of the dye can be maintained but higher quantum yields can be
achieved.

Additionally to the measurements in solution with the relative method, the quantum
yield of m-OH diCl azaBODIPY (compound 3) and p-OH C12 azaBODIPY with different
concentrations between 0.05% and 1% in hydrogel D4 were measured with the absolute
method. In D4 matrix lower quantum yields were determined. The QY of 3 in D4 calculated
from the absolute method is 15 % (of the D4 sensor film with 0.05% dye content), whereas in
solution 26 % were measured. The quantum yields of compound 3 as well as of p-OH C12
azaBODIPY decrease with increasing concentration of dye in the hydrogel. This effect can
be explained by FRET (Forster resonance energy transfer). The higher the concentration
of the dye in the matrix, the smaller is the distance between each dye molecule. Therefore,
FRET between two molecules in close proximity is enabled in higher dye concentrations. Inner

filter effects (e.g. reabsorption of the emitted light) might be another factor decreasing the
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quantum yields in sensor films with high dye concentrations. The relationship between dye

concentration in hydrogel D4 and the measured quantum yields are illustrated in figure 4.17.

T
o N b O ®
1 1 1 1 |
-
|}

Quantum Yield [%]
o<
1

24 ®  p-OH C12 azaBODIPY

® m-OH diCl azaBODIPY (3)
0 T T

T T
0.0 0.2 0.4 0.6 0.8 1.0
Dye Concentration [%)]

Figure 4.17: Relationship between the measured quantum yield of p-OH C12 azaBODIPY
and m-OH diCl azaBODIPY (compound 3) and the dye concentration in D4

Fluorescence lifetime

The fluorescence lifetimes of dyes 1-4 measured in solution (in THF) via TCSPC range from
2.54ns to 2.69ns. No clear statement about the influence of the substitution pattern on the
lifetime can be made. Compound 5 however makes an exception with a shorter lifetime of
1.57ns. This finding agrees with the data obtained from quantum yield measurements, where
compound 5 shows lower values as well. The results from lifetime measurements of 3 are

shown in figure 4.18. The remaining results can be found in the appendix on page 112.
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Figure 4.18: Lifetime of m-OH diCl azaBODIPY (3) in THF measured via TCSPC
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Lifetime measurements of 3 and p-OH C12 azaBODIPY with different concentrations
ranging from 0.05 % to 1% in hydrogel D4 were investigated as well. The same trend as for
quantum yields can be observed here: the lifetimes decrease with increasing dye concentration
in the sensor layer (figure 4.19). Two phenomena could possibly explain these findings. On
the one hand, FRET could decrease the lifetime due to energy transfer from the protonated
form to the deprotonated form of the dye within the matrix. On the other hand, aggregation
of the dye molecules within the matrix might cause the lifetime drop in higher concentrations.
The issue of aggregation could be diminished by incorporating polar groups like hexaethylene

glycol groups on the dye to enhance its solubility in the polymer matrix.
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Figure 4.19: Relationship between the measured lifetime of p-OH C12 azaBODIPY and
m-OH diCl azaBODIPY (3) and the dye concentration in D4

4.3 Sensing properties

4.3.1 pH sensing

From the fluorescence intensities the pH can be estimated with a sigmoidal calibration curve
(equation 4.1). The measurements for pK, determination of previously reported azaBODIPYs
(for example p-OH C12 azaBODIPY) are subjected to FRET (energy transfer from the
protonated “on” state to the deprotonated “off” state) and therefore the pK, determined from
emission measurements is reduced compared to the actual pK, of the dye. It might be that
the pK, of the novel dyes is possibly affected by FRET as well, therefore the pK, calculated
from emission will consequently be addressed as apparent pK, or pK,’ The fitted calibration
curves of compounds 1-4 in EtOH/H0 1:1 can be seen in figure 4.20. It was not possible to
measure a pK,’ of compound 5 because the dye was not sufficiently soluble in the solvent and
seems to form aggregates resulting in a low emission intensity in the used medium. The shape
of the calibration curve of compound 1 with its narrow transition range might suggest errors

in the buffer preparation or bad buffer capacities of the buffer solutions used at high pH.
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Figure 4.20: pH calibration curves of compounds 1-4 in EtOH/H50 1:1 (with a concentra-
tion of approximately 1.5 - 10" M) based on emission spectra

The Boltzmann equation used for the calculation of the pK, is defined by

AL — A

v= 1 + e(z—0)/dx +4 (4.1)

where A; is the maximum, Ay the minimum of the curve, xg represents the point of inflection

and d, the slope at the point zy. The point of inflection of the fitted curve represents the pKj,
of the dye.

Compounds 2-5 were incorporated in a hydrogel D4 matrix and sensor layers of this material
were investigated as well. However, the measured data of compound 5 have to be treated with
caution because the used buffer solutions were not in the optimal pH range for the sensor
layer. Buffer solutions with higher pH would be necessary to make clear statements about the
apparent pK, of 5 in a D4 matrix.
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Figure 4.21: pH calibration curves of compounds 2-5 entrapped in hydrogel D4 (containing
0.2wt.% dye relative to the D4 matrix) based on emission spectra

Furthermore, a sensor layer consisting of compound 3 (m-OH diCl azaBODIPY) covalently

immobilized on a polymer matrix PAMcoHEAA was investigated.
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Figure 4.22: pH calibration curve of compound 3 (m-OH diCl azaBODIPY) covalently
immobilized on PAMcoHEAA (containing approximately 0.03wt.% dye relative to the

polymer matrix) based on emission spectra
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The measured pK,’ values of the dyes in solution (EtOH/H2O 1:1, with a concentration of
approximately 1.5 - 109 M), immobilized in a hydrogel D4 sensor layer (containing 0.2 wt.%
dye relative to the D4 matrix) and covalently immobilized on a PAMcoHEAA polymer matrix
(containing approximately 0.03 wt.% dye relative to the polymer matrix) are summarized in
table 4.3.

Table 4.3: Measured pK,’ values of compounds 1-5 in solution (in EtOH/H20), immobilized
in a hydrogel D4 matrix and covalently immobilized on a PAMcoHEAA polymer matrix

pK,’ pKy’ pK,’
Compound gy 1 /H,0)  (D4)  (PAMcoHEAA)
1 m-OH >11.5 - -
2 m-OH Cl 11.11 10.77 -
3 m-OH diCl 777 7.53 7.24
4 m-OH diF 10.25 10.29 -
5 m-OH OMe - >12 -

The general trend of the influence of electron donating and electron withdrawing functional
groups on the pK, can be clearly observed: the higher the electron density in the aromatic ring,
the higher the pK, and vice versa, the lower the electron density in the aromatic system, the
lower the pK,. Electron withdrawing substituents (like chlorine or fluorine) in ortho-position
relative to the hydroxy group have the highest impact on the pK,. This effect decreases with

the following order ortho > meta > para.

Compound 3 with two electron withdrawing chlorine atoms has the lowest apparent pK,
of 7.77 (in solution), whereas the electron donating group MeO as in compound 5 increases
the electron density in the aromatic ring and increases the apparent pK, to more than 12.
Compound 1 with no other substituents other than the hydroxy group has an apparent pK,
of more than 11.5, which is surprisingly significantly higher than the pK, of phenol. The
formation of the charged (deprotonated) form of the dye might be less favored when connected
to the hydrophobic azaBODIPY core. This might explain the increased pK, compared to the
pK, of phenol. Introduction of one ortho-chlorine (relative to the hydroxy group) decreases
the apparent pK, to 11.11 (compound 2). This is a surprisingly small pK, change compared
to the large difference between phenol and o-chlorophenol (pK, 8.56). A second chlorine in
o-position induces a remarkable pK, drop to 7.77 (compound 3). The fluorine substituents
decrease the pK, by 1.7 pH units. The same trend is observed in fluorine substituted phenols.
The methoxy group increases the apparent pK,, which might be explained by the enhanced
electron density in the ring but also by the formation of a hydrogen bond between the hydrogen
of the hydroxy group and the oxygen of the methoxy group and thus a stabilization of the
acidic hydrogen. [59]
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The decreased apparent pK, of m-OH diCl azaBODIPY in sensor matrixes like hydrogel
D4 or in PAMcoHEAA in contrast to measurements in solution might be caused by a better

stabilization of the negative charge of the deprotonated dye in the hydrophilic matrix material.

Dye 3 (m-OH diCl azaBODIPY) with its low pK,’ is promising for applications in biological
or medical measurements because the pH of seawater and blood lies in the dynamic range
of this indicator dye. Compounds 1, 2, 4 and 5 (m-OH, m-OH Cl, m-OH diF and m-OH
MeO azaBODIPY) on the other side are promising candidates for COy measurements in
environmental analysis, marine monitoring or food packaging due to their high pK,’ Only few
“plastic type” COg sensors based on azaBODIPYs have been reported so far and sensitivities
of these sensor have been an issue [53] With the p-hydroxy substitution such high pK, values
could not be obtained and since sensitivities of COg sensors increases with increasing pK,, the

new azaBODIPYs with m-hydroxy substitution could overcome this problem (see section 4.3.4).

4.3.2 Concentration dependency

In contrast to previously reported azaBODIPYs, the novel azaBODIPY dyes with m-hydroxy
substitution are purely based on PET-quenching and show a pH independent absorption
spectrum. Consequently, the new dyes were expected to show less FRET, and thus a less
pronounced concentration dependency of the emission signals and the apparent pK, than
para-OH substituted azaBODIPYs.

However, as already found in quantum yield and fluorescence lifetime measurements, there
seems to be a dependency on the dye concentration (see figures 4.17 and 4.19). To further
investigate this assumption different concentrations of dye 3 and the reference dye p-OH C12
azaBODIPY (which is based on PET as well as on ICT) were entrapped in a D4 sensor matrix
in concentrations ranging from 0.05 to 1 wt.% relative to the D4 matrix and emission intensities
as well as pK,’ values of these sensor films were determined. The intensities of the sensor
films with concentrations ranging from 0.05% to 0.5 % dye content increase as expected with
increasing dye concentration. However, at higher dye concentrations above 0.5 % the emission
does no longer increase, but gets stagnant or even decreases for both, the p-OH and m-OH
substituted dye (figure 4.23 (a)). The apparent pK, values of the two investigated dyes are
reduced in higher concentrations in hydrogel D4 likewise (see figure 4.23 (b)). Quenching due
to Forster resonance energy transfer takes place at higher rates in higher concentrations than
in lower concentrations. Dye contents of 0.5 % and 1% are quite high and FRET is facilitated
in such high concentration where distances between the single dye molecules are reduced.
However, FRET was expected to have only a small impact in the novel dyes (m-OH diCl
azaBODIPY) compared to older azaBODIPY compounds (p-OH C12 azaBODIPY) due to
the lack of ICT, but seems to significantly influence the emission intensity and the apparent

pK., of the m-hydroxy substituted dye as well.

Master Thesis by Johanna Breininger, BSc, January, 2018 75



4 Results and Discussion

Another important factor which must be considered in this regard is inner filter effect.
This effects causes reduction of the emission of light and get more pronounced in higher
concentrations. Since absorption of the sensor films with concentrations of 0.5% and 1% are
approximately 0.2 and 0.4, respectively, the inner filter effect may have caused considerable
errors in this experiment. To reduce the influence of inner filter effect, sensor foils with reduced

film thickens or lower dye concentrations should be used.
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Figure 4.23: Relationship between the measured emission (a) and apparent pK, (b) and the
dye concentration of p-OH C12 azaBODIPY and m-OH diCl azaBODIPY (compound 3) in
hydrogel D4

4.3.3 Light harvesting

Light harvesting is a versatile tool to enhance brightness of optical sensors, to improve the
signal-to-noise ratio and to reduce background fluorescence in sensor films. This way, the film
thicknesses of sensor films or particles sizes of sensor particles could be potentially decreased.
By addition of a donor dye (antenna dye) with high brightness, more light gets absorbed. The
excitation energy is transferred to a pH sensitive acceptor dye through energy transfer (ET),
which in turn emits fluorescent light. For investigating fluorescence enhancement via light
harvesting for compound 3 (m-OH diCl azaBODIPY) two different donor dyes were used:
Donor 1, an unsubstituted azaBODIPY with four aryl groups with excitation maximum at
658 nm and emission maximum at 683 nm and donor 2, a rigid diCl tert-butyl BODIPY with

excitation maximum at 635 nm and emission maximum at 640 nm (figure 4.24).
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donor 1 Cl donor 2 Cl

Figure 4.24: Structures of the used donor dyes for light harvesting

From the excitation spectra of the light harvesting sensor film containing donor 1 and
m-OH diCl azaBODIPY recorded at pH5 (figure 4.26 (a)) one can see, that the donor dye is
better excitable at the donor’s excitation maximum (658 nm) in the presence of an acceptor
dye. Due to efficient energy transfer from the donor to the acceptor, emission of the acceptor
is stronger in presence of donor dye than in absence of donor, even at lower acceptor dye
concentrations (compare red and brown line in figure 4.26 (b)). The emission at approximately
725 nm (at the acceptor’s emission maximum) increases with changing donor-to-acceptor ratios
with excitation wavelength set to 624nm. In a sensor film containing 0.2 % acceptor dye in
the D4 matrix (red line), the emission intensity doubles by adding the same amount of donor
(blue line). A fourfold increase of the emission could be achieved by using double the amount
of donor and using a donor-to-acceptor ratio of 2:1 (green line). With 0.4 % donor and 0.1 %
acceptor (brown line), the emission can be further increased, however, not all of the absorbed
light is completely transferred to the acceptor and two emission bands, one at 683 nm and one

at 725 nm, can be observed.

energy transfer

Excitation Emission

Aexc = 658 nm Aem =721 nm

Figure 4.25: Scheme of energy transfer taking place in a light harvesting sensor containing
donor 1 and m-OH diCl azaBODIPY (compound 3)
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Figure 4.26: Excitation spectra recorded at 740nm (a) and emission spectra recorded at
Aeze =624nm (b) of light harvesting sensor films containing donor 1 and m-OH diCl
azaBODIPY (3)

Signal intensities of measurements of the sensor foils in the dry state with a FireStingO2
are summarized in the following table. Intensities can be significantly increased by addition
of donor dyes. In both cases, using donor 1 and donor 2, best results were achieved with a

donor-to-acceptor ratio of 2: 1.

Table 4.4: Signal intensities of the sensor foils containing donor 1 or donor 2 and m-OH diCl
azaBODIPY (compound 3) measured with FireStingO2

Sensor composition Signal Intensity Signal Intensity

Donor 1 Donor 2
no Donor, 0.2 % Acceptor 47 47
0.2 % Donor + 0.2 % Acceptor 128 192
0.4 % Donor + 0.2% Acceptor 190 225
0.4 % Donor + 0.1 % Acceptor 190 218

Using donor 1 a strong enhancement of the emission can be achieved through energy transfer
from domnor to acceptor dye. By using a donor-to-acceptor ratio of 2:1 the emission can be
increased fourfold. With this strong signal enhancement the layer thickness of sensor layers
could potentially be decreased or particle sizes of sensor particles could be reduced. The
Stokes shift is increased significantly from 32nm to 63 nm because excitation is shifted to
lower wavelength. This way, excitation filters can be adjusted to allow to pass through more
excitation light. Moreover, the excitation wavelength can be shifted to wavelengths where
alternative light sources can be employed. Concluding, light harvesting is a versatile tool to
increase the emission of fluorescence. As described earlier, measurements of dye 3 in different

concentrations in hydrogel D4 show that the intensity can not be enhanced endlessly by
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increasing the concentration. Due to inner filter effect or quenching by FRET the emission
intensity does not increase linearly with increasing dye concentration. By use of antenna dyes
and light harvesting higher emissions can be achieved.

Donor 2 was chosen as donor due to its extremely high brightness. [60] In the spectra of
the sensor films using donor 2 as antenna dye additional peaks at 698 nm in the excitation
spectrum and at 706 nm in the emission spectrum were observed (see figure 4.27). These
peaks are an indication for aggregation of the dye in the used matrix. Donor 2 may yet be a
suitable candidate for light harvesting in combination with m-OH diCl azaBODIPY due to its

spectral properties, however not in the used D4 matrix.
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Figure 4.27: Emission spectra recorded at A¢z. =624 nm of light harvesting sensor films
containing donor 2 and m-OH diCl azaBODIPY (3)

4.3.4 CO; sensing

Carbon dioxide sensors of the so-called “plastic type” are based on the following principle: In
the absence of CO2 a pH sensitive dye exists in the deprotonated form and forms an ion pair
with TOA™, whereas presence of COg which is in equilibrium with bicarbonate and carbonate

ions induces protonation of the dye.
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Figure 4.28: De-/protonation equilibrium of the pH sensitive m-OH azaBODIPY in ab-
sence/presence of carbon dioxide
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Previously reported COs sensors based on BF-chelated tetraarylazadipyrromethenes em-
ployed symmetrical azaBODIPYs carrying two hydroxy groups in para-positions. Presence of
carbon dioxide causes protonation of the di-deprotonated form with two TOA ™ base pairs to
the mono-deprotonated form. The sensitivity of the indicators could be tuned by electron
donating or electron withdrawing groups to build sensors for various applications in different
fields from food packaging to capnography. [53] These sensors are absorption based sensors,
whose absorption spectra change upon CO4 concentration changes. Emission is quenched in
both states due to PET effect. Therefore, they require a complex inner-filter-DLR scheme
for read-out. Asymmetric azaBODIPYs having only one hydroxy group were not applied
in COq sensors so far because the ion pair formed by the deprotonated dye and the tetra-
octylammonium hydroxide base TOATOH ™~ was too strong to re-protonate even at 100 %
CO4 exposure and could only be protonated by poisoning with HCl. However, mono-hydroxy
azaBODIPYs have the advantage over di-hydroxy dyes. They are fluorescence-based and do
not require an inner-filter-DLR scheme for read out. Working emission-based CO2 sensors
could be realized due to the high pK, of the novel dyes.

Using a Piccolo2-OEM modules from PyroScience a CO4 calibrations of the COs sensor
layers of compounds 1, 4 and 5 were conducted at room temperature with 100 % humidity
using Egyptian blue as analyte-insensitive reference dye for DLR-based ratiometric read-out.
Using test gas bottles with different CO2 content (20 %, 5% or 0.2 % CO3) various sensitivities
of the sensors towards carbon dioxide were investigated. As matrix ethyl cellulose and as
protection layer Hyflon was chosen due to its simple handling.

Figure 4.29 shows CO2 measurements of a sensor film of m-OH diF azaBODIPY (with a
pK., of 10.25) in ethyl cellulose with TOATOH ™~ base and a COo permeable Hyflon protection
layer on a PET support. The sensor layer response fast and reversible to CO5 changes in the
range from 0 to approximately 200 hPa carbon dioxide. However, a pronounced drift after

multiple cycles can be observed.
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Figure 4.29: CO2 measurements of a sensor film of m-OH diF azaBODIPY (4) in EC with
TOA1TOH™ on a PET support
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m-OH azaBODIPY (1) (pK, >11.5) and m-OH MeO azaBODIPY (5) (pK, >12) are much

more sensitive due to their higher pK,. Both dyes show similar results. The following graph

shows a measurement conducted with compound 1 in ethyl cellulose with TOATOH  on a
PET foil in the range from 0hPa to 100 hPa carbon dioxide. The sensor is not suitable for

high CO5 partial pressures and has long response times.
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Figure 4.30: CO2 measurements of a sensor film of m-OH azaBODIPY (1) in EC with

TOA1TOH™ on a PET support

Figure 4.31 shows the results of the same dye at lower carbon dioxide partial pressures up
to only 50 hPa COs2. From the graph it can be seen that the indicator would be better suitable

for measuring even lower carbon dioxide concentrations of approximately 0 to 10 hPa COs.
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Figure 4.31: CO2 measurements of a sensor film of m-OH azaBODIPY (1) in EC with

TOA1TOH™ on a PET support

The following data are obtained from a measurement of 1 and donor 1 (unsubstituted
tetraphenyl azaBODIPY) in ethyl cellulose with TOATOH ™~ and a Hyflon protection layer on
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an untreated glass support (to realize a light harvesting sensor for increasing signal intensities
and potentially reducing the film thickness of the sensor layer). The range of carbon dioxide
partial pressure (ranging from 0 to approximately 2hPa CO3) seems to be suitable for the
sensor. However, very long response times limit the application of such a sensor. Glass is
broadly speaking a more suitable support material than PET because it has no carbon dioxide
storage capacity. However, a drift of the signal may arise from a reaction of the base with the
surface of the glass support. This issue may be reduced by pre-treatment (silanization) of the

glass support.
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Figure 4.32: CO; measurements of a sensor film of m-OH azaBODIPY (1) in EC with
TOATOH  on a glass support

To conclude, m-OH diF azaBODIPY with a pK, of 10.25 is a potentially suitable indicator
for “plastic type” carbon dioxide sensors for applications in higher CO2 concentrations, whereas
m-OH azaBODIPY and m-OH MeO azaBODIPYs (pK, >11.5 and >12, respectively) are
rather suitable in trace analysis of COs. PET as a support material is not universally applicable.
A pre-treated glass support is preferable due to its better stability and no carbon dioxide
uptake and storage. To further improve the performance of the CO5 sensors, different matrix

materials and protection layers should be examined to improve response time and reversibility.
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Within the scope of this work five new pH sensitive azaBODIPY dyes with different substitution
patterns were synthesized successfully, starting from the corresponding benzaldehyde and
acetophenone. The novel dyes exhibit good quantum yields (up to 27 %) and high molar
absorption coefficients (approximately 73000 to 90000 M-' em™!). Absorption and emission
spectra are in the far red/near infrared range with absorption maxima at approximately
690nm and emission maxima at approximately 720 nm. Absorption and emission in this
region of the light is preferential for many applications due to reduced background noise,
higher signal-to-noise ratios and less scattering of excitation and emission light. [3, 51] The
dyes exhibit pH independent absorption and emission spectra. pH sensing is enabled by
PET (photoinduced electron transfer) quenching of fluorescence emission upon deprotonation
of the hydroxy group of the indicator. These properties make the new PET-functionalized
azaBODIPY dyes promising candidates for optical pH and carbon dioxide sensing for various

applications in different pH and CO» ranges.

The pK,’ of the dyes was tuned by substitution with electron donating or electron withdraw-
ing groups (including chlorine-, fluorine- and methoxy groups) on the phenyl group carrying
the hydroxy group, resulting in dyes with pK,’ values ranging from approximately 7.8 to 12.
The dyes with low pK,’, especially m-OH diCl azaBODIPY with a pK,’ of 7.8, represent ideal
dyes for pH sensing in biology, marine monitoring or in medical applications. For further
lowering the pK, of azaBODIPYs synthesis and characterization of trichloro or trifluoro dyes
would have been interesting. However, synthesis of the corresponding benzaldehydes as educts

was not successful.

The applicability of the new dyes as pH sensors was investigated in a hydrogel D4 matrix
as well as covalently immobilized on a polymer matrix. A new strategy for immobilization of
the dye on a copolymer (PAMcoHEAA) and on cellulose acetate propionate was achieved by
activation of the B-F bond of the azaBODIPY core with boron trichloride and subsequent
coupling to the polymer by formation of a new B-O bond. Substitution on the boron center
of a similar class of dyes, of BODIPY dyes, can be found in multiple publications. [35-39]
However, these reported reactions turn out to be less suitable for modifications of azaBODIPYs.
Moreover, issues of reproducibility of the coupling reaction turned out to be a major problem.
After optimization of the reaction conditions, PAMcoHEAA polymers with approximately
0.03 wt.% to 0.05 wt.% dye bound and cellulose acetate propionate with approximately 0.3 wt.%
dye bound could be obtained by reaction of the dye with BCls.
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The fluorescence properties of the new dyes were assumed to be less dependent on the
concentration (compared to previously synthesized azaBODIPY dyes with similar structures
[5, 6]) due to meta-hydroxy substitution and disconnection of the hydroxy group with the
m-system of the azaBODIPY core. However, it was observed that fluorescence emission and
pK., of the dyes is reduced when physically entrapped in higher concentrations in hydrogel D4.
Quenching might be caused by FRET (Forster resonance energy transfer), however also errors
caused by inner filter can not be neglected in this respect.

With a light harvesting approach of m-OH diCl azaBODIPY and a second (pH insensitive)
antenna dye emission output could be increases significantly in a hydrogel matrix. Light is
absorbed by a highly absorbing antenna dye (donor dye), the excitation energy is transferred
to the pH sensitive acceptor dye, which in turn emits the light at higher wavelengths. By using
a tetraphenyl azaBODIPY dye as donor and a donor-to-acceptor ration of 2:1 the emission
can be increased fourfold in a D4 sensor film compared to a sensor film solely based on the
acceptor dye m-OH diCl azaBODIPY. With this strategy emission output of sensors can be
increased and extremely thin sensor layer with fast response times can be fabricated.

Compounds 1, 4 and 5 (m-OH, m-OH diF and m-OH Meo azaBODIPY) turn out to be
promising indicators in “plastic type” CO2 sensors together with the quaternary ammonium
compound tetraoctylammonium hydroxide due to their high pK, (>11.5, 10.25 and >12,
respectively). Sensor films consisting of the dye and the base immobilized in a matrix of ethyl
cellulose and a Hyflon protection layer show a reversible response to different CO5 partial
pressures. However, a pronounced drift of the signal can be observed. By optimizing the
support material, matrix and protection layer compositions, hopefully better results could be

achieved in the future.
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9 Appendix

9.1 Chemicals and materials

Table 9.1: Used chemicals

chemicals abbr. supplier CAS number

2,4-dichloro-3-hydroxybenzaldehyde Fluorochem 56962-13-1
2,6-difluoro-3-hydroxybenzaldehyde Fluorochem 152434-88-3
2-chloro-3-hydroxybenzaldehyde Sigma-Aldrich 56962-10-8

3-hydroxybenzaldehyde TCI 100-83-4
4’-butoxyacetophenone TCI 5736-89-0
4’-methoxyacetophenone TCI 100-06-1
4-acryloylmorpholine Sigma-Aldrich 5117-12-4
acetyl chloride Fluka 75-36-5
ammonium acetate Merck 631-61-8
boron trichloride (1.0 M solution in toluene) BCl; Sigma-Aldrich 10294-34-5
boron trifluoride diethyl etherate Sigma-Aldrich  109-63-7
cellulose acetate propionate CAP Acros Organics 9004-39-1
DESMODUR N 75 MPA /X DESMODUR. Covestro
di-n-butlydilauryltin ABCR 77-58-7
hexaethylene glycol HEG Sigma-Aldrich 2615-15-8
hydrochloric acid HCl1 Merck 7647-01-0
isovanillin TCI 621-59-0
N, N-diisopropylethylamine TCI 7087-68-5
N-hydroxyethyl acrylamide Sigma-Aldrich 7646-67-5
nitromethane Sigma-Aldrich 75-52-5
p-anisaldehyde TCI 123-11-5
poly(1-vinylpyrrolidone-co-styrene) Sigma-Aldrich 25086-29-7
potassium hydroxide KOH Merck 1310-58-3
potassium peroxodisulfate Roth 7727-21-1
sodium chloride Na(Cl Merck 7647-14-5
sodium hydrogen carbonate NaHCOs3 Merck 144-55-8
sodium hydroxide NaOH Merck 1310-73-2
sodium sulfate NasSOy Merck 7757-82-6
tetraoctylammonium hydroxide solution TOATOH™  Sigma-Aldrich 17756-58-0
(20 % in MeOH)

triethylamine TEA Roth 121-44-8
trifluoroacetic acid TFA Fluka 76-05-1
trimethylsilyltrifluormethansulfonat TMSOTT Sigma-Aldrich 27607-77-8
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9 Appendix

Table 9.2: Used solvents

solvents abbr. supplier CAS number
1-butanol BuOH TCI 71-36-3
acetone VWR Chemicals  67-64-1
chloroform-d CDClg Euriso-top 865-49-6
cyclohexane CH VWR Chemicals  110-82-7
dichloromethane DCM Fisher Chemical 75-09-2
dioxane dioxane  Fluka 123-91-1
dimethyl sulfoxide = DMSO Sigma-Aldrich 67-68-5
ethanol EtOH VWR Chemicals  64-17-5
ethyl acetate EA VWR Chemicals  141-78-6
methanol MeOH VWR Chemicals  67-56-1
perfluordecalin PFD ABCR 306-94-5
tetrahydrofuran THF Roth 109-99-9
toluene Tol VWR Chemicals  108-88-3

Dry, water-free solvents were prepared by storage under inert atmosphere over 4 A molecular

sieve.

Table 9.3: Used buffer substances

buffer supplier CAS number
bis-TRIS Roth 6976-37-0
CAPS Roth 1135-40-6
CHES Roth 103-47-9

MES Roth 4432-31-9
piperazine Sigma-Aldrich 110-85-0

TRIS Merck 77-86-1

Table 9.4: Used gases

gas supplier
COq, Linde gas
test gas (20 % COg, rest Na) Linde gas
test gas (5% COay, rest Ny) Linde gas
test gas (0.2 % COq, rest Ng) Linde gas
No Linde gas
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9.1 Chemicals and materials

Table 9.5: Used materials

chemicals abbr. supplier

ALUGRAM® aluminium sheets, Alox N/UVas4, 0.20 mm Macherey-Nagel
aluminum oxide, neutral, Brockmann I, 50 - 200 pm, 60 A Alox Acros

aluminum TLC plates, silica gel 60 Fas4 Merck

ethyl cellulose (ethyloxy content 50 %) EC Scientific Polymer
hydromed® D4 D4 AdvanSource biomaterials
hyflon® AD 60 hyflon Solvay

PET foil Melinex® 125 pm Piitz Folien

silica gel 60 (0.04-0.063 mm, 60 A) Roth

o (e} o o
1 2
m-OH azaBODIPY m-OH Cl azaBODIPY
cl - ~

O o~ (¢}

—0 3 O0— —O O0— —O 5 o]
m-OH diCl azaBODIPY m-OH diF azaBODIPY m-OH MeO azaBODIPY\\\\

o] o o}
) HN
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Figure 9.1: Structures of all synthesized dyes (compounds 1-5) and used BODIPY and
azaBODIPY dyes*
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Table 9.6: Used dyes

dye abbr.

m-OH azaBODIPY compound 1
m-OH Cl azaBODIPY compound 2
m-OH diCl azaBODIPY compound 3
m-OH diF azaBODIPY compound 4

m-OH MeO azaBODIPY compound 5
p-OH BuO azaBODIPY*

diBuO azaBODIPY*

p-OH C12 azaBODIPY*

tetraphenyl azaBODIPY* donor 1
diCl t-butyl BODIPY* donor 2
Egyptian blue*

*Dyes p-OH BuO azaBODIPY, diBuO azaBODIPY, p-OH C12 azaBODIPY and tetraphenyl
azaBODIPY were synthesized by Martin Strobl according to literature [6], diCl t-butyl
BODIPY was synthesized by Matthias Schwar according to literature [60]. Egyptian blue was

synthesized according to literature [61].
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9.2 NMR data

9.2 NMR data
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Figure 9.2: 'H NMR spectrum of compound 1 (m-OH azaBODIPY) in chloroform-d
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Figure 9.3: APT NMR spectrum of compound 1 (m-OH azaBODIPY) in chloroform-d
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Figure 9.4: 'H NMR spectrum of compound 2 (m-OH Cl azaBODIPY) in chloroform-d
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Figure 9.5: APT NMR spectrum of compound 2 (m-OH Cl azaBODIPY) in chloroform-d

90 80
f1 (ppm)

25000

20000

15000

10000

5000

5000

r-10000

-15000

r-20000

~-25000
1

102

azaBODIPY indicators and their application in pH and COgz sonsors



9.2

NMR data
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Figure 9.7: 'H NMR spectrum of compound 4 (m-OH diF azaBODIPY) in chloroform-d
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Figure 9.8: APT NMR spectrum of compound 4 (m-OH diF azaBODIPY) in chloroform-d
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9.2

NMR data
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Figure 9.10: 'H NMR spectrum of acetyl protected p-OH BuO azaBODIPY in chloroform-d
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Figure 9.11: '"H NMR spectrum of acetyl protected m-OH diCl azaBODIPY in chloroform-d
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Figure 9.12: 'H NMR spectrum of the coupling product of OH BuO azaBODIPY with HEG
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9.8 HR-MS data

9.3 HR-MS data
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Figure 9.13: MALDI-TOF spectrum of compound 1 (m-OH azaBODIPY) in a dithranol
matrix with the corresponding isotope pattern
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Figure 9.14: MALDI-TOF spectrum of compound 2 (m-OH Cl azaBODIPY) in a dithranol
matrix with the corresponding isotope pattern
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9.8 HR-MS data
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Figure 9.15: MALDI-TOF spectrum of compound 3 (m-OH diCl azaBODIPY) in a dithranol

matrix with the corresponding isotope pattern
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Figure 9.16: MALDI-TOF spectrum of compound 4 (m-OH diF azaBODIPY) in a dithranol
matrix with the corresponding isotope pattern
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9.8 HR-MS data
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Figure 9.17: MALDI-TOF spectrum of compound 5 (m-OH MeO azaBODIPY) in a dithranol
matrix with the corresponding isotope pattern
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9.4 TCSPC lifetime measurements
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(b) Lifetime of compound 2 in THF
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(d) Lifetime of compound 5 in THF
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9.5 Other spectra
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Figure 9.19: Actual transmission of the used neutral density 5% transmission filter
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