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Chapter 1

1.1 Motivation

Optical pH and CO:2 sensing has new possibilities in many applications where electrochemical
sensors fail. Optical sensors aren’t prone to electrical interferences, they are noninvasive and
enable remote measurements. They are also capable for continuous measurements and require
low energy consumption. Most optical pH sensors are utilizing colorimetric or fluorescent
indicator dyes. Although many pH indicators are currently available, only a few fulfill the

requirements for use in pH sensors.

Therefore, the focus of this work was to synthesize and characterize new fluorescent probes

suitable for preparation of pH and CO2 sensors for various ranges of pH and pCOx.

Several criteria dictated the choice of the indicator. BF2-chelated-azadipyrromethenes were
chosen due to their near-infrared emission, possibility of tuning the pKa, straightforward
synthesis and high photostability. For optimization of sensor properties different polymer
supports were used onto which the indicators were immobilized. Performance of the sensors was

also evaluated in different sensor formats — planar, nanoparticles formulation and microsensors.

Lifetime-based sensors (FLIM and DLR) are prepared due to particular advantages they have
over intensity-based sensors like negligible signal drift arising from leaching and bleaching, or

fluctuations arising from the light-source intensity and photodetector sensitivity.

Sensors are of interest in biotechnology, marine biology and clinical research.



1.2 State of the Art — pH Sensors

There has been an increased interest in the development and application of optical sensors in the
last three decades. They have found application in areas such as process analytical technology,
environmental monitoring, biotechnology and medical diagnostics. Optical chemical sensor is
based on the use of indicator dyes, which are entrapped in a polymer matrix. This material is
then deposited on a planar substrate! or on the tip of an optical fiber.? In the 1970s the first type
of a pH sensor became available as a test stripe based on a pH indicator covalently linked to the
cellulose matrix. In 1980 Peterson® developed the first optical pH sensor. The sensor contained
phenol red as an indicator immobilized into polystyrene microbeads and was applied for
physiological pH measurement. In 1982* first fluorescence-based pH sensor was reported based

on covalently immobilized fluoresceinamin on cellulose.

Most frequently used pH indicators are fluorescein and its derivatives, seminaphthorhodafluor,
8-hydroxypyrene-1,3,6-trisulfonic acid sodium salt, and hydroxycoumarins®’. The requirements
for an optimal pH indicator are: excitation/emission spectra in the visible/near infrared
wavelength range, high molar absorption coefficients and high fluorescence quantum yields,
large Stokes shifts, pKa value close to the measured pH, high photostability and no-cross-
sensitivity to ionic strength. However, currently available indicators don’t satisfy all of these
requirements; for example, fluoresceins have limited photostability and small Stokes’ shifts, the
pKa value of HPTS is strongly influenced by the ionic strength and most coumarins have low

excitation wavelength.

After designing the pH indicator the next step in sensor development is the immaobilization of the
indicator in a polymer support. Indicator can be immobilized in a polymer matrix by different
methods: adsorption, entrapment or covalent binding. Adsorption is the least reliable, due to
possibility of dye leaching. Physical entrapment is straightforward and rapid way of
immobilization. This method can show stability problems due to probe leaching causing reduced
lifetime and sensor reproducibility. However, it is often used for the preparation of sensing
material. Problems can be avoided by introduction of lipophilic alkyl chains or in case of
negatively charged pH indicators by using quaternary ammonium salts. Covalent binding is the
most reliable method, as the effects of aggregation, migration and leaching are eliminated.
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Indicators can be covalently immobilized either by co-polymerization of functionalized dye-
monomer and the corresponding co-monomer® or by linking the dyes to the polymer using
suitable functional groups.® However, optical®® and acid-base properties''!? can change after
immobilization. Electrostatic immobilization® is possible onto materials with ion-exchange
properties and with indicators that are charged in both the acid and base form. Hence, the sensors
show fast response and leaching is not observed. However, the shortcoming of this approach is
susceptibility to ionic strength. To minimize the effect of ionic strength on the pKa value of the
indicator Wolfbeis and Offenbacher'* demonstrated a system in which a dual sensor arrangement
can measure ionic strength and pH and simultaneously correct the pH measurement for

variations in ionic strength.

The properties of sensing material depend greatly on the properties of the polymer matrix used
for indicator immobilization. Many different materials are used for this purpose. These are
mostly cellulose derivatives and polyurethane * or pHEMA hydrogels!’ which show good
mechanical properties, temperature stability and high water uptake. Less hydrophilic materials,
such as sol-gels and xerogels are also used, or hydrophobic materials such as poly(vinyl
chloride)'®, where proton transport is achieved by use of proton carriers such as

tetraphenylborate and similar lipophilic anions.



1.3 State of the Art - CO; Sensors

The monitoring of CO; has found application in environmental, health, food and beverage
industries. Analysis of dissolved carbon dioxide has been performed with Severinghaus
electrode, which is a pH electrode in contact with water solution of sodium bicarbonate, behind a
membrane which is permeable to gases, but impermeable to ions. Change in the pH caused by
the dissolved CO- is measured with the pH electrode. When carbon dioxide dissolves in water, it

is in equilibrium with carbonic acid:

CO2(gy =———= CO2(aq) 1.1
CO2(agq) +H20 H.CO3 1.2
H2COs ———=  H'+HCOs 1.3
HCOs ——= H"'+COs* 1.4

The Severinghaus electrode is indirectly measuring the partial pressure of CO> through the pH
change it is inducing. However, it has many drawbacks — expensive production, dimensional
limitations and susceptiblity to electrical and chemical interferences. Therefore, there has been a

consistent effort in the development of CO> optical sensors in the last two decades.
Wet Sensors

Severinghaus-type sensor has also been used for development of optical sensors for carbon
dioxide with pH indicators instead of pH electrode for determination of pH changes. Sensors for
carbon dioxide used suspended aqueous buffer solution (containing a pH indicator of pKa 7.5-9),
in the form of aqueous droplets, in a hydrophobic polymer which is CO2-permeable and proton-
impermeable in order to avoid interferences by pH and prevent leaching of the indicator when
measurements are done in water. The sensitivity of the sensor dependes on the sensitivity of the
indicator to pH variations (e.g. on the pKa of the indicator).'® Therefore, sensor with optimal
sensitivity in certain range can be designed using indicators with suitable pKa value. This scheme
has certain drawbacks, like changes of osmolarity and ionic strength of the water-buffer system

(due to sensitivity of indicators to IS in terms of pKa values). Additionally, sensor performance



can be affected by dehydration or hydration and therefore sensors should be stored under defined

conditions.
Solid Sensors

In 1992 Mills et al.?° made major progress in development of solid optical carbon dioxide
sensors. They used a lipophilic base (instead of an aqueous buffer) which facilitated the
dissolution of the pH indicator in a hydrophobic polymer, such as ethyl cellulose. pH indicator is
forming an ion-pair with quaternary ammonium base, like tetraoctylammonium hydroxide
(TOA'OH"), (17, 25-27) which acts as an internal buffer. The mechanism is presented by eq. 1.5.

{TOA*D - X H,0} + CO, — {TOA*HCO5 - (x-1) H,0 - HD} 15

These sensors can be used for measurement of carbon dioxide concentrations in gas phase of
different humidity or in water solutions of different osmotic pressure. They perform well in dry
environment because the water molecules are tightly bound to the ion-pair.

The sensors can be poisoned with acidic gasses because of limited buffer capacity, which can be
improved with addition of quaternary hydroxide?*. The excess base acts as a bicarbonate buffer
system and is present in the form of TOA™HCOs -XH.0. Another problem with solid-state
sensors is to find a suitable polymer matrix. The sensor matrix can be ethyl cellulose, poly (vinyl
alcohol), poly (vinyl chloride), etc. These polymers are proton permeable and therefore
additional gas-permeable and proton-impermeable protection layer made from poly
(tetrafluoroethylene), silicone or polystyrene is necessary. However, during formation of the
protection layer air bubbles can be trapped what causes prolonged response time and problems
with adhesion. This can be avoided by emulsification of the sensing material into a proton-
impermeable, hydrophobic polymer, such as silicone matrix. This polymer has excellent

permeability for gases??.



1.4 Read-out Schemes
Referencing via Ratiometric Measurements

Ratiometric measurements overcome many problems associated with intensity-based
measurements, since these measurements aren’t influenced by variations of the light source

intensity, dye degradation or detector accuracy.

If protonated and deprotonated form of a pH indicator are fluorescent, the ratio of their
fluorescence intensities can be used as a referenced parameter. There are three different methods

for ratiometric measurements:

a) Single emission and dual excitation wavelength;
b) Single excitation and dual emission wavelength;

c) Dual excitation and dual emission wavelength.

In case protonated or deprotonated form of a pH indicator isn’t fluorescent, pH insensitive
fluorophore can be added for ratiometric measurements. Two dyes should have overlapping
emission spectra, but separate excitation bands or overlapping excitation bands and separate

emission bands.
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Figure 1. Example of ratiometric measurement when excitation is done at isobestic point and
emission is recorded at two wavelengths.?®
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Figure 2. Example of a ratiometric measurement when excitation of indicator/reference
fluorophore is done at one wavelength and both emissions are recorded at two wavelengths.?

Dual Lifetime Referencing (DLR)

Frequency domain method is a method for precise determination of fluorescence decay times. In
Dual lifetime referencing (DLR) method?*® the intensity ratio of two fluorophores is
transformed into a phase shift which is determined by the difference of the decay times of the
indicator and the reference. The absorption and emission spectra of two fluorophores must
overlap so one excitation wavelength can be used and monitoring of emission can be achieved.
The modulation frequency of the excitation light is set according to the lifetime of the long-lived
reference, and therefore the fluorescence of the indicator has no phase delay, while the reference
fluorescence has a phase-shift and at the same time its emission amplitude is decreasing®®?’.

The overall phase shift ®n is determined only by ratio of the intensities of the two fluorophores.
The fluorescence intensity of the reference dye is constant and the intensity of the indicator
depends on the analyte concentration. This leads to high amplitude in unquenched state and low
amplitude when fluorescence is quenched in the presence of the analyte. Therefore, phase shift is
determined by the intensity of the indicator and therefore, the analyte concentration.



The following equations are obtained:?®
Anm - €0S Pm= Aret - COS Pret + Agiu - COS Pry (1.6)
Am - SiN @y = Aref - SIN Prer + Ay - SIN Day (1.7)

Where An is the fluorescence signal intensity and @ the phase shift. Aay and Arer are the
amplitudes of the indicator and the reference dye, and @y and @rer are their phase shifts. At low
modulation frequencies, the indicator isn’t causing phase shift (®n,=0) and therefore following

equations can be derived:
Anm - COS Dm= Aref - COS Prer + Asiy (18)

Am . Sin @m: Aref . Sin @ref (19)
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Figure 3.2 The DLR scheme. Phase shift of the overall luminescence (@m), the reference (Pren,
and the indicator (®ing). (A) fluorescence of indicator in its unquenched state, (B) fluorescence of

the indicator in the quenched state.



By dividing eq.1.8 by 1.9 the following relation is obtained:

(Am - €0S @m) I (Am - Sin @) = cot Gm= cot Prer+ 1/ (SIN Drer) - Asiu/ Aref 1.10
Therefore, cot @n represents the referenced intensity of the indicator.

1.4 Near-infrared Fluorescent Dyes

Near-infrared emission fluorophores found application in optical engineering, analytical
chemistry, biotechnology and medicine as new tools for noninvasive sensing. The advantages of
near-infrared region are minimal background signal from autofluorescence of biomolecules, low-
light scattering, deep light penetration and the use of inexpensive excitation light sources. In
order to be used for real-world applications NIR dyes must fulfill a set of requirements regarding
their optical, chemical and biological properties. They should possess high brightness, large

Stokes shift, high chemo- and photostability and have low photo(toxicity).

Therefore, development of fluorophores for a particular application is not an easy task, as
integration of all required properties in one molecular platform is quite challenging. In order to
design fluorophores it is important to have an insight into structure-property relationship so their
photophysical properties could be optimized. On the other hand, fluorophores often have
limitations in respect to their optical properties, such as low quantum yield and photostability.
For these reasons, intensive research effort has been made to find fluorophores with improved

optical properties and stability.

Thanks to the extensive research that was done on NIR dyes, many have been used as platforms
for the development of fluorescent probes for various analytes based on photo-induced electron
transfer (PET), intramolecular charge transfer (ICT) and Forster resonance energy transfer
(FRET) mechanism.

In PET-based fluorescent probes, fluorophore and receptor are connected with an aliphatic
spacer, which electronically disconnects the m-electron system of the fluorophore and the
receptor.?® The fluorophore can act as an electron donor or acceptor. In the reductive PET, the
fluorophore is reduced while the receptor is oxidized. However, in the oxidative PET, the

fluorophore acts as an electron donor, which is an oxidant in the process.



When the fluorophore possesses an electron-donating group, intramolecular charge transfer
(ICT) can take place from a donor to an acceptor (electron-withdrawing group) upon photo-
excitation. Due to electron transfer in excited state, the increase in dipole moment is
considerable, which is inducing the red shift in the fluorescence spectra when increasing solvent
polarity.?® The main difference between PET and ICT probes is in the different fluorescence
response towards analyte detection. PET probes show fluorescence enhancement or quenching
without spectral shifts, what rules out possibility of ratiometric measurements, while ICT probes

show fluorescence band shifts after analyte binding, enabling ratiometric measurements.

FRET is the interaction between two chromophores, of which one is necessary fluorescent. The
energy is transferred from a donor fluorophore which emits at a shorter wavelength to an
acceptor chromophore which emits it at a longer wavelength. In order for FRET to take place,
emission spectra of the donor and the absorption spectra of the acceptor should overlap and the
chromophores should be at a molecular distance in the range of 10-80 A.%

The need for noninvasive measurement technologies for pH monitoring has driven the
development of pH probes based on NIR fluorescent dyes. pH probes based on NIR dyes that
have been reported are BODIPY and azaBODIPY dyes,*® cyanine-based probes,3 diketo-

pyrrolo-pyrrole pigments, phenoxiazines and an aminoperylene compound.3®

Cyanine-based pH indicators have attracted considerable attention due to their unique NIR

emission. There are two types of cyanine-based pH indicators:

First type are cyanine dyes with a non-N-alkylated indolium moiety*’. These type of pH sensitive
cyanine dyes is using the advantage of the pH-dependent optical properties of non-N-alkylated
cyanines. The dye is pH-sensitive when one or both of the indole nitrogen atoms are not
alkylated. Probes aren’t fluorescent when nitrogen atom is deprotonated, but they are highly
fluorescent upon protonation. Synthetic modifications can tune the pKa value of these probes,

therefore probes for various pH ranges have been developed.

The second type of pH - sensitive cyanine dyes is based on PET sensing mechanism.®® These
contain a fluorophore and a nitrogen-containing electron-donor. Supression or enhancement of

PET process is achieved by protonation/deprotonation of the electron donor. The pH changes
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don’t have the effect on the shift of the fluorescence emission maxima, but the absorption

maximum is red-shifted with the increase of pH.

BODIPY dyes are attractive due to many excellent features like intense absorption, high
fluorescence quantum vyield, narrow absorption and emission bands, insensitivity to polarity,
good chemo- and photostability and ease of tuning of their photophysical properties by structural
modifications. Due to their potential for fluorescence sensing applications, many strategies have
been developed to push their absorption and emission to the NIR region (650-900 nm). Many
derivatives such as styryl-substituted BODIPYs, aromatic units-fused BODIPYsS,
conformationally constrained BODIPY's and aza-BODIPY's have been synthesized.*

BODIPY pH probes based on the PET mechanism mostly have the proton receptor on the meso-
position to disconnect with the fluorophore since the substituent at this position is usually
orthogonal to the BODIPY core. Daub and coworkers constructed a styryl-substituted BODIPY
probe for pH sensing with a dimethyl-aminophenyl - receptor on the meso-position.*> The
quenching of the fluorescence occurs in polar solvents owing to the PET process. Upon
protonation, 2000- fold fluorescence enhancement was observed due to the supression of the
PET process. With the similar approach Overkleeft and colleagues created a series of fluorescent
pH probes with pKa values ranging from 2.08 to 5.81.*! The emission was shifted to the longer
wavelength by condensation with various aldehydes at the 3,5-positions and the pKa value was
tuned by modifying the dialkylamine moiety at the meso-position.

O’Shea and colleagues developed two aza-BODIPY fluorescent pH probes based on a PET
mechanism.*? The probes contained incorporated diethylamine and morpholine receptors which
enabled pH sensing. The diethylamine receptor analogue showed a significant enhancement of
fluorescence intensity in acidic conditions, but for the morpholine receptor analogue only a
moderate increase was observed. Apparent pKa values of 6.9 and 4.8 were calculated,

respectively. Application of diethylamine analogue for in vitro imaging was demonstrated.

Chen and coworkers investigated similar probes for intracellular pH sensing.*® They synthesized
and characterized the pH-sensitive NIR aza-BODIPY dye, which was highly fluorescent only

under acidic conditions, due to the suppression of PET process. However, after incorporation of
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the probe with micelles, liposomes and proteins, it was also fluorescent at neutral and basic pH,
indicating that the pH-sensing properties were affected by cellular environment. Live-cell
imaging also showed that the fluorescence was activated by intracellular components rather than
pH. However, probes showed to be a good choice for cell-imaging although not pH indicators.

Instead of alkylated amines, hydroxyphenol can also serve as a pH-sensitive unit. O’Shea and
colleagues* reported azide conjugatable pH sensitive fluorescence imaging probe. Probes were
conjugated by an alkyne-azide cycloaddition containing amino, carboxy, and carbohydrate
substituents. UV-VIS and fluorescence spectra for all three derivatives were 687/716 nm in
methanol. pH sensing properties of the galactose conjugated derivative was investigated and pKa
of 6.9 was calculated. In vitro pH response was demonstrated by staining MDA-MB-231 cells
with galactose conjugated derivative. Imaging with confocal laser scanning microscopy showed
intense emission localized at the cytosol. After treating the cells with aqueous buffers almost
complete quenching was observed at pH 8.0 and intense emission was restored at pH 6.6. The

increase in fluorescence intensity from off to on-state was 6-fold.

If proton receptors are conjugated to the BODIPY core, the ICT mechanism is operative.
Akkaya and colleagues constructed pH probes with proton receptors at 3,5-positions.3 The probe
with two 4-(dimethylamino)-phenylethynyl groups as proton receptors featured an absorption
maximum at 700 nm and a weak fluorescence at around 750 nm in chloroform. Protonation
caused a blue shift in absorption and emission and an increase in quantum yield due to the
supression of the ICT process. However, probe with p-pyridinestyryl groups as the pH receptors
exhibited a red shift in absorption and emission upon protonation, as the pyridyl substituents

operate as the ICT acceptor instead of donor.

McDonnell and O’Shea also developed ICT-operative aza-BODIPY probe.*® Aza-BODIPY dye
contained two amine substituents as a pH-responsive unit. pH-dependent absorption and
fluorescence response as well as visible color changes were observed for the non-, mono- and di-
protonated form of the indicator. The triple emission sensor is advantageous for ratiometric

sensing applications.
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Liu et al. reported on NIR pH sensitive benzo[a]phenoxazines.*® Derivatives with an electron-
withdrawing aromatic group attached to nitrogen of the imino group exhibited pH-dependent
absorption and emission properties under near-neutral and subacid conditions. Three water-
soluble probes with different pyridinium structures are designed and synthesized. Their emission
maxima are located at 688, 694 and 697 nm with the full emission ranging from 625 to 850 nm
and the pKa values were 2.7, 5.8 and 7.1, respectively. A composite probe containing the three

benzo[a]phenoxazines showed a linear pH-emission relationship in the range of pH 1.9-8.0.

Schutting et al.* developed pH sensitive indicators for CO, sensors based on diketo-pyrrolo-
pyrrole (DPP) pigments Irgazin Ruby and lIrgazin Scarlet. After modification with bis(2-
ethylhexyl) sulfonamide groups, the pigments were soluble in organic solvents and polymers and
showed pH sensitivity. Optical carbon dioxide sensors were prepared by dissolving the indicators
with a quaternary ammonium base in ethyl cellulose. Bathochromic shift of the absorption and
emission spectra is observed and therefore the indicator can be used as colorimetric and

fluorescent ratiometric probe.

Aigner et al.*® developed the first NIR emissive pH indicators based on perylene bisimides.
Cyclic secondary amine is introduced into the perylene core by substitution of chlorine what
caused a bathochromic shift of 100-140 nm. The indicator was pH sensitive due to photoinduced
electron transfer from non-protonated amine to the perylene chromophore. pH sensor with
covalently linked indicator was prepared by co-polymerisation of the dye modified with
methacrylate groups and acryloylmorpholine monomer and resulting in a cross-linked polymer

covalently attached to a glass substrate.
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1.5 Azabodipy dyes - Synthesis and Properties

During the past decade, various studies have been done on aza-BODIPY's owing to their efficient
fluorescence in the far-red and near-IR regions of the spectrum. The nitrogen lone pair at the 8-
position appears to contribute to the orbital levels of the actual cyanine framework, reducing the
HOMO-LUMO energy gap relative to bodipy dyes bearing similar substituents. Electrochemical
measurements and molecular-orbital calculations could confirm this effect, which is responsible
for the red-shifted absorption and emission maxima. Fully conjugated aza-BODIPY core is
suitable for attachment of different substituents and therefore tuning of the fluorescence
properties. Azadipyrromethenes were first discovered by Rogers in the 1940s,*’ but the first
borondifluoride azadipyrromethene was then synthesized by Boyer et al.*® in 1993. The
necessary research to obtain symmetric and asymmetric azabodipy dyes was conducted primarily
by the groups of O’Shea and Carreira, motivated by the potential applications as biological

labels, as sensitizers for photodynamic therapy*® and as luminescent proton sensors.>°

The simplest of the azaBODIPY family is difluoro-bora-1,3,5,7-tetraphenyl azadipyrromethene.
The standard numbering systems of the BODIPY and azaBODIPY core are depicted in Fig. 4.

Figure 4. 1) BODIPY core, 2) tetraphenyldipyrromethene boron difluoride, 3) aza-BODIPY
core, 4) tetraphenylazadipyrromethene boron difluoride.
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Synthesis of Aza-BODIPYs
Synthesis of azadipyrromethenes

The first reported azadipyrromethene was tetraarylazadipyrromethene. Two methods for
preparation of these dyes are known. In first, Michael addition products from chalcones and
nitromethane are reacted with formamid or ammonium formate to give the azadipyrromethene
(Scheme 1a). O’Shea and coworkers later made synthetic efforts to optimize the reaction
conditions. They used ammonium acetate as ammonium source and alcohols instead of solvent-
free approach. Scheme 1b illustrates the second method, where 2,4-diarylpyrroles are
transformed into their 5-nitroso derivatives, and reacted with another pyrrole molecule. The
restricted aza-BODIPY dyes are synthesized according to scheme 1c.

To gain insight into the mechanism of the synthesis of tetraphenylazadipyrromethenes, O’Shea
and coworkers®! synthesized °N-labeled potential intermediate 3,5-diphenyl-1H-pyrrol-2-amine.
Investigation of its dimerization pathway showed that nitrogen rearrangement involving an
exchange of a pyrrole nitrogen with an exocyclic nitrogen takes place in the final stage of the
pathway. It is shown that 2,4-diphenylpyrrole, which is present in the reaction mixture as
impurity, also reacts with 3,5-diphenyl-2H-pyrrol-2-imine (from oxidation of 3,5-diphenyl-1H-
pyrrol-2-amine) to produce tetraphenylazadipyrromethene. Both pathways are ongoing
concurrently under the reaction conditions that convert 4-nitro-1,3-diphenylbutan-1-one into

tetraphenylazadipyrromethene.
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Scheme 1c. Formation of conformationally restricted aza-BODIPYSs.

Absorption and Emission Properties of Aza-BODIPY's

As described in the research of O’Shea and colleagues®? the absorption properties of aza-
BODIPYs are strongly influenced by the substituents of the aryl groups. Introduction of the
electron-donating groups on 5-aryl-substituents causes a red shift in the absorption maxima and
increase in the molar absorption coefficients (5 vs 1). Electron-donating groups at the 3-aryl

position have less effect, but still cause a bathochromic shift (2 vs 3).

The absorption spectral properties of the aza-BODIPY dyes are relatively independent of solvent
polarity; only small blue-shifts are observed (6-9 nm) when changing solvents from toluene to
ethanol. The molar absorption coefficients range from 75000 to 85000 M-*cm™ and they also
show large quantum yields.>® Intense absorbance enables efficient production of singlet-oxygen

and therefore these molecules found application in photodynamic therapy.*°

Emission spectra of the aza-BODIPYs are also independent of the solvent polarity. Dyes 1 and 2
to 4 show high fluorescence quantum yields. In the case of 4, bromine atoms are introduced on
the 1- and 7-aryl groups, but no significant change in the quantum yield is detected.>? However,
if the bromine atom is attached to the aza-BODIPY core (compounds 6 to 8) quantum vyield is
substantially decreased, demonstrating the heavy-atom effect. Most of the literature published on
aza-BODIPY dyes is focused on their application in photodynamic therapy, but chemosensors
based on these dyes have also been reported. Dye 9 has high selectivity for mercuric ion that is
chelated between two 2-pyridyl groups at the 1 and 7 positions.>* Upon complexation with Hg?*,
bathochromic shift and a 90-fold change in the emission are observed.
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Figure 5. Aza-BODIPY's with different substituents.
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Shen et al. developed selective colorimetric and fluorometric aza-BODIPY probe 10 containing
two pyrazine rings.>® The probe displayed absorption and emission maxima at 685 and 718 nm.
The addition of NH4" caused hypsochromic shift, decrease of the molar absorption coefficient
and quenching of the fluorescence.

Dye 11 is a PET-based probe with incorporated crown ether and it is used as indicator for the
shellfish toxin saxitoxin.*® In the absence of saxitoxin, fluorescence is quenched due to PET from
the crown ether to the fluorophore. After complexation with the toxin, PET is inhibited and

fluorescence is recovered. Probe 11 and saxitoxin formed a complex with a binding constant

6.2x10° M, what is the highest reported for any indicator of saxitoxin.

Figure 6. Chemosensors based on aza-BODIPY probe.

Recently, several research groups developed reaction-based aza-BODIPY indicators. Tang and
coworkers designed a reaction-based probe 12 for fluorine ions (Fig. 64).°” Due to PET the
fluorescence of the probe is quenched. However, F~ - induced cleavage of the Si-B bond yielded
the probe 13 with significant fluorescence enhancement. The probe exhibited high sensitivity to

F- and was applied for fluorescence imaging of F~ in Hep G2 cells.

O ) f O Br
Fe. "N

N

Figure 7. Detection of F based on aza-BODIPY probe.
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RSH
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Figure 8. Detection of thiols based on aza-BODIPY probe.

Jiang et al constructed reaction-based fluorescent probe 14 for thiols (Fig. 65).°® Due to PET the
probe exhibited weak fluorescence with an emission maximum at 734 nm. After addition of
thiols fluorescence enhancement was observed and bathochromic shift due to the cleavage of
2,4-dinitrobenzenesulfonyl (DNBS) moiety and formation of probe 15. Probe 14 showed high
selectivity for thiols and a detection limit of 5x10" M was determined.

Extended Aza-BODIPY Dyes

Bathochromic shift of the emission of aza-BODIPY dyes has been achieved by introduction of
electron-donating groups, structural rigidification and extension of the conjugation of the aza-
BODIPY dye. Restricted aza-BODIPY dyes (Figure 9) have sharp, intense absorption bands at
wavelengths above 650 nm. Incorporation of the electron-donating groups at the 3-position of the
aza-BODIPY core results in a slightly higher fluorescence quantum yield and small blue shift,
while the molar absorption coefficient is not affected (16 vs 17). Comparing the absorption
spectra of these compounds with the non-restricted aza-BODIPY dyes, there is about a 50 nm

bathochromic shift in the absorption.>°

Aza-BODIPY containing two or one side carbocyclic rings have showed good photostability and
intense fluorescence emission independent of solvent polarity.®® The dye with incorporated sulfur
(18) exhibited shorter absorption maximum, lower molar absorption coefficient and lower

20



quantum yield. Dehydrogenation of the carbocyclic ring in dye 19 decreases the quantum yield
in comparison to 16. Dyes with one restricted side have significantly lower molar absorption
coefficients (20-24 vs 16) and their quantum yields are highly influenced by the substitution on
the phenyl ring. Electron donating groups in para-positions results in higher quantum yield (20

and 21) with shorter absorption maxima.
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Figure 9. Conformationally restricted aza-BODIPY probes.
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Electron donating groups in ortho-positions (22 and 23) cause shorter absorption maximum and
lower molar absorption coefficient. In the case of 24 absorption and high quantum yields are
obtained where 2-methoxy-1-naphthyl is substituent.

Another way to red-shift the emission can be achieved introducing ortho-hydroxy groups to
chelate the boron atom, as in dye 25.5! Rigidification caused by the B-O coordination causes
bathochromic shifts and a 7-fold increase in the quantum yield. Spectral properties can also be

altered by benzannulation of the 1,7-aryl rings, as in dye 26.5?

=N. N/
/B\
OO
26

Figure 10. Aza-BODIPY probes for applications in bio-imaging (25) and photodynamic therapy
(26).
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Abstract

In this study a series of new BF2-chelated tetraarylazadipyrromethane dyes are synthesized and
are shown to be suitable for the preparation of on/off photoinduced electron transfer modulated
fluorescent sensors. The new indicators are noncovalently entrapped in polyurethane hydrogel
D4 and feature absorption maxima in the range 660-710 nm and fluorescence emission maxima
at 680-740 nm. Indicators have high molar absorption coefficients of ~ 80000 M~cm™, good
qguantum vyields (up to 20%), excellent photostability and low cross-sensitivity to the ionic
strength. pKa values of indicators are determined from absorbance and fluorescence
measurements and range from 7 to 11, depending on the substitution pattern of electron-donating
and -withdrawing functionalities. Therefore, the new indicators are suitable for exploitation and
adaptation in a diverse range of analytical applications. Apparent pKa values in sensor films
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derived from fluorescence data show 0.5—1 pH units lower values in comparison with those
derived from the absorption data due to Forster resonance energy transfer from protonated to
deprotonated form. A dual-lifetime referenced sensor is prepared, and application for monitoring
of pH in corals is demonstrated.

2.1 Introduction

Design, synthesis, and spectroscopic/photophysical characterization of novel fluorescent
chemosensors remains a central research field in analytical chemistry.® The measurement of pH
by fluorescence-based techniques is well established for both imaging and sensing
applications®® in various fields of experimental science, such as biomedical research,*° marine
biology,***? and biotechnology.*** The most frequently used fluorescent pH indicators are 8-
hydroxypyrene-1,3,6-trisulfonic acid (HPTS), carboxyfluorescein derivatives,
seminaphthorhodafluors (SNARFs), and hydroxycoumarins.®>® However, these indicators
suffer from several drawbacks. For example, carboxyfluorescein has only moderate
photostability, and the photostability of 2’,7'-dihexylfluorescein (suitable for measurements in
seawater) is very poor;?° the pKa value of HPTS is highly dependent on ionic strength of solution;
and most coumarins are excitable only by high-energy radiation in the range from 350 to 450
nm. In biological applications, it is desirable to use fluorophores with absorption/emission
profiles in the red or near-infrared (NIR) spectral regions because they have many advantages:
significant reduction of the background signal due to the low absorption and autofluorescence of
biomolecules in the NIR region, low light scattering and deep penetration of the NIR light, and
the possibility to use low-cost excitation light sources. Despite the optical benefits, there is a
surprising scarcity of pH indicators that have such desired absorption and emission properties.
Although the water-soluble SNARF indicators and their lipophilic derivatives do absorb at ~630
nm, they possess only moderate brightness and photostability.?* The same holds for the cyanine
dyes, which are well-known NIR chromophores that have only scarcely been proposed as pH
indicators.?%%3

In contrast, BF,-chelated tetraarylazadipyrromethane dyes (aza-BODIPY's) represent an
interesting class of NIR chromophores that are amenable to structural modification and exhibit

excellent photophysical properties.?* Several fluorescent pH indicators based on aza-BODIPY
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dyes bearing amino- or hydroxy-functionalized substituents were reported by O’Shea and co-
workers.?> 2 These on/off pH indicators show photoinduced electron transfer from an amino
group or a twisted phenolate to the aza-BODIPY subunit, causing fluorescence quenching in the
deprotonated state. However, these probes cover only acidic and near-neutral range. A
systematic study of the properties of these pH indicators and possible synthetic modifications

with respect to tuning the pKa values has not previously been reported in the literature.

In the present study, we investigated the synthesis and characterization of aza-BODIPY
fluorophores that can probe pH changes by large associated changes in their emission intensity
around 700 nm and possess pKa values in the physiological and alkaline pH range. Eight 4,4-
difluoro-4-bora-3a,4a-triaza-s-indacene dyes that can detect pH through a photoinduced electron
transfer process were synthesized and characterized. We show that the pKa values of the new
indicators can be tuned over a wide range, and simple prediction rules can be derived. This
enables a variety of potential applications for sensors and imaging. As an example, an
application of the new sensing materials for fiber-optic pH measurements in marine biology is

demonstrated.

2.2 Experimental
Materials

3’-Chloro-4'-hydroxyacetophenone, 1,3-diphenyl-2-propenone, tera-tert-butyl-29H,31H-
phtalocyanine, N,N-diisopropylethylamine, ammonium acetate, benzaldehyde,
seminaphthorhodafluor decyl ester (SNARF-DE, chromoionophore XIII), boron trifluoride
diethyl etherate, MOPS buffer salt, and anhydrous sodium sulfate were purchased from Sigma
Aldrich  (www.sigmaaldrich.com).  3’-Hydroxyacetophenone,  4-hydroxychalcone, 4'-
hydroxychalcone, 4’-methoxychalcone, 4,4'-dimethoxychalcone, and nitromethane were obtained
from ABCR (www.abcr.com). 4’-Hydroxy-3'-methylacetophenone was obtained from TCI
Europe (www.tcieurope.de). Deuterated dimethyl sulfoxide was obtained from Euriso-top
(www.eurisotop.com). All other solvents (synthesis grade) as well as sodium chloride and the
buffer salts CHES, MES, and CAPS were supplied by Carl Roth (www.roth.de). Silica-gel
(0.04-0.063 mm) was from Acros (www.fishersci.com). Polyurethane hydrogel (Hydromed D4)
was purchased from AdvanSource biomaterials (www.advbiomaterials.com). Poly(ethylene
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glycol terephthalate) support (Mylar) was obtained from Goodfellow (www.goodfellow.com).
Microcrystalline powder of phosphor chromium(lll)-activated gadolinium aluminum borate

(GdsAls75Cro.25012, Cr-GAB) was prepared as described previously.?®

Synthesis

The synthetic concept is exemplified by the following synthesis of 1. The other dyes were
obtained in a similar way, and their preparation is described in detail in the Supporting

Information.

BF2 Chelate of [5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-
2-ylidene]amine (1) 1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (1a). A solution of 1-(4-
hydroxyphenyl)-3-phenylpropenone (1 equiv, 2 g, 8.9 mmol), nitromethane (20 equiv, 9.63 mL,
178 mmol), and KOH (1.2 equiv, 0.6 g, 10.68 mmol) in EtOH (10 mL) was heated at 60 °C
under reflux for 12 h. After cooling to room temperature, the solvent was removed in vacuo, and
the oily residue obtained was acidified with 4 M HCI and partitioned between EtOAc (50 mL)
and H20 (50 mL). The organic layer was separated, dried over sodium sulfate, and evaporated
under reduced pressure. The obtained product was used for further synthesis without purification
(2.06 g, 80%).

1,3-Diphenyl-4-nitro-butan-1-on (1b). A solution of 1,3-diphenyl-2-propenone (1 equiv, 2 g, 9.6
mmol), nitromethane (20 equiv, 10.37 mL, 192 mmol) and KOH (0.2 equiv, 0.106 g, 1.9 mmol)
in EtOH (10 mL) was heated at 60 °C under reflux for 12 h. After cooling to room temperature,
the solvent was removed in vacuo, and the oily residue obtained was partitioned between EtOACc
(50 mL) and H2O (50 mL). The organic layer was separated, dried over sodium sulfate, and
evaporated under reduced pressure. The obtained product was used for further synthesis without
purification (1.52 g, 80%).

[5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-ylidene]amine (1c).
Compound 1l1a (1 equiv, 1.0 g, 4.4 mmol), compound 1b (1 equiv, 0.93 g, 4.4 mmol), and
ammonium acetate (35 equiv, 8.06 g, 245 mmol) in butanol (50 mL) were heated under reflux
for 24 h. The reaction was cooled to room temperature, and the crude product was purified by
column chromatography on silica-gel eluting with dichloromethane (after eluting symmetric

byproduct with hexane/dichloromethane 3:1 v/v) to yield 1c as a blue-black solid. The product
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was recrystallized from hexane/tetrahydrofuran mixture to give green metallic crystals (0.42 g,
25%). For the calculation, the theoretical yield of the asymmetrical product is set as 100%).'H
NMR (300 MHz, DMSO-ds) &: 8.13-8.08 (m, 6H), 7.94 (s, 2H), 7.92 (s, 1 H), 7.80 (s, 1H),
7.63-7.58 (m, 1H), 7.5-7.33 (m, 8H), 7.02 (d, J = 8.8 Hz, 2H). Electron impact direct insertion
time-of-flight (EI-DI-TOF) m/z [MH*] found 465.1822, calc 465.1841.

BF2 chelate of 1c

Compound 1c (0.34 g, 0.73 mmol) was dissolved in dry CH.Cl, (50 mL), treated with
diisopropylethylamine (10 equiv, 0.54 mL, 3.11 mmol) and BF3 diethyletherate (15 equiv, 0.55
mL, 4.35 mmol),. and stirred under argon for 24 h. Purification by column chromatography on
silica gel eluting with CH.Cl> and recrystallization from hexane/tetrahydrofurane gave the final
product 1 as a red metallic solid (0.201 g, 43%). *H NMR (300 MHz, DMSO-ds) &: 10.72 (s,
1H), 8.23-7.99 (m, 8H), 7.77 (s, 1H), 7.61-7.36 (m, 10H), 6.95 (d, J = 8.8 Hz, 2H). Electron
impact direct insertion time-of-flight (EI-DI-TOF) m/z[MH*] found 512.186, calc 512.186.
Preparation of Sensor Foils and Fiber-Optic Microsensors A “cocktail” containing an
indicator dye (0.25 mg), hydrogel D4 (100 mg) in 700 pL EtOH/H.O (9:1 v/v), and
tetrahydrofurane (300 pL) was knife-coated on a dust-free Mylar support to obtain a ~2.5 um

thick sensing layer after solvent evaporation.

The “cocktail” for the dual-lifetime referenced sensor was prepared similarly from 0.1 mg of
indicator dye 1with addition of 200 mg of Cr-GAB particles. Subsequently, it was coated on the
tip of an optical fiber (@ 400 um) from Specialty Photonics (www.specialtyphotonics.com). The
sensors were allowed to dry 30 min in the ambient to ensure complete evaporation of the solvent.

Between measurements, the sensors were stored in darkness at room temperature.

Methods

Absorption measurements were performed on a Cary 50 UV-vis spectrophotometer from Varian
(www.varianinc.com). The molar absorption coefficients were determined as an average of three
independent measurements for the concentrations of the dyes 2.5-3.4 x 1078 M. Fluorescence
spectra were recorded on a Hitachi F-7000 spectrofluorometer (www.hitachi.com). Relative
fluorescence quantum yields were determined according to Demas and Crosby?® using tera-tert-
butyl-29H,31H-phtalocyanine (Fluka,www.sigmaaldrich.com) as a standard (quantum vyield =

0.44).%° Two independent measurements were performed to obtain the average value. The
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concentration of the indicators was kept below 1.5 x 10°M to avoid dye aggregation and
reabsorption of the fluorescence. NMR spectra were recorded on a 300 MHz instrument (Bruker)
in DMSO-ds or CDCIs with TMS as a standard. Electron impact (El, 70 eV) mass spectra were
recorded on a Waters GCT Premier equipped with direct insertion (DI). The pH of the buffer
solutions (CHES, MES, and CAPS) was controlled by a digital pH meter (InoLab pH/ion, WTW
GmbH & Co. KG, www.wtw.com) calibrated at 25 °C with standard buffers of pH 7.0 and pH
4.0 (WTW GmbH & Co. KG, www.wtw.com). The buffers were adjusted to constant ionic
strength (IS = 0.02 or 0.15 M) using sodium chloride as the background electrolyte. Dual-
lifetime referenced measurements were performed with a fiber-optic Firesting fluorometer from

Pyroscience (www.pyro-science.com) with a modulation frequency of 4 kHz.

Photobleaching experiments in solutions were performed by irradiating the samples with light
from a 642-nm high-power 10 W LED array (www.led-tech.de) focused through a lens
purchased from Edmund optics (www.edmundoptics.de). The photodegradation profiles were
obtained by monitoring the absorption spectra. For the leaching test, sensor foil (D4) was placed
in a flow-through cell, and the absorption of the films was monitored while aqueous buffer (IS =
0.02 M) was passed through it. A detailed description of the pH measurements in the gastric

cavity of a symbiont bearing coral (Goniopora sp.) is contained in the Supporting Information.

2.3 Results and discussion

Synthesis. Two general methods to prepare azadipyrromethene chromophore are known. In the
first method, 2,4-diarylpyrroles act as precursors, and are converted into their 5-nitroso
derivatives, which are then condensed with a second molecule of pyrrole to yield unsymmetric
derivatives.®! In the second method, nitromethane adducts of chalcones are reacted with
ammonium salts at elevated temperatures to give symmetric azadipyrromethenes.? Conversion
of the diarylnitroketones into pyrroles and 5-nitrosopyrroles and the isolation of these products is
not required in this method.

Unsymmetrical derivatives of the aza-BODIPYs bearing only one pH-sensitive group were
strongly preferable to the symmetrical ones for several reasons: (i) a simple acid—base
equilibrium including only two forms of the indicator; (ii) significantly higher hydrophobic

character of the monosubstituted derivatives compared to the symmetrical ones, which prevents
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the dye from leaching into an aqueous environment, particularly in case of the deprotonated
form; (iii) a low charge of the deprotonated form (1—), which is expected to minimize the effect
of the ionic strength on the sensing properties.

Keeping practical applications in mind (in which accessibility of the indicators is very important)
we decided to employ the second method for preparation of the unsymmetrical dyes. In this
approach, condensation of two different nitrochalcones results in a mixture of the aimed
unsymmetrical aza-BODIPY and two symmetrical derivatives (Scheme 1), which are easily
separated via chromatography on silica gel. The starting compounds for the synthesis were the
diaryl a,B-unsaturated ketones (chalcones) that are either commercially available (for the
synthesis of 1, 5, 7, and 8) or prepared by Claisen—Schmidt condensation (for the synthesis of 2—
4, 6). These were synthesized from the corresponding aldehyde and acetophenone with KOH as a
base in all cases, except for 6, for which NaH was used. The Michael addition of nitromethane to
the chalcones, with KOH as base,® yields the 1,3-diaryl-4-nitrobutan-1-ones in essentially
quantitative yields after aqueous workup, which were then used without further purification.
Condensation with ammonium acetate in refluxing butanol gave the azadipyrromethenes via a
cascade of events (in situ formation of the pyrrole and corresponding nitrosopyrrole and
subsequent condensation of those two entities). The obtained mixture was purified by
chromatography with hexane/dichloromethane in the case of 1-6 or toluene/dichloromethane in
case of 7 and 8. Finally, complexation of the azadipyrromethenes with boron trifluoride gave the
aza-BODIPYs in good yields.

Photophysical properties. The new aza-BODIPY compounds were dissolved in an
EtOH/aqueous buffer mixture (1:1), and their spectroscopic properties were investigated (Figure
S1 of the Supporting Information, Table 1). The absorption of the probes bearing a hydroxyl
group in the p-position (R1) of Ar*is rather similar (668-677 nm). The shortest wavelengths of
the absorption maxima are observed for 5and 6 (656 and 650 nm, respectively. These data
indicate pronounced conjugation of the Ar®and Ar*rings with the aza-BODIPY chromophore
and the absence of such conjugation for the Ar! and Ar? rings. This conjugation can be caused by
a hydrogen bond between the fluorine atom and the hydrogen atom located in the o-positon of
Ardand Ar‘rings. Evidently, the electron-donating substituents (—OH or O—CHs) in the p-

position of the Ar® and Ar*rings result in the bathochromic shift of the absorption spectrum but
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have no effect on the spectral properties if located in the Ar!and Ar?rings. As expected, the
hydroxyl group in the m-position of the Ar* has virtually no effect on the spectral properties. The
molar absorption coefficients for all aza-BODIPY derivatives are in the 70 000-90 000 Mt cm
range. It should be mentioned that precision of determination of molar absorptivities as well as
fluorescence quantum yields can be affected by inpurities of the probes. Although all the
indicators were obtained as single crystals, several indicators show solvent impurities in the *H
NMR spectrum. As revealed by crystallographic study of 8 (Figure S2 of the Supporting
Information), this is explained by incorporation of solvent molecules (tetrahydrofurane and
hexane) into the crystal structure. Evidently, this slightly affects the calculated molar absorption
coefficients. For instance, the crystals of 8 contain one molecule of tetrahydrofurane per each
molecule of the dye, and this results in the reduction of molar absorption coefficients by about
8.8%.

o
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Scheme 1. Synthesis of aza-BODIPY probes.
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Table 1. Photophysical properties of the aza-BODIPY Probes: Absorbance Maxima for the

acidic (Aaps-acid) and the Basic Forms (Aaps-base), Emission Maxima for the Acidic Form (Xem-acid),

Molar Absorption Coefficients (g), and Luminescence Quantum Yields (QY)

QY
: -aci -acid/ Aabs- -aci Y
Nabs-acid/ Aem-acid Aabs-acid/ Aabs-base Aem-acid € Q (EtO H/buff
dye Aabs-base (EtOH/H20-1:1) (hydrogel D4)  (hydrogel D4)  (M'em™?)  (THF)
(EtOH/H,0-1:1) . er-1:1)
(nm) (nm) (nm) (nm) (THF) (%) %)
1 670/726 702 687/742 718 84000 14511  11.1+2.7
2 668/734 699 683/754 730 80600 16.4+3.2 8.2+2.3
3 675/735 709 692/750 720 86200 17.6+4.1 8.4+0.9
4 677/741 714 694/752 722 89700 16.1+4 4.6+14
5 656/782,605 691 672/859,615 702 69500 7.3£1.8 2.910.8
6 650/656 676 660/663 686 71100 10.1+0.6 1.5+0.1
7 687/743 722 707/760 736 80100 17.4+1 13.5+1.3
8 690/750 721 708/768 736 74000 16.2+1.3  10.9+1.9

*for protonated form

The trend observed in absorption maxima was the same for fluorescence emission maxima
(Table 1). The emission maxima of the probes bearing a hydroxyl group in the p-position (R1) of
Ar*were located between 699 and 714 nm. The compounds 5 and 6 clearly showed a
hypsochromic shift (676 and 691 nm, respectively), and the emission of 7 and 8 was shifted
bathochromically (721 and 722 nm, respectively) as compared with the parent compound 1. The
trends in the absorption and fluorescence maxima of indicators in hydrogel D4 mirrored those in
solution with an additional bathochromic shift of ~15 nm (Table 1). The fluorescence quantum
yields (QYs) of most indicators were very similar (0.14-0.17 in tetrahydrofurane, Table 1).
Again, the dyes 5 and 6 represent a notable exception as they exhibited significantly lower
guantum vyields. As can be seen, all the values are lower in EtOH/aqueous buffer. Although very
low concentrations of the dyes were used (<1.5 x 10~° M), some aggregation of the dyes in
EtOH/water mixture cannot be excluded. On the other hand, lower quantum yields in this media
can be explained by more efficient radiationless deactivation involving O—H vibrations. It should
be mentioned that the QYs of most reported NIR-emitting dyes are generally lower than for
those emitting in the visible part of the spectrum. In summary, the photophysical properties of
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the new aza-BODIPY derivatives retain most of the advantages of the aza-BODIPY fluorophores
(except for 5and 6), including narrow bandwidth, high molar absorption coefficient, and
acceptable fluorescence quantum yields.

pH-sensing properties. pKa values of the new probes were determined both in ethanol/aqueous
buffered solution (1:1) and in a hydrogel D4 film from the absorption measurements. As can be
seen, the absorption spectra shift bathochromically upon deprotonation of the hydroxyl group in
all cases except for 6 as a result of the absence of conjugation with the aza-BODIPY core (Figure
1, Table 1). Notably, the absorption spectrum of deprotonated 5 is rather unusual and shows two
peaks (Figure 1b). The pKa values determined at two ionic strengths of the solution (0.02 and
0.15 M) were very similar (Table 2). Such low cross-sensitivity to the ionic strength is explained
by the low charge of the indicator molecule (0 and —1 for the protonated and deprotonated forms,
respectively). The pKaof the aza-BODIPY derivatives can be tuned over a wide range by
introducing electron-withdrawing/donating (remote) neighboring functionalities or changing the
position of the hydroxyl group. If probe 1 (with pK, of 8.38) is substituted at the m-position with
a chlorine atom, the pKa drops to 7.01 (2). When (inductively) electron-donating methyl groups
are introduced in the m-positions, the pKais 8.47 for one methyl group (3) and 8.05 for two
methyl groups (4). The increased acidity of a dimethyl-substituted derivative is surprising, but
can be explained by the difficulties of formation of the solvent adduct due to steric hindrances. If
a hydroxyl group is introduced in the p-position of the Art aryl ring instead of the Araryl ring,
the pKa increases to 9.68 (5). This is very close to the pKa value of phenol (pKa = 10),** which
indicates the absence of the conjugation with the aza-BODIPY core. This observation is in good
agreement with the trends obtained from the absorption spectra. A drastically high
pKa of 6 (10.88) compared with the pKaof parent compound 1 (8.38) was attributed to the
formation of an intramolecular hydrogen bond between the hydroxyl group and the neighboring
fluorine atom. Introduction of a remote electron-donating substituent (methoxy group) in the p-
position of the Ar® ring (7) slightly increases the pKa value (by about 0.3 units), relative to the
parent compound 1. Evidently, the second methoxy group in the p-position on the Ar? aryl ring
(8) has less effect on the pKa value. Effects observed in this study are in line with the electron-
withdrawing (or -donating) power of the neighboring (remote) substituents. In summary, pH
indicators with tailored pKa values can be realized, and the indicators can be easily adapted to
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particular applications. The pKj values determined in this study differ significantly from the

reported pKaof 6.9 of a phenolic derivative with a hydroxyl group in the p-position of the

Ar? ring (similar to the compound 1 in our study),?® possibly because of different media used by

Murtagh et al. for the calibration of the pH indicator (nonionic surfactant) and higher

concentration of the dye in these micelles. As will be demonstrated in the following, the

concentration of the indicators is rather critical for determination of apparent pKa values via

fluorescence measurements.
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Figure 1. pH dependence of absorbance for 2 (a — 3.10x10% M), 5 (b — 3.32x10° M) and 6 (c —
3.01x10® M) in ethanol/aqueous buffer solution (1:1, 1S 0.02 M).

Table 2. pKa values of fluorescent aza-BODIPY probes

dye PKabs PKem PKabs PK 'em PKabs PK em
no. (15=0.02M) (15=0.02M) (15=0.15M) (15=0.15M) (15=0.02M) (15=0.02M)
(EtOH/H,0-1:1)  (EtOH/H,0-1:1)  (EtOH/H,0-1:1)  (EtOH/H,0-1:1)  (hydrogel D4)  (hydrogel D4)

1 8.35 8.38 8.36 8.41 8.47 8.09

2 7.00 7.01 6.92 6.98 6.73 6.08

3 8.36 8.47 8.42 8.45 8.49 7.82

4 8.06 8.05 8.11 8.15 7.94 7.19

5 9.69 9.68 9.69 10.88 0.84 9.67

6 11.05 10.88 11.02 9.69 12.35 11.4

7 8.71 8.65 8.76 8.74 8.81 8.23

8 8.92 8.89 8.90 8.94 9.11 8.56
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The fluorescence of the indicators is quenched upon deprotonation (Figure 2), which is attributed
to efficient photoinduced electron transfer.>>3"In fact, no emission is detected for the
deprotonated form of the dyes. The apparent pKavalues (pK "a) obtained from the emission
measurements in solution are very close to those determined from the absorption spectra
(Table 2).
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Figure 2. pH dependence of fluorescence for 2 (1.41 x 10° M) in ethanol/aqueous buffer
solution (1:1) and the corresponding calibration curve (insert).

Optical pH sensors were prepared by noncovalent entrapment of the indicators in the hydrogel
D4 matrix, which is a highly proton-permeable, uncharged polyurethane derivative with a water
uptake capacity of about 50%. The pKavalues obtained for the sensing materials from the
absorption measurements were very close to those obtained for the solutions of the indicators
(Table 2). Unexpectedly, the apparent pKa values in D4 as derived from fluorescence data were
0.5-1 pH units lower than those obtained from absorption data (Table 2). This discrepancy can
be explained by the fact that the concentration of the indicator is much higher in the hydrogel
than in the solution. Therefore, the dye molecules are close enough to enable Forster resonance
energy transfer (FRET) from the protonated to the deprotonated form (Figure S3 of
the Supporting Information). Considering that FRET is concentration-dependent, this offers
another possibility of tuning the dynamic range of the materials. In fact, pKa values derived from
the fluorescence data are lower for higher concentration of the indicators in hydrogel D4 (e.g.,
pKa of 6.65, 6.14, 6.03, and 5.89 for the sensor films containing 0.1, 0.25, 0.5 and 1% of the
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indicator 2), Supporting Information Figure S3c. The pK, values obtained from the absorption
measurements (Supporting Information Figure S10b) are 6.92, 6.83, 7.04, and 7.32 for the same
concentrations. This increase may be due to different localization patterns of the dye in hydrogel
D4, which is known to be composed of the hydrophilic and hydrophobic regions.

Dye leaching out of the sensing matrix may be a problem in the case of physically entrapped
indicators. It was tested in the case of 1 by monitoring the absorption of the sensing foils. No
evident leaching into the aqueous solution was detectable for the protonated form of the dye. In
the case of the charged deprotonated form, the decrease in the absorption was very low (0.8% per
24 h, Figure S5 of the Supporting Information), which is within the experimental error.
Consequently, leaching is not critical for the investigated sensors due to the pronounced
hydrophobicity of the indicator systems.

We compared the pH-sensing properties of the complexes and the respective ligands. The ligands
were virtually nonfluorescent, possibly due to their nonplanar structure. However, distinct
changes in the absorption spectra were observed (Figure S4a of the Supporting Information). The
pKavalues were ~1 unit higher than for the corresponding complexes (Supporting
Information Figure S4b). For example, the pK, values were 8.35 and 7.00 for 1 and 2, but 9.39
and 7.97 for the corresponding ligands. This effect is likely due in part to the lower degree of the
n-conjugation between the phenolic substituents and the chromophore core (which is reflected by
the smaller shift between the Amax OF both forms of the dye compared with the corresponding
complexes). The electron-withdrawing effect of the BF> group can also contribute here. Despite
the absence of fluorescence, the nonchelated dyes can be promising as absorption-based
indicators.

Photostability. Photostability is a very important parameter for all optical chemosensors. We
investigated solutions of the new pH dyes in dimethylformamide under continuous illumination
with an ultrabright 642-nm LED array. Figure 33 demonstrates the photodegradation profiles for
the new indicators and for seminaphthorhodafluor decyl ester (SNARF-DE), which is used for
comparison. The aza-BODIPY probes were significantly more photostable (about 30-fold) than
SNARF-DE under identical conditions. In fact, after 2.5 h of illumination, only 1-8% of the dyes
was decomposed compared with SNARF-DE, which degrades almost completely after 60 min of
irradiation. The photostability trend for aza-BODIPY probes was 6 >3 >4 > 1-2 ~ 7 > 5-8
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(Figure S6 of the Supporting Information). The electron-donating substituents in the aryl rings
Ar! and Ar?seem to be responsible for decreased photostability; nevertheless, new pH dyes retain
excellent photostability of aza-BODIPY dyes,*® which makes them particularly suitable for long-
duration measurements.
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Figure 3. Comparison of photobleaching profiles for aza-BODIPY fluorescent pH probes and
SNARF-DE in dimethylformamide determined from the absorption measurements.

Dual-lifetime referenced pH sensor. Fluorescence intensity is a parameter that is easy to
measure, but it is influenced by a number of factors, such as the intensity and light field of the
excitation source, the sensitivity of the photodetector, and the coloration and turbidity of the
measuring media. In contrast, measurements of fluorescence decay time, which is a self-
referenced parameter, normally require complicated and expensive equipment. Ratiometric
sensing and dual lifetime referencing are popular alternatives. In the latter approach, a referenced
material having a long luminescence decay time (typically in the microseconds time domain) is
added, and the overall phase shifts are measured in the frequency domain.®® Since good spectral
compatibility (both for excitation and for emission) is essential, a recently reported inorganic
phosphor, chromium(lil)-doped gadolinium aluminum borate (Cr-GAB)?®is an excellent
candidate for this purpose; its luminescence decay times of about 100 ps, and high chemical and
photochemical inertness make it particularly attractive. The spectral compatibility of the
indicator (in its protonated form) and the referenced phosphor is very good (Figure 4) because
both are efficiently excited by red LEDs and emit in the same spectral window. The resulting

pH-sensing material is compatible with a commercially available fiber-optic phase oxygen meter
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(Firesting from Pyroscience), which was used for measurements (Aexc ~ 620 nm). The “sensing
chemistry” applied on the tip of a glass optical fiber included 0.1% w/w of indicator 1 and 66%
w/w Cr-GAB particles and 33% w/w of hydrogel D4. Different concentrations of indicator and
Cr-GAB particles were tested to ensure optimal phase shift dynamics (data not shown). Figure 4c
shows a calibration plot of the cotangents of the phase angle, cot ® vs pH for the DLR pH-
sensing material. The calibration showed an inflection point at pH 8.12, which is very close to
the apparent pKa value obtained from the spectroscopic investigations. Photostability of the
indicator at the fiber optic tip was monitored by applying 5 times stronger light intensity and 10
times longer integration times than in the standard settings. For the acidic form, no evident
photobleaching was observed after 2000 measurement points, which corresponds to 100 000
measurement points in the standard settings (Figure S7 of ESI). A very small drift of the phase
angle (0.2°) was observed in the basic conditions for the same measurement time. Nevertheless,
it can be concluded that the fiber-optic sensors possess excellent photostability and can be used

for prolonged measurements without recalibration.
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Figure 4. Spectral properties of the luminescent materials used in the pH sensor: (a) excitation
spectrum of the Cr-GAB and pH indicator 1 in protonated form; (b) emission spectra of Cr-GAB
and pH indicator 1; (c) calibration plot for the DLR pH sensor containing pH indicator 1 (0.1 %)
and Cr-GAB (66 % w/w) in hydrogel D4 at 25 °C (IS = 0.02 M).

Application in marine biology. The new pH sensing materials operate in significantly different
dynamic ranges and are, therefore, suitable for a variety of important applications. For example,
the apparent pK’'avalues of the indicators 2 and 4 make them particularly suitable for
biotechnological and biological applications, respectively. On the other side, the apparent pK', of

about 8 found for indicator 1 almost ideally matches the pH of the seawater. This new sensing
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material thus provides a promising alternative to the state-of-the-art optical sensors for seawater
pH measurements, which rely on fluorescein derivatives and possess poor photostability.**4! We
demonstrated this applicability in marine biology by measuring the pH in corals with a fiber-
optic pH optode based on the DLR material described above (Figure 5). The pH in corals is
affected by both the photosynthetic activity of the algal symbionts in the host tissue, which tend
to increase the pH due to their phototsynthetic fixation of inorganic carbon, and the respiratory
activity of the coral host cells and hetrotrophic bacteria associated with the coral, the activity of
which tends to decrease pH. Although most pH measurements in corals have focused on the
exposed tissues,*? the pH conditions in the gastric cavity (i.e., the coral stomach) are largely
unknown; yet, such measurements are highly relevant to understand the microbial processes
going on inside corals. Our pH measurements showed a pH gradient of almost 1 pH unit from the
coral mouth and into the deepest part of the coral just above the calcium carbonate skeleton
(Figure 5b). Evidently, the pH in these parts of the coral was not affected by photosynthetic

activity, which was also seen by the absence of any accumulation of O (data not shown).
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Figure 5. (A) Photographic image of a fiber-optic pH optode based on 1 and Cr-GAB inserted
into the mouth opening of a single polyp in the coral (Goniopora sp.) under an irradiance of
~150 umol photons m2 s, (B) pH profile in the gastric cavity of the coral showing a pH
decrease at increasing distance from the mouth opening. After measurement at 3 mm depth, the
pH optode was retracted into the overlaying seawater.

2.4 Conclusion

In conclusion, we prepared and characterized a series of NIR fluorescent pH indicators with
potential to suit a diverse range of analytical applications. pH-sensitive functional aza-BODIPY
derivatives were obtained via a simple reaction route starting from commercially available
compounds. Except for probes 5 and 6, the new indicators retain the advantages of aza-BODIPY
fluorescent probes, such as good brightness and excellent photostability. Variations in both the
substitution pattern and the position of hydroxyl functionality allowed manipulation of

pKa values over a wide range, providing valuable information that can be used for future rational
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design of the indicator systems. The new sensors have high potential for a variety of
biotechnological, biological, environmental, etc. applications. As an example, monitoring of pH
inside coral polyps was demonstrated. Ongoing work concerns the covalent immobilization of
the indicators into the polymeric network, which will completely suppress their leaching,
migration, and aggregation and can lead to even better shelf life stability and operating time of

the optical sensors.
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2.6 Supporting Information
EXPERIMENTAL

Measurements of pH gradients in the gastric cavity of a symbiont bearing coral (Goniopora
sp.)

The coral was sampled from the reef flat off Heron Island, Great Barrier Reef, Australia. After
sampling, the coral was kept at Heron Island Research Station in an outdoor aquarium
continuously flushed with aerated seawater from the reef flat. Prior to pH measurements, coral
specimen was transferred to a flow chamber with aerated seawater (pH ~8.1) at 26 °C and at a
flow rate of approximately 3 cm s. The coral was illuminated with an incident irradiance of
~150 pmol-photons m?2s' from a fiber-optic halogen lamp Schott kI2500 LCD
(www.schott.com). The pH optode was mounted in a manual micromanipulator MM33
(Martzhauser, www.marzhauser.com) that was attached to a heavy stand. The optode tip was
carefully positioned towards and into the mouth opening of a single coral polyp; this was done
by observation under a dissection microscope SM-6TZ-54S, Amscope (Www.amscope.com)
equipped with a CCD camera.

Solution preparation for titration curves

Indicators 1 - 8 were dissolved in THF (10 ml). For absorption measurements 200 pl (90 ul for
fluorescence measurements) of this solution was diluted with 25 ml of ethanol. Prior to
absorption (fluorescence) measurements ethanolic solution was diluted with aqueous buffer 1:1.
Final concentration of solutions were for absorption measurements 1 — 3.19 x 10° M, 2 — 3.10 x
10%M,3-3.37 x 10°M, 4 -3.27 x 10°M, 5-3.32 x 10%M, 6 — 3.01 x 10°® M, 7- 2.55 x 10°®
M, 8 — 3.23 x 10° M, and fluorescence measurements 1 — 1.45 x 10°M, 2 — 1.41 x 10° M, 3 —
153 x 10°M, 4 -1.49 x 10°M,5-1.51 x 10°M, 6 — 1.37 x 10° M, 7- 1.16 x 10° M, 8 — 1.47
x 10° M.
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Synthesis

1-(3-chloro-4-hydroxyphenyl)-3-phenylpropenone (2a): 3’-chloro-4’-hydroxyacetophenone (1
eq, 2 g, 11.7 mmol) and benzaldehyde (1 eq, 1.24 g, 11.7 mmol) were dissolved in absolute
ethanol (10 ml). 10 ml of aqueous potassium hydroxide solution (3 eg, 1.96 g, 35.1 mmol) was
added dropwise. Resulting solution was stirred for 8-12 hours, during which the product
precipitated as the potassium salt. The solution/suspension was poured into 1 M HCI (10 ml),
and further concentrated HCI was added until the solution was acidic. Obtained yellow solid was

washed with water and used in further synthesis without purification. (2.7 g, 77%)

1-(3-chloro-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (2b): A solution of 1-(3-chloro-4-
hydroxyphenyl)-3-phenylpropenone (2a) (1eq, 2 g, 7.7 mmol), nitromethane (20 eq, 8,35 ml,
154.7 mmol) and KOH (1.2 eq, 0.52 g, 9.28 mmol) in EtOH (10 ml) was heated at 60 °C under
reflux for 12 h. After cooling to room temperature, the solvent was removed in vacuo and oily
residue obtained was acidified with 4 M HCI and partitioned between EtOAc (50 ml) and H20
(50 ml). The organic layer was separated, dried over sodium sulfate and evaporated under
reduced pressure. The obtained product was used for further synthesis without purification. (2.4
g, 73%)

[5-(3-chloro-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]lamine (2c): 1-(3-chloro-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (2b) (1 eq, 1 g,
3.7 mmol), 1,3-diphenyl-4-nitro-butan-1-on (1b) (1 eq, 0.99 g, 3.7 mmol) and ammonium acetate
(35 eq, 8.03 g, 129 mmol) in butanol (50 ml) were heated under reflux for 24 h. The reaction was
cooled to room temperature, the crude product was purified by column chromatography on silica
with dichloromethane (after eluting symmetric byproduct with hexane/dichloromethane 3:1 v/v)
to vyield to product 2c as a Dblue-black solid. Product was recrystallized from
hexane/tetrahydrofuran mixture as green metallic crystals (0.26 g, 17%). *H NMR (300 MHz,
DMSO0-d6) 6 8.26-8.27 (d, J = 2 Hz, 1H), 8.06-8.13 (t, J = 6.5 Hz, 4H), 7.99-8.02 (dd, J = 8.7
Hz, 2.1 Hz, 1H), 7.92-7.95 (d, J = 7.4 Hz, 2H), 7.83 (s, 1H), 7.32-7.61 (t, J = 7.5 Hz, 10H), 7.04-
7.06 (d, J = 8.6 Hz, 1H). Electron impact-direct insertion-time of flight (EI-DI-TOF) m/z [MH"]
found 499.1473, calculated 499.1451.
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BF2 chelate of [5-(3-chloro-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-
phenylpyrrol-2-ylidene]amine (2): Compound 2c (0.24 g, 0.48 mmol) was dissolved in dry
CH2Cl> (50 ml), treated with diisopropylethylamine (10 eq, 0.79 ml, 4.8 mmol) and BF3
diethyletherate (15 eq, 0.92 ml, 7.2 mmol) and stirred under argon for 24 h. Purification by
column chromatography on silica eluting with CH2Cl> and recrystallization from
hexane/tetrahydrofurane gave the product 2 as a red metallic solid ( 0.20 g, 43 %). *H NMR (300
MHz, DMSO-d6) & 8.30-8.29 (d, J = 2.1 Hz, 1 H), 8.21 — 8.07 (m, 7 H), 7.76 (s, 1 H), 7.58 —
7.45 (m, 10 H), 7.13- 7.16 (d, J = 8.7 Hz, 1 H). Electron impact-direct insertion-time of flight
(EI-DI-TOF) m/z [MH*] found 546.1490, calculated 546.1470.

1-(3-methyl-4-hydroxyphenyl)-3-phenylpropenone (3a): 3’-methyl-4’-hydroxyacetophenone
(1 eq, 2 g, 14.7 mmol) and benzaldehyde (1 eq, 1.55 g, 11.8 mmol) were dissolved in absolute
ethanol (10 ml). 10 ml of aqueous potassium hydroxide solution (3 eq, 1.98 g, 35.4 mmol) was
added dropwise. Resulting solution was stirred for 8-12 hours, during which the product
precipitated as the potassium salt. The solution/suspension was poured into 1 M HCI (10 ml),
and further concentrated HCI was added until the solution was acidic. Obtained yellow solid was

washed with water and used in further synthesis without purification. (3.5 g, 93%)

1-(3-methyl-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (3b): A solution of 1-(3-methyl-
4-hydroxyphenyl)-3-phenylpropenone (3) (1leq, 2 g, 12.05 mmol), nitromethane (20 eq, 16.6 ml,
240.96 mmol) and KOH (1.2 eq, 0.81 g, 14.46 mmol) in EtOH (10 ml) was heated at 60 °C under
reflux for 12 h. After cooling to room temperature, the solvent was removed in vacuo and oily
residue obtained was acidified with 4 M HCI and partitioned between EtOAc (50 ml) and H20
(50 ml). The organic layer was separated, dried over sodium sulfate and evaporated under
reduced pressure. The obtained product was used for further synthesis without purification. (1.33
g, 53%)

[5-(3-methyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-

ylidene]amine (3c): 1-(3-methyl-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (3a) (1 eq, 1 g,
3.7 mmol), 1,3-diphenyl-4-nitro-butan-1-on (1b) (1 eq, 0.99 g, 3.7 mmol) and ammonium acetate
(35 eq, 8.03 g, 129 mmol) in butanol (50 ml) were heated under reflux for 24 h. The reaction was

cooled to room temperature, the crude product was purified by column chromatography on silica
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with dichloromethane (after eluting symmetric byproduct with hexane/dichloromethane 3:1 v/v)
to yield to product 3c as a blue-black solid. Product was recrystalized from
hexane/tetrahydrofuran mixture as green metallic crystals (0.26 g, 10%). *H NMR (300 MHz,
DMSO-d6) & 8.05 —8.13 (m, 5 H), 7.93- 7.95 (d, J = 7.6 Hz, 3 H), 7.80 (s, 1 H), 7.56-7.61 (m, 2
H), 7.32 — 7.51 (m, 8 H), 7.00-7.03 (d, J = 8.4 Hz, 1 H), 2.29 (s, 3 H). Electron impact-direct
insertion-time of flight (EI-DI-TOF) m/z [MH*] found 479.1998, calculated 479.1998.

BF2 chelate of [5-(3-methyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-
phenylpyrrol-2-ylidene]amine (3): Compound 3c (0.19 g, 0.39 mmol) was dissolved in dry
CH2Cl> (50 ml), treated with diisopropylethylamine (10 eq, 0.65 ml, 3.9 mmol) and BF3
diethyletherate (15 eq, 0.75 ml, 5.85 mmol) and stirred under argon for 24 h. Purification by
column chromatography on silica eluting with CH2Cl. gave the product 3 as a red metallic solid
(0.22 g, 66 %). *H NMR (300 MHz, DMSO-d6) & 10.74 (s, 1 H), 8.04 — 8.22(m, 8 H), 7.82 (s, 1
H), 7.39 — 7.59 (m, 10 H), 6.97 (m, 1 H), 2.21 (s, 3H). Electron impact-direct insertion-time of
flight (EI-DI-TOF) m/z [MH™] found 526.2020, calculated 526.2017.

1-(3,5-dimethyl-4-hydroxyphenyl)-3-phenylpropenone (4a): 3°,5’-dimethyl-4’-
hydroxyacetophenone (1 eq, 2 g, 12.1 mmol) and benzaldehyde (1 eq, 1.29 g, 12.1 mmol ) were
dissolved in absolute ethanol (10 ml). 10 ml of aqueous potassium hydroxide solution (3 eq, 2.04
g, 36.3 mmol) was added dropwise. Resulting solution was stirred for 8-12 hours, during which
the product precipitated as the potassium salt. The solution/suspension was poured into 1 M HCI
(20 ml), and further concentrated HCI was added until the solution was acidic. Obtained yellow

solid was washed with water and used in further synthesis without purification. (3.3 g, 95%)

1-(3,5-dimethyl-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (4b): A solution of 1-(3,5-
dimethyl-4-hydroxyphenyl)-3-phenylpropenone (4a) (1eq, 2 g, 7.93 mmol), nitromethane (20 eq,
16.6 ml, 240.96 mmol) and KOH (1.2 eq, 0.81 g, 14.46 mmol) in EtOH (10 ml) was heated at 60
°C under reflux for 12 h. After cooling to room temperature, the solvent was removed in vacuo
and oily residue obtained was acidified with 4 M HCI and partitioned between EtOAc (50 ml)
and H20 (50 ml). The organic layer was separated, dried over sodium sulfate and evaporated
under reduced pressure. The obtained product was used for further synthesis without purification.
(1.6 g, 65%)
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[5-(3,5-dimethyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]amine (4c): 1-(3,5-dimethyl-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (4b) (1 eq,
1 g, 3.2 mmol), 1,3-diphenyl-4-nitro-butan-1-on (1b) (1 eq, 1 g, 3.2 mmol) and ammonium
acetate (35 eq, 8.03 g, 112 mmol) in butanol (50 ml) were heated under reflux for 24 h. The
reaction was cooled to room temperature, the crude product was purified by column
chromatography on silica with dichloromethane (after eluting symmetric byproduct with
hexane/dichloromethane 3:1 v/v) to yield to product 5 as a blue-black solid. Product was
recrystallized from hexane/tetrahydrofuran mixture as green metallic crystals (0.43 g, 20%). H
NMR (300 MHz, DMSO-d6) 6 8.09-8.15 (m, 4H), 7.93-7.96 (m, 2H), 7.89 (s, 2H), 7.81 (s, 1H),
7.31-7.60 (m, 10H). Electron impact-direct insertion-time of flight (EI-DI-TOF) m/z [MH"]
found 493.2198, calculated 493.2154.

BF2 chelate of [5-(3,5-dimethyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-
phenylpyrrol-2-ylidene]amine (4): Compound 4c (0.19 g, 0.39 mmol) was dissolved in dry
CHCI> (50 ml), treated with diisopropylethylamine (10 eq, 0.65 ml, 3.9 mmol) and BF3;
diethyletherate (15 eq, 0.75 ml, 5.85 mmol) and stirred under argon for 24 h. Purification by
column chromatography on silica eluting with CH2Cl. gave the product 4 as a red metallic solid
(0.28 g, 62 %). *H NMR (300 MHz, DMS0-d6) § 9.66 (s, 1H), 8.06 — 8.22 (m, 6H), 8.01 (s, 2H),
7.82 (s, 1H), 7.42 — 7.58 (m, 9 H), 7.40 (s, 1H), 2.26 (s, 6 H). Electron impact-direct insertion-
time of flight (EI-DI-TOF) m/z [MH™] found 540.2192, calculated 540.2173.

1-phenyl-4-nitro-3-(4-hydroxyphenyl)-butan-1-one (5a): A solution of 1-phenyl-3-(4-
hydroxyphenyl)-propenone (1eq, 2 g, 8.9 mmol), nitromethane (20 eq, 10.8 ml, 178.3 mmol)
and KOH (1.2 eq, 0.59 g, 10.68 mmol) in EtOH (10 ml) was heated at 60 °C under reflux for 12
h. After cooling to room temperature, the solvent was removed in vacuo and oily residue
obtained was acidified with 4 M HCI and partitioned between EtOAc (50 ml) and H2O (50 ml).
The organic layer was separated, dried over sodium sulfate and evaporated under reduced

pressure. The obtained product was used for further synthesis without purification. (1.5 g, 60%)

[5-phenyl-3-(4-hydroxyphenyl)-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-ylidene]amine
(5b): 1-phenyl-4-nitro-3-(4-hydroxyphenyl)-butan-1-one (5a) (1 eq, 1 g, 3.5 mmol), 1,3-
diphenyl-4-nitro-butan-1-on (1b) (1 eq, 1 g, 3.5 mmol) and ammonium acetate (35 eq, 7.6 g, 122
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mmol) in butanol (50 ml) were heated under reflux for 24 h. The reaction was cooled to room
temperature, the crude product was purified by column chromatography on silica with
dichloromethane (after eluting symmetric byproduct with hexane/dichloromethane 3:1 v/v) to
yield to product 6b as a blue-black solid. Product was recrystallized from hexane/tetrahydrofuran
mixture as green metallic crystals (0.32 g, 20%). 'H NMR (300 MHz, DMSO-d6) § 8.14 — 7.99
(m, 8 H), 7.66 — 7.38 (m, 11 H), 6.88- 6.85 (d, J = 8.7 Hz, 2 H). Electron impact-direct insertion-
time of flight (EI-DI-TOF) m/z [MH"] found 465.1876, calculated 465.1841.

BF2 chelate of [5-phenyl-3-(4-hydroxyphenyl)-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]amine (5): Compound 5b (0.22 g, 0.47 mmol) was dissolved in dry CH2Cl> (50 ml),
treated with diisopropylethylamine (10 eq, 0.61 ml, 4.7 mmol) and BF3 diethyletherate (15 eq,
0.9 ml, 7.05 mmol) and stirred under argon for 24 h. Purification by column chromatography on
silica eluting with CH2Cl> and recrystallization from hexane/tetrahydrofurane gave the product 5
as a red metallic solid ( 0.17 g, 36 %). *H NMR (300 MHz, DMSO-dé6) & 10.22 (s, 1H), 8.08-
8.13 (d, J = 13 Hz, 8 H), 7.45-7.56 (m, 11 H), 6.92-6.95 (d, J = 8.5 Hz, 2 H). Electron impact-
direct insertion-time of flight (EI-DI-TOF) m/z [MH*] found 512.1888, calculated 512.186.

1-(3-hydroxyphenyl)-3-phenylpropenone (6a): 3’-hydroxyacetophenone (1 eq, 2 ¢, 14.7
mmol) and benzaldehyde (1 eq, 1.56 g, 14.7 mmol) were dissolved in absolute tetrahydrofurane
(10 ml). Sodium hydride (3 eq, 1.06 g, 44.1 mmol) was added dropwise. Resulting solution was
stirred for 8-12 hours, during which the product precipitated as the potassium salt. The
solution/suspension was poured into 1 M HCI (10 ml), and further concentrated HCI was added
until the solution was acidic. Obtained yellow solid was washed with water and used in further

synthesis without purification. (2.98 g, 91%)

1-(3-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (6b): A solution of 1-(3-hydroxyphenyl)-3-
phenylpropenone (3) (1eq, 2 g, 7 mmol), nitromethane (20 eq, 7.57 ml, 140.2 mmol) and KOH
(1.2 eq, 0.47 g, 8.4 mmol) in EtOH (10 ml) was heated at 60 °C under reflux for 12 h. After
cooling to room temperature, the solvent was removed in vacuo and oily residue obtained was
acidified with 4 M HCI and partitioned between EtOAc (50 ml) and H2O (50 ml). The organic
layer was separated, dried over sodium sulfate and evaporated under reduced pressure. The

obtained product was used for further synthesis without purification. (0.99 g, 60%)
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[5-(3-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-ylidene]amine
(6¢): 1-(3-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (6b) (1 eq, 1 g, 3.5 mmol), 1,3-diphenyl-
4-nitro-butan-1-on (1b) (1 eq, 0.94 g, 3.5 mmol) and ammonium acetate (35 eq, 7.6 g, 122.5
mmol) in butanol (50 ml) were heated under reflux for 24 h. The reaction was cooled to room
temperature, the crude product was purified by column chromatography on silica with
dichloromethane (after eluting symmetric byproduct with hexane/dichloromethane 3:1 v/v) to
yield to product 6c¢ as a blue-black solid. Product was recrystalized from hexane/tetrahydrofuran
mixture as green metallic crystals (0.20 g, 17%). *H NMR (300 MHz, Chloroform-d) § 6.97-7.00
(dd, J = 9.7 Hz, 1H), 7.39-7.66 (m, 13H), 7.71 (m, 1H), 8.10-8.12 (d, J = 7.3 Hz, 6H). Electron
impact-direct insertion-time of flight (EI-DI-TOF) m/z [MH*] found 465.1853, calculated
465.1841.

BF2 chelate of [5-(3-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]Jamine (6): Compound 6¢ (0.19 g, 0.4 mmol) was dissolved in dry CH2Cl> (50 ml),
treated with diisopropylethylamine (10 eq, 0.7 ml, 4 mmol) and BFz diethyletherate (15 eq, 0.81
ml, 6 mmol) and stirred under argon for 24 h. Purification by column chromatography on silica
eluting with CH,Cl, and recrystallization from hexane/tetrahydrofurane gave the product 6 as a
red metallic solid ( 0.08 g, 36 %). *H NMR (300 MHz, Chloroform-d) & 8.02-8.09 (m, 6H), 7.59-
7.61 (t, J = 2.3 Hz, 1H), 7.44-7.56 (m, 10H), 7.34-7.39 (t, J = 8 Hz, 1H), 6.97-7.01 (m, 3H).
Electron impact-direct insertion-time of flight (EI-DI-TOF) m/z [MH*] found 512.193,
calculated 512.186.

1-phenyl-4-nitro-3-(4-methoxyphenyl)-butan-1-one (7a): A solution of 1-phenyl-3-(4-
methoxyphenyl)-propenone (1 eq, 2 g, 8.4 mmol), nitromethane (20 eq, 10.25 ml, 168 mmol)
and KOH (0.2 eq, 0.09 g, 1.7 mmol) in EtOH (10 ml) was heated at 60 °C under reflux for 12 h.
After cooling to room temperature, the solvent was removed in vacuo and oily residue obtained
was partitioned between EtOAc (50 ml) and H20 (50 ml). The organic layer was separated, dried
over sodium sulfate and evaporated under reduced pressure. The obtained product was used for
further synthesis without purification. (2.5 g, 82%)

[5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-phenylpyrrol-2-
ylidene]amine (7b): Compound 7a (1eq, 1.0 g, 4.4 mmol), compound 1b (1eq, 0.93 g, 4.4 mmol)

53



and ammonium acetate (35 eq, 9.55 g, 154 mmol) in butanol (50 ml) were heated under reflux
for 24 h. The reaction was cooled to room temperature, the crude product was purified by
column chromatography on silica with dichloromethane (after eluting symmetric byproduct with
toluene/dichloromethane 3:1 v/v) to yield to product 7b as a blue-black solid. Product was
recrystallized from hexane/tetrahydrofuran mixture as green metallic crystals (0.13 g, 8%). ‘H
NMR (300 MHz, DMSO-d6) 6 8.08-8.10 (d, J = 7.3 Hz, 4 H), 7.97-8.01 (dd, J = 8.7, 3.3 Hz, 4
H), 7.60 (s, 1 H), 7.53 (s, 1 H), 7.34 — 7.49 (m, 2H), 7.18-7.21 (d, J = 8.8 Hz, 2 H), 7.01-7.04 (d,
J =8.7 Hz, 2 H), 3.89 (s, 3 H). Electron impact-direct insertion-time of flight (EI-DI-TOF) m/z
[MH] found 495.1984, calculated 495.1947.

BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-
phenylpyrrol-2-ylidene]amine (7): Compound 7b (0.1 g, 0.20 mmol) was dissolved in dry
CH2Cl> (50 ml), treated with diisopropylethylamine (10 eq, 0.39 ml, 2 mmol) and BFs
diethyletherate (15 eq, 0.38 ml, 3 mmol) and stirred under argon for 24 h. Purification by column
chromatography on silica eluting with CH2Cl, and recrystallization  from
hexane/tetrahydrofurane gave the product 7 as a red metallic solid ( 0.079 g, 53 %). 'H NMR
(300 MHz, DMSO-d)  8.11-8.19 (m, 8 H), 7.68 (s, 1 H), 7.42-7.57 (m, 7 H), 7.12-7.15 (d, J =
9.0 Hz, 2 H), 6.87-6.90 (d, J = 8.9 Hz, 2 H), 3.88 (s, 3 H). Electron impact-direct insertion-time
of flight (EI-DI-TOF) m/z [MH*] found 542.203, calculated 542.196.

1-(4-methoxyphenyl)-4-nitro-3-(4-methoxyphenyl)-butan-1-one (8a). A solution of 1-(4-
methoxyphenyl)-3-(4-methoxyphenyl)-propenone (1 eq, 2 g, 8.4 mmol), nitromethane (20 eq,
10.25 ml, 168 mmol) and KOH (0.2 eq, 0.09 g, 1.68 mmol) in EtOH (10 ml) was heated at 60
°C under reflux for 12 h. After cooling to room temperature, the solvent was removed in vacuo
and oily residue obtained was partitioned between EtOAc (50 ml) and H20 (50 ml). The organic
layer was separated, dried over sodium sulfate and evaporated under reduced pressure. The

obtained product was used for further synthesis without purification. (2.2 g, 92%)

[5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-(4-methoxy
phenyl)-pyrrol-2-ylidene]lamine (8b): Compound 8a (leq, 1.0 g, 4.4 mmol), compound 1b
(1eq, 0.93 g, 4.4 mmol) and ammonium acetate (35 eq, 9.55 g, 154 mmol) in butanol (50 ml)

were heated under reflux for 24 h. The reaction was cooled to room temperature, the crude
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product was purified by column chromatography on silica eluting with dichloromethane (after
eluting symmetric byproduct with toluene/dichloromethane 3:1 v/v) to yield to product 8b as a
blue-black solid. Product was recrystallized from hexane/tetrahydrofuran mixture as green
metallic crystals (0.39 g, 20%). *H NMR (300 MHz, DMSO-d6) & 8.08-8.13 (m, 4H), 7.92 —
7.95 (m, 2 H), 7.87 (s, 2 H), 7.78 (s, 1 H), 7.54-7.59 (t, 2 H), 7.32-7.50 (m, 8 H), 2.31 (s, 2 H).
Electron impact-direct insertion-time of flight (EI-DI-TOF) m/z [MH*] found 525.2096,
calculated 525.2053.

BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-(4-
methoxy phenyl)-pyrrol-2-ylidene]amine (8): Compound 8b (0.22 g, 0.42 mmol) was
dissolved in dry CH2Cl> (50 ml), treated with diisopropylethylamine (10 eq, 0.71 ml, 4.2 mmol)
and BFs diethyletherate (15 eq, 0.8 ml, 6.3 mmol) and stirred under argon for 24 h. Purification
by column chromatography on silica eluting with CH2Cl>, and recrystallization from
hexane/tetrahydrofurane gave the product 8 as a red metallic solid ( 0.19 g, 78 %). *H NMR (300
MHz, DMSO-d6) & 10.46 (s, 1 H), 8.08 - 8.20 (m, 8 H), 7.46-7.59 (m, 5 H), 7.08-7.11 (dd, J =
12.9, 9.0 Hz, 4 H), 6.92-6.95 (d, J = 8.9 Hz, 2 H), 3.89 (s, 3 H), 3.87 (s, 3 H). Electron impact-
direct insertion-time of flight (EI-DI-TOF) m/z [MH"] found 572.2072, calculated 572.2129.
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BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]amine (1).

o5
SOE0ESRANRERR RS

S e s DMSO | 45000
.‘I

f 40000

/ [

| |
f | 35000

JI :‘I f

30000

H20

15000

- 10000
|

—
!‘g_:h_
S
:,\
(;_
L
—

?63«1
1001
974«[
1904

110 105 100 95 90 85 80 75 70 65 éoﬂ(sﬁs) 50 45 40 35 30 25 20 15 10 05 00
ppm

56



FL1000

0
p
14
3
5

g
-
-l
J-S.
s
-y

e
A6
A2

T

—777
55

152
=749

S
A
S
—73
—735
_—
—6.54

10000
s / .

! _ Faooo
s / Iy

|'|I |I| ’ al | ’ " -
| Laoco

|
I | || || | Vig ! [yl 1000

T
10—
aze]

- 1000

100~ 513.2

S14.2
512 2

1859.1
2191

0 L—.—.—.—r miz

50 100 150 200 250 300 350 400 450 500




100+

%

513.1819

512.1860

514.1871

I
506

I
508

T
510

o
512

|
514

516

Figure S1. 'H NMR and mass spectra of 1 in DMSO.

518

I
520

I
522

I
524

m/z

58



BF2 chelate of
phenylpyrrol-2-ylidene]amine (2)
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BF2 chelate of [5-(3-methyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-
phenylpyrrol-2-ylidene]amine (3)
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BF2 chelate of [5-(3,5-dimethyl-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-
phenylpyrrol-2-ylidene]amine (4)
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BF2 chelate of [5-phenyl-3-(4-hydroxyphenyl)-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-
ylidene]amine (5)
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BF2 chelate of [5-(3-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-phenyl-3-phenylpyrrol-2-

ylidene]amine (6)
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BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-
phenylpyrrol-2-ylidene]amine (7)
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BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-methoxyphenyl)-3-
phenylpyrrol-2-ylidene]amine (8)
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Figure S8. *H NMR and mass spectra of 8 in DMSO.
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Chapter 2

NIR optical carbon dioxide sensors based on highly photostable
dihydroxy-aza-BODIPY dyes

Susanne Schutting?, Tijana Jokic?, Martin Strobl?, Sergey M. Borisov®™, Dirk de Beer® and Ingo

Klimant?

2 |Institute of Analytical Chemistry and Food Chemistry, Graz University of Technology, NAWI Graz,
Stremayrgasse 9, 8010 Graz, Austria

b Max-Planck-Institute of Marine Microbiology, Celsiusstrasse 1, 28359 Bremen, Germany

A new class of pH-sensitive indicator dyes for optical carbon dioxide sensors based on di-OH-
aza-BODIPYs is presented. These colorimetric indicators show absorption maxima in the near
infrared range (Amax 670-700 nm for the neutral form, Amax 725-760 nm for the mono-anionic
form, Amax 785-830 nm for the di-anionic form), high molar absorption coefficients of up to 77
000 M~ cm™ and unmatched photostability. Depending on the electron-withdrawing or electron-
donating effect of the substituents the pKavalues are tunable (8.7-10.7). Therefore, optical
carbon dioxide sensors based on the presented dyes cover diverse dynamic ranges (0.007-2 kPa;
0.18-20 kPa and 0.2-100 kPa), which enables different applications varying from marine science
and environmental monitoring to food packaging. The sensors are outstandingly photostable in
the absence and presence of carbon dioxide and can be read out via absorption or via the
luminescence-based ratiometric scheme using the absorption-modulated inner-filter effect.

Monitoring of the carbon dioxide production/consumption of a Hebe plant is demonstrated.
3.1 Introduction

Carbon dioxide is one of the most important parameters in many scientific and industrial fields,
such as medicine,* marine science,*’ food packaging,® bio processing®!° or environmental and
industrial monitoring.** Routine techniques of CO- quantification like infrared (IR) spectroscopy,
gas chromatography (GC) or the Severinghaus electrode are well established, but suffer from

different drawbacks.!>*® For instance IR spectroscopy is mainly used for gas
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samples,**1° because of strong interferences of water and the Severinghaus electrode is strongly
affected by osmotic effects. Carbon dioxide chemosensors are a promising alternative,'®-
23 among which the so-called “plastic type” sensors are the most common ones.?*! The core of
this type of sensor is a pH-sensitive indicator dye. It is embedded in a polymer matrix together
with a base (mainly a quaternary ammonium base) and responds to carbon dioxide by changing
its spectral properties according to the degree of protonation. Read-out of these sensors can be
carried out via absorption or luminescence intensity. In the case of a fluorescent indicator dye,
referencing of the fluorescence intensity is necessary to achieve reliable results. This can be
realized by using an analyte-insensitive reference dye with different spectral properties from the
indicator, either a different emission spectrum or a different luminescence decay time. Although
necessary in many cases, the addition of reference materials can cause dramatic ratio changes
when photobleaching of one dye (reference or indicator) or both occurs. Therefore, self-
referencing indicator dyes are highly desired for ratiometric read-out. However, only a few self-
referencing dyes (absorption and fluorescence intensity) have been published so far.*-3 Optical
carbon dioxide sensors are also of great interest in biological applications. Here, indicators with
absorption/fluorescence intensity maxima in the infrared (IR) or near-infrared (NIR) region are
preferred, because of several advantages, e.g. low light scattering, dramatically reduced
autofluorescence and availability of low-cost excitation sources and photodetectors. Recently our
group has presented pH-sensitive BF-chelated tetraarylazadipyrromethene indicators (aza-
BODIPYs).%8 This indicator class represents an interesting alternative to the state-of-the-art dyes
for biological applications as SNARF indicators®® or cyanine dyes.***! The aza-BODIPYs
showed absorption/fluorescence intensity spectra in the near-infrared region and were highly
photostable. Although pH-sensitive, these dyes could not be used for optical carbon dioxide
sensors. Here, the formation of the ion pair was irreversible and the indicator could not be
protonated anymore, even at 100% COx. In this study we present a new class of pH-sensitive
indicator dyes suitable for optical carbon dioxide sensors, the di-OH-aza-BODIPY's containing
two de-/protonatable hydroxyl groups. It will be shown that the pKa values of the di-OH-aza-
BODIPYs can be tuned by using different substituents with either the electron-withdrawing or

the electron-donating effect. Luminescence-based ratiometric read-out can be realized via the
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absorption-modulated inner-filter effect.*>*> An application example demonstrating the carbon

dioxide production/consumption of a Hebe plant will also be presented.
3.2 Experimental

Materials. Ethyl cellulose (EC49, ethoxyl content 49%), thymol-blue (A.C.S. reagent), m-
cresol-purple (indicator grade), poly(styrene-co-divinylbenzene)microspheres (8 pm mean
particle size; PS-microparticles), 3’-chloro-4'-hydroxyacetophenone, ammonium acetate,
benzaldehyde, N,N-diisopropylethylamine (DIPEA), dry dichloromethane, boron trifluoride
diethyl etherate, MOPS buffer salt, sodium sulfate (anhydrous) and tetraoctylammonium
hydroxide solution (TOAOH, 20% in methanol) were obtained from Sigma-Aldrich
(www.sigmaaldrich.com). Deuterated dimethyl sulfoxide (DMSO-de) was purchased from
Euriso-top (www.eurisotop.com). Perfluorodecalin (98%; cis and trans), 1-butanol (99%, BuOH)
and nitromethane were received from ABCR (Germany, www.abcr.de), Hyflon AD 60 from
Solvay (www.solvay.com). Nitrogen, 2% oxygen in nitrogen, 5% carbon dioxide in nitrogen,
0.2% carbon dioxide in nitrogen, argon and carbon dioxide (all of 99.999% purity) were obtained
from Air Liquide (Austria, www.airliquide.at). Toluene, ethanol (EtOH), tetrahydrofuran (THF),
hydrochloric acid (37%), dichloromethane (DCM) and hexane were purchased from VWR
(Austria, www.vwr.com). 3'-methyl-4-hydroxyacetophenone, 4'-butoxyacetophenone and 2-
fluoro-4-hydroxyacetophenone were from TCI Europe (www.tcichemicals.com). Poly(ethylene
terephthalate) (PET) support Melinex 505 was obtained from Piltz (Germany, www.puetz-
folien.com). Potassium chloride, potassium carbonate (pro analysi), potassium hydroxide and
silica gel 60 (0.063-0.200 mm) were received from Merck (www.merck.at). Sodium hydroxide,
ethyl acetate, the buffer salts CHES, MES and CAPS were purchased from Roth
(www.carlroth.com). De-ionized water was filtered via a Barnstead NANOpure ultrapure water
system. 1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan-1-one (compound 1b) was synthesized
according to Jokic et al.*® Silanized Egyptian blue particles were prepared according to the

literature procedure.*®
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Synthesis of 3,7-bis(4-butoxyphenyl)-5,5-difluoro-1,9-diphenyl-5H-4A%,50*-dipyrrolo[1,2-
c:2',1'-f][1,3,5,2]triazaborinine (di-butoxy-complex).

(E)-1-(4-Butoxyphenyl)-3-phenylprop-2-en-1-one (compound a). 4'-Butoxyacetophenone (1 eq.,
2.00 g, 15.5 mmol) was dissolved in absolute ethanol (15 ml). Benzaldehyde (1 eq., 1580 pl,
15.5 mmol) and potassium hydroxide (3 eg., 2.61 g, 46.4 mmol in 5 ml H,O) were added to the
solution and the reaction was stirred at room temperature for 12 h. Then, the reaction
solution/suspension was acidified with 0.1 M HCI and the resulting precipitate was collected by
filtration and was washed with water three times (3 x 100 ml). The precipitate was dried on a
rotary evaporator and was used for the next step without further purification (3.87 g, 89.2%).
1-(4-Butoxyphenyl)-4-nitro-3-phenylbutan-1-one  (compound b). A solution of (E)-1-(4-
butoxyphenyl)-3-phenylprop-2-en-1-one (1 eq., 3.87 g, 13.8 mmol), nitromethane (20 eq., 14.8
ml, 276 mmol) and KOH (0.3 eq., 0.232 g, 4.1 mmol) in 30 ml of absolute ethanol was heated
under reflux for 12 h. After cooling to room temperature the solvent was removed on a rotary
evaporator. The resulting oily residue was acidified with 0.1 M HCI and was partitioned with
ethyl acetate and water in a separating funnel. The organic layer was separated, dried over
sodium sulfate and the solvent was removed under reduced pressure (4.035 g, 85.7%).
(52)-5-(4-Butoxyphenyl)-N-(5-(4-butoxyphenyl)-3-phenyl-2H-pyrrol-2-ylidene)-3-phenyl-1H-
pyrrol-2-amine (c). Compound b (1 eq., 2.5 g, 7.33 mmol) and ammonium acetate (35 eq., 19.77
g, 256 mmol) were dissolved in 50 ml of 1-butanol and the reaction solution was heated under
reflux for 24 h. The reaction was cooled to room temperature and the solvent was removed under
reduced pressure. Then, the solid was redissolved in DCM and washed with water three times (3
x 100 ml). The crude solid was purified by column chromatography on silica gel, eluting with
DCM/cyclohexane (1: 1 v/v). The product was recrystallized from a hexane-THF mixture to
give metallic blue crystals (983 mg, 45.4%). *H NMR (300 MHz, CDCls) 6 8.06 (d, J = 7.1 Hz,
4H), 7.88-7.83 (m, 4H), 7.44-7.31 (m, 6H), 7.11 (s, 2H), 7.02 (d, J = 8.8 Hz, 4H), 4.06 (t,J =
6.5 Hz, 4H), 1.91-1.72 (q,J= 8.5 Hz, 4H), 1.6-1.48 (m, 4H), 1.01 (t,J= 7.4 Hz, 6H).
3,7-Bis(4-butoxyphenyl)-5,5-difluoro-1,9-diphenyl-5H-44% 51*-dipyrrolo[1,2-c: 2", 1 -
f][1,3,5,2]triazaborinine. Compound ¢ (1 eg., 300 mg, 0.51 mmol) was dissolved in 200 ml of
dry DCM. N,N-Diisopropylethylamine (DIPEA, 10 eq., 839 ul, 5.06 mmol) and boron trifluoride
diethyl etherate (15 eq., 953 pl, 7.58 mmol) were added and the reaction solution was stirred
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under nitrogen for 12 h. The green solution was washed with water three times (3 x 200 ml) and
dried over anhydrous sodium sulfate. The crude product was purified by column chromatography
on silica gel, eluting with DCM/cyclohexane (1 : 1 v/v). The product was recrystallized from a
hexane-THF mixture to give metallic red needles (179 mg, 55.2%).H NMR (300 MHz,
CDClIs) ¢ 8.09-8.05 (m, 8H), 7.49-7.38 (m, 6H), 7.04-6.98 (m, 6H), 4.07-4.02 (t,J = 6.4 Hz,
4H), 1.58-1.45 (q, J = 14.4 Hz, 4H), 1.62-1.42 (m, 4H), 1.02-0.97 (t, J = 7.4 Hz, 6H). Electron
impact-direct insertion-time of flight (DI-EI-TOF):m/z of [M]* was found to be 641.3007, calc.
641.3032.

Synthesis of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-4A%,5)0%-dipyrrolo[1,2-c:2',1'-
f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-chlorophenol) (di-Cl-di-OH-complex).

1-(3-Chloro-4-hydroxyphenyl)-3-phenylpropenone (compound 1a). 3’-Chloro-4'-
hydroxyacetophenone (1 eq., 2 g, 11.7 mmol) and benzaldehyde (1 eq., 1.24 g, 11.7 mmol) were
dissolved in 10 ml of ethanol absolute. 10 ml of aqueous potassium hydroxide solution (3 eq.,
1.96 g, 35.1 mmol) were added dropwise. The resulting solution was stirred for 8-12 h, during
which the product precipitated as a potassium salt. The solution/suspension was poured into 10
ml of hydrochloric acid (1 M) and further concentrated hydrochloric acid was added until the
solution became acidic. The obtained yellow solid was washed with water and used for further

synthesis without purification (2.33 g, 77%).

1-(3-Chloro-4-hydroxyphenyl)-4-nitro-3-phenylbutan-1-one  (compound 1b). A solution of
compound 1a (1 eq., 2 g, 7.7 mmol), nitromethane (20 eq., 8.35 ml, 154.7 mmol) and potassium
hydroxide (1.2 eg., 0.52 g, 9.28 mmol) in 10 ml of ethanol was heated at 60 °C under reflux for
12 h. After cooling to room temperature, the solvent was removed in vacuo and the oily residue
obtained was acidified with hydrochloric acid (4 M) and partitioned between ethyl acetate (50
ml) and de-ionized water (50 ml). The organic layer was separated, dried over anhydrous sodium
sulfate and evaporated under reduced pressure. The obtained product was used for further

synthesis without purification (2.4 9,97.2%).

[5-(3-Chloro-4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(3-chloro-4-hydroxyphenyl)-3-
phenylpyrrol-2-ylidene]amine (compound 1c). Compound 1b (1 eq., 2.02 g, 8.76 mmol) and
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ammonium acetate (35 eq., 19.03 g, 307 mmol) in 50 ml of 1-butanol were heated under reflux
for 24 h. The reaction was cooled to room temperature, the salt was removed by extraction with
de-ionized water/DCM and the product was purified by column chromatography on silica gel,
eluting with 5% ethyl acetate/DCM (after eluting impurities with hexane, 20% DCM/hexane, 1%
ethyl acetate/DCM and 2% ethyl acetate/DCM) to yield 1c as a blue-black solid. The product
was recrystallized from a hexane-THF mixture to give metallic green crystals (0.097 g,
5.77%). *H NMR (300 MHz, DMSO-ds) 6 8.09 (d, J = 7.6 Hz, 6H), 7.90 (d, J = 8.5 Hz, 2H),
7.62 (s, 2H), 7.54-7.32 (m, 6H), 7.19 (d,J= 8.5 Hz, 2H). EI-DI-TOF: m/z [MH]" found
549.1007, calc. 549.1011.

4,4'-(5,5-Difluoro-1,9-diphenyl-5H-44* 54*-dipyrrolo[1,2-c:2" 1'-f][1,3,5,2] triazaborinine-3,7-

diyl)bis(2-chlorophenol) (di-Cl-di-OH-complex). Compound 1c (0.017 g, 0.07 mmol) was
dissolved in 50 ml of dry DCM, treated with DIPEA (10 eq., 0.053 ml, 0.32 mmol) and boron
trifluoride diethyletherate (15 eq., 0.061 ml, 0.48 mmol) and stirred under argon for 24 h.
Purification was carried outvia column chromatography on silica gel, eluting with 2%
ethanol/DCM (after eluting impurities with DCM). Recrystallization from hexane-THF gave the
final product di-Cl-di-OH-complex as a metallic red solid (0.008 g, 44%). *H NMR (300 MHz,
DMSO-ds) 6 8.29 (s, 2H), 8.16 (d, J = 7.0 Hz, 4H), 8.03 (d, J = 8.7 Hz, 2H), 7.65 (s, 2H), 7.60—
7.41 (m, 6H), 7.13 (d, J = 8.7 Hz, 2H). EI-DI-TOF: m/z[MH]" found 597.0968, calc. 597.0999.

Synthesis of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-41*,52*-dipyrrolo[1,2-c:2',1'-
f][1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophenol) (di-F-di-OH-complex). The
synthesis was performed analogously to that of the di-Cl-di-OH-complex, but starting from 2'-
fluoro-4'-hydroxyacetophenone (728 mg). Steps 1 and 2 yielded 1.033 g (90.2%) and 1.28 g
(99.4%) of the crude product, respectively. After synthesis step 3, the crude product was purified
by column chromatography on silica gel, eluting with 4% THF/DCM to yield [5-(2-fluoro-4-
hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(2-fluoro-4-hydroxyphenyl)-3-phenylpyrrol-2-
ylidene]amine 2c as a blue-black solid. The product was recrystallized from a hexane-THF
mixture to give metallic green crystals (0.23 g, 20.9%).*H NMR (300 MHz, DMSO-ds) 6 8.04—
8.06 (d, J= 7.0 Hz, 6H), 7.35-7.47 (m, 8H), 6.78-6.86 (m, 4H). DI-EI-TOF: m/z of [M]" found
517.1626, calc. 517.1602.
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4,4'-(5,5-Difluoro-1,9-diphenyl-5H-414 51%-dipyrrolo[1,2-c:2" 1'-f][1,3,5,2] triazaborinine-3,7-
diyl)bis(3-fluorophenol) (di-F-di-OH-complex). 4,4'-(5,5-Difluoro-1,9-diphenyl-5H-41% 5)*-
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophenol) (di-F-di-OH-complex)
was synthesized using the same procedure. Purification was carried out via column
chromatography on silica gel, eluting with 4% THF/DCM. Recrystallization from hexane-THF
gave the final product di-F-di-OH-complex as a metallic red solid (0.044 g, 19.6%). *H NMR
(300 MHz, DMSO-ds) 6 8.12 (d, J = 7.0 Hz, 4H), 7.82 (t, J = 8.7 Hz, 2H), 7.56-7.48 (g, J = 9.4,
7.9 Hz, 6H), 7.31 (d, J = 3.4 Hz, 2H), 6.77 (d, J = 10.7 Hz, 4H). DI-EI-TOF: m/z of [M]* found
565.1615, calc. 565.1591.

Synthesis of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-41%,5)1%-dipyrrolo[1,2-c:2',1'-
f][1,3,5,2]triazaborinine-3,7-diyl)diphenol (di-OH-complex). Compound 3a 1-(4-
hydroxyphenyl)-3-phenylpropenone was commercially available. Further synthesis steps were
performed analogously to the synthesis steps of the di-Cl-di-OH-complex. The synthesis of
compound 3b gave 2.06 g (80%) of the crude product, starting from 2.02 g of 4
hydroxychalcone. The crude 3c was purified by column chromatography on silica gel, eluting
with 4% THF/DCM to yield [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-
hydroxyphenyl)-3-phenylpyrrol-2-ylidene]lamine as a blue-black solid. The product was
recrystallized from a hexane—THF mixture to give metallic green crystals (0.41 g, 23.5%). 'H
NMR (300 MHz, DMSO-ds), 6 8.09 (d, J = 7.3 Hz, 4H), 7.93 (d, J = 8.6 Hz, 4H), 7.53 (s, 2H),
7.42 (m, 6H), 7.01 (d, J = 8.6 Hz, 4H). EI-DI-TOF: m/z [MH]* found 481.1773, calc. 481.179.
Purification of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-44* 5.*-dipyrrolo[1,2-c:2" 1 '-
f1[1,3,5,2]triazaborinine-3,7-diyl)diphenol. Purification of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-
44 5)*-dipyrrolo[1,2-¢:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)diphenol was carried out via
column chromatography on silica gel, eluting with DCM/ethyl acetate (4 : 1). Recrystallization
from hexane—THF gave the final product di-OH-complex as a metallic red solid (0.26 g, 57.8%).
'H NMR (300 MHz, DMSO-ds) ¢ 8.13 (dd, J = 18.6, 8.0 Hz, 8H), 7.65-7.39 (m, 8H), 6.95 (d, J
= 8.8 Hz, 4H). EI-DI-TOF: m/z [MH]*found 529.1771, calc. 529.1779.
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Synthesis of 4,4°-(5,5-difluoro-1,9-diphenyl-5H-4)4,50*-dipyrrolo-[1,2-¢c:2°,1"-
f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-methylphenol) (di-CHs-di-OH-complex).

The synthesis was carried out analogously to that of the di-Cl-di-OH-complex, starting from 3'-
methyl-4'-hydroxyacetophenone (1.88 g). Steps 1 and 2 yielded 2.77 g (93%) and 1.84 g (53%)
of the crude product, respectively. After synthesis step 3, the crude product was purified by
column chromatography on silica gel, eluting with 5% ethyl acetate/DCM (after eluting
impurities with hexane/DCM 1 : 1, DCM) to yield [5-(3-methyl-4-hydroxyphenyl)-3-phenyl-1H-
pyrrol-2-yl]-[5-(3-methyl-4-hydroxyphenyl)-3-phenylpyrrol-2-ylidene]amine 4c as a blue-black
solid. The product was recrystallized from a hexane—THF mixture to give metallic green crystals
(0.091 g, 5.8%). *H NMR (300 MHz, DMSO-dg) J 8.10 (d, J = 7.3 Hz, 4H), 7.91-7.75 (m, 4H),
7.57-7.33 (m, 8H), 7.00 (d,J= 8.4 Hz, 2H), 2.29 (s, 6H). EI-DI-TOF: m/z [MH]" found
509.2086, calc. 509.2103.

Purification of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-44* 54*-dipyrrolo[1,2-c:2" 1 -
f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-methylphenol). Purification of 4,4'-(5,5-difluoro-1,9-
diphenyl-5H-4A* 50%-dipyrrolo[1,2-c:2",1'-f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-methylphenol)

was carried out via column chromatography on silica gel, eluting with 5% ethyl acetate/DCM
(after eluting impurities with DCM, 1% ethyl acetate/DCM and 2% ethyl acetate/DCM).
Recrystallization from hexane—THF gave the final product di-CHs-di-OH-complex as a metallic
red solid (0.04 g, 40%). 'H NMR (300 MHz, DMSO-dg) 6 8.16 (d, J = 7.2 Hz, 4H), 8.08-7.90
(m, 4H), 7.52 (m, 8H), 6.95 (d, J = 8.5 Hz, 2H), 2.22 (s, 6H). EI-DI-TOF: m/z [MH]* found
557.2082, calc. 557.2092.

Staining of PS-microparticles

0.50 g of PS-particles were dispersed in a solution of 5 mg of (1% w/w in respect to the PS-
particles) the di-butoxy-complex in 10 ml of tetrahydrofuran (THF) and stirred for 1.5 h. Then 8
ml of de-ionized water were added dropwise. After 10 min of stirring the dispersion was
transferred rapidly into a beaker with 50 ml of de-ionized water. The dispersion was again stirred
for 10 min. Then the particles were filtered through a cellulose filter and rewashed with 20 ml of

ethanol. Afterwards the particles were transferred into a milling cup and were overlaid with a
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mixture of ethanol/de-ionized water (1 : 1) to reduce friction and to enhance heat dissipation
during grinding in the planet mill. The particles were washed with ethanol and dried in the oven
at 70 °C.

Sensor preparation

Absorption: a “cocktail” containing 100 mg of ethyl cellulose and 1 mg of dye (1% w/w with
respect to the polymer) dissolved in a toluene : ethanol mixture (6 : 4 v/v, 1.9 g) was purged with
carbon dioxide. Afterwards 100 pl of tetraoctylammonium hydroxide solution (20% w/w
TOAOH in MeOH) were added. The “cocktail” was knife-coated on a dust-free PET support. A
sensing film of ~7 um thickness was obtained after evaporation of the solvent. For
luminescence-based measurements a second layer was added to the absorption-based sensing
foils. To prepare the “cocktail” for the second layer, 0.180 g of Hyflon AD 60 were dissolved in
2.820 g of perfluorodecalin, which was washed prior to use with 1 mol I potassium carbonate
solution. Then 0.360 g of Egyptian blue powder (200% w/w with respect to the polymer) and
0.054 g of stained PS-particles (30% w/w with respect to the polymer) were dispersed
homogeneously in the Hyflon solution. The thickness of this layer after evaporation of the
solvent was estimated to be ~4.5 um.

Methods

IH NMR spectra were recorded on a 300 MHz instrument (Bruker) in DMSO-ds with TMS as
standard. Absorption spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Varian).
The determination of the molar absorption coefficients was carried out as an average of three
independent measurements. Fluorescence spectra were recorded on a Fluorolog3 fluorescence
spectrometer (Horiba) equipped with a NIR-sensitive photomultiplier R2658 from Hamamatsu
(300-1050 nm). Photobleaching experiments were performed by irradiating the sensor foils in a
glass cuvette with the light of a high-power 10 W LED array (Amax 458 nm, 3 LEDs, www.LED-
TECH.de) operated at 6 W input power. A lens (Edmund Optics) was used to focus the light of
the LED array on the glass cuvette (photon flux: ~3900 pmol st m2 as determined using a Li-
250A light meter from Li-COR). The photodegradation profiles were obtained by monitoring the
absorption spectra of a sensor foil based on the respective dye. The cuvette was flushed with

either carbon dioxide gas for the mono-anionic form, or with nitrogen for the di-anionic form and
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sealed. Thymol-blue and m-cresol-purple were used for comparison. In the case of the anionic
form of thymol-blue, m-cresol-purple, the di-OH-complex and the di-CHs-di-OH-complex (di-
anionic forms) sodium hydroxide was placed at the bottom of the cuvette to capture carbon
dioxide traces. Gas calibration mixtures were obtained using a gas mixing device from MKS
(www.mksinst.com). The gas mixture was humidified to about 85% relative humidity, using
silica gel soaked with a saturated potassium chloride solution, prior to entering the calibration
chamber. Temperature was controlled by a cryostat ThermoHaake DC50. Dyed particles were
filtered through cellulose filters type 113A from Roth (www.carlroth.com). Particle milling was
carried out using an 80 ml milling cup, zirconia spheres (@ 5 mm) and a Pulverisette 6 planet
mill from Fritsch (www.fritsch.de). For the determination of the pKa values titration curves in
aqueous buffer/ethanol mixtures (1: 1) were measured and the average value of the point of
inflection obtained was used. For the production/consumption measurements of carbon dioxide
two Firesting-Mini devices and an oxygen trace sensor from PyroScience (wWww.pyro-
science.com) were used. Illumination of the sample was performed using 3 commercially
available halogen bulb lamps with an averaged photon flux of ~217 umol s™* m~2 per lamp. The
plant was positioned in a glass desiccator, which was flushed with a gas mixture of 2% oxygen in

nitrogen.
3.3 Results and Discussion
Synthesis

As reported by Jokic et al.*® there are two ways for the preparation of azadipyrromethenes to
obtain either asymmetrical®’ or symmetrical®® chromophores. The previously published
asymmetrical dyes bearing one hydroxyl group were proved to be promising pH
indicators.®® Unfortunately, they were found to be unsuitable for optical carbon dioxide sensors.
The ion pair built between the hydroxyl group and the tetraoctylammonium base was
comparatively strong. Even after exposure of the sensors to pure carbon dioxide, the amount of
CO2 was not enough to achieve re-protonation of the indicators and only after exposure to strong
acid vapors (e.g. hydrochloric acid) the indicators were irreversibly re-protonatable. Dissociation
of both hydroxyl groups in symmetrical azadipyrromethenes was expected to be more difficult

compared to the mono-hydroxy derivatives since two ion pairs with bulky cations would be built
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upon deprotonation. Therefore, this new class of pH indicators potentially suitable for
CO2 sensing was investigated. The starting point of our synthesis was diaryl-o,B-unsaturated
ketones (chalcones) either commercially available or readily made by an aldol condensation of
the corresponding aldehyde and acetophenone (Scheme 1). The Michael addition of
nitromethane to the chalcones, using KOH as a base, yields 1,3-diaryl-4-nitrobutan-1-ones in
essentially quantitative yields. Their condensation with ammonium acetate in refluxing butanol
gave azadipyrromethenes. Finally, the azadipyrromethenes were converted to the corresponding
BF. chelates via reaction with BF-etherate using diisopropylethylamine as a base at room

temperature for 24 h, giving yields ranging from 20 to 70%.
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Scheme 1. 4-step-synthesis scheme for the di-OH-aza-BODIPY -complexes.
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Photophysical properties

Dissolved in an ethanol/aqueous buffer mixture (1:1) all di-OH-aza-BODIPY dyes showed
absorption spectra corresponding to the two protonation steps of the hydroxyl groups (Fig. 1).
The neutral forms showed maxima at 670-700 nm and the mono-anionic forms at 725-760 nm.
The di-anionic forms were again bathochromically shifted for approximately 60 nm (Amax 785—
830 nm). Generally, the di-CHs-di-OH-complex bearing electron-donating methyl groups
showed absorption maxima shifted to higher wavelengths compared to the non-substituted di-
OH-complex (Table 1). In contrast, complexes bearing electron-withdrawing groups displayed

absorption maxima at shorter wavelengths.
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Fig. 1 (A) Absorption spectra of the neutral (black line, pH 6.4), the mono-anionic (red line, pH
9.3) and the di-anionic (blue line, pH 12.8) forms of the di-OH-complex dissolved in the
ethanol/aqueous buffer mixture (1:1) at 25°C and (B) the titration curves for pKa: determined at

745 nm (red) and pKaz at 805 nm (blue), respectively.

An overview of the spectroscopic properties of the presented dyes is given in Table 1. Molar
absorption coefficients are rather high: 55 000-77 000 Mt cm™. pKa determination was carried
out in a mixture of ethanol/aqueous buffer solution (1 : 1). For all di-OH-aza-BODIPY dyes two
protonation steps can be observed (Table 1). Here, the complex with electron-donating methyl
groups in the ortho-position to the hydroxyl groups showed the highest pKa values, followed by

the non-substituted di-OH-complex. Electron-withdrawing chlorine atoms located in the
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proximity of the hydroxyl groups (ortho-position) have the strongest impact on the pKa values,
whereas the electron-withdrawing effect of fluorine atoms in the meta-position is significantly

lower.

Table 1. Absorption maxima, molar absorption coefficients (g) and pKa values of the di-OH-aza-
BODIPY-complexes dissolved in ethanol/aqueous buffer mixture (1:1), as well as the absorption

maxima for optical CO sensors (EC49) based on the respective aza-BODIPY-complexes.

neutral - L
f mono-anionic form di-anionic form
orm
Amax pKap Amax (¢¥10°) | Amax pKaz Amax (£¥107%) Amax
(£%107%)
EtOH/ EtOH/aqu. EC49 | EtOH/aqu. | EtOH/aqu. buffer 1:1 | EC49
EtOH/aq aqu. buffer 1:1 buffer 1:1
u. buffer | buffer [nm (Mtcm™)]
11 11 [nm (MZ*cm™)] | [nm] [nm]
[nm (M-
fem 1]
di-CHs-di- 701
oH (76.8) 8.40 762 (65.5) 775 10.68 827 (70.7) 908
di-OH (ggé) 8.18 745 (51.3) 772 10.34 805 (55.2) 876
di-F-di-OH (gfi) 7.32 725(46.7) | 760 9.35 784 (52.8) 860
di-Cl-di-OH (gfi) 6.52 752 (52.6) 781 8.72 808 (57.9) 890

Carbon dioxide sensors

The pH-sensitive di-OH-aza-BODIPY dyes were embedded in an ethyl cellulose matrix (EC49)
along with tetraoctylammonium hydroxide as a base to obtain optical carbon dioxide sensors.
Clearly, the sensors showed well-observable spectral changes in the near infrared (NIR) range
according to the protonation of the di-anionic form giving the mono-anionic form (Fig. 2). The
neutral forms of the di-OH-complexes showed slight fluorescence in solution, and the sensors
based on the indicators did not show detectable fluorescence, neither for the mono-anionic nor
for the di-anionic form. Compared to the measurements in solution the CO> sensors based on the

di-OH-aza-BODIPY dyes showed significantly bathochromically shifted absorption spectra with
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maxima at 760—780 nm for their mono-anionic forms and maxima at 860-910 nm for their di-
anionic forms. Generally, a similar trend for the absorption maxima of the CO2 sensors based on
the respective complexes was observed (Table 1). Here, the shift between the mono-anionic and
the di-anionic form was enlarged to over 100 nm. This fact is advantageous for optical sensors,

because peak separation becomes easier.
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Fig. 2 Absorption spectra of optical carbon dioxide sensors based on (A) the di-Cl-di-OH-
complex and (B) the di-CHz-di-OH-complex in EC49 (base: TOAOH) at 25 °C at various pCO-

values.

Despite the fact that all di-OH-aza-BODIPY dyes showed two protonation steps in aqueous
solution, only one protonation step was observed in optical sensors based on these indicators. In
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fact, in the absence of carbon dioxide both hydroxyl groups build ion pairs with the quaternary
ammonium base and the spectra of the di-anionic forms are observable. The mono-anionic form
is built in the presence of carbon dioxide and is stable even at 100% CO.. Spectra of the neutral
forms are not observable anymore (Fig. 2). Therefore, the pKa2 values measured in solution are
most relevant for optical carbon dioxide sensors based on the di-OH-aza-BODIPY dyes. Indeed,
these values correlate very well with the sensitivities of the optical CO2 sensors (Table 1 and Fig.
3). The sensitivity increases in the following order: di-Cl-di-OH < di-F-di-OH < di-OH < di-
CHs-di-OH. Notably, for the most sensitive sensor based on di-CHsz-di-OH about 25% of the
overall signal change is observed already at atmospheric pCO2 which is, to the best of our
knowledge, one of the highest sensitivities reported so far. Di-F-di-OH and di-Cl-di-OH
complexes bearing electron-withdrawing groups displayed diminished pKa2 values of 9.35 and
8.72, respectively, and enabled measurements up to 100% CO,. These great differences in
sensitivity lead to a broad range of applications, varying from food packaging and capnography
for di-F-di-OH and di-Cl-di-OH complexes to environmental monitoring for di-OH and di-CHs-
di-OH complexes. Fig. 3 shows the increasing absorption of the mono-anionic form in relation to
the absorption at 0 kPa (Abs—Absp) carbon dioxide (see Fig. 2B). The higher the sensitivity of
the sensor, the steeper the respective calibration curves, as shown in Fig. 3, and the lower the
amount of carbon dioxide necessary to fully protonate the sensor. Sensors based on the di-Cl-di-
OH-complex and the di-F-di-OH-complex showed limits of detection (LOD) of 0.19 kPa and
0.18 kPa, respectively. However, determining the LOD value for very sensitive sensors can be
very challenging. For measurements of low levels of carbon dioxide the measuring system (gas
mixer, gas lines, flow cell, etc.) has to be completely decarbonized, which is very difficult to
achieve in reality. Especially for atmospheric levels ofpCO2 (0.04 kPa = 400 ppm in the gas
phase =13.6 umol 17! in water at 298.15 K) and below, traces of environmental carbon dioxide
disturbed the measurements for sensors based on the di-CHs-di-OH-complex and the di-OH-
complex. Hence, the determined LODs for these two complexes (0.011 kPa for di-OH and 0.007
kPa for di-CHs-di-OH) were only rough estimations.

Photodegradation profiles of the carbon dioxide sensors were obtained from the absorption
spectra after illuminating the sensor foils with a high-power LED array (Amax 458 nm). For
comparison, the state-of-the-art indicator dyes such as m-cresol-purple, thymol-blue and HPTS
were used (ESI,1 Fig. S1). The photostability of both the mono-anionic and the di-anionic form
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were investigated. Therefore, the cuvette was filled either with pure carbon dioxide (mono-
anionic form) or with pure nitrogen (di-anionic form). Clearly, all of the di-OH-aza-BODIPY
dyes showed outstanding photostability, much better than the reference indicators embedded in
the same ethyl cellulose matrix. After 1.5 h of illumination the presented dyes showed hardly any
photobleaching effects for both the mono-anionic and di-anionic forms, whereas m-cresol-purple
(neutral form), thymol-blue (neutral form) and HPTS (only anionic form) were degraded to less
than 80%. The anionic forms of m-cresol-purple and thymol-blue were even less photostable
than there neutral forms (ESI, T Fig. S1).
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Fig. 3 (A) Calibration curves (absorption — absorption at 0 kPa of the mono-anionic form) for the
carbon dioxide sensors based on di-OH-complex (black) and di-CHz-di-OH-complex (green) and
(B) di-Cl-di-OH-complex (blue) and di-F-di-OH-complex (red) 25°C under humid conditions

with the respective “zoom-in” sections (C and D).
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Luminescence-based ratiometric read-out using IFE (inner filter effect) based sensors

Read-out of the planar optodes and fibre-optic sensors based on colorimetric systems is
significantly more challenging than that of the luminescent systems. The inner-filter effect (IFE)
was made use of in order to enable read-out via luminescence. Additionally to the first layer
containing the absorption-based indicator dye along with TOAOH in ethyl cellulose, a second
layer containing the secondary emitters was used.*? It included the pH-insensitive di-butoxy-
complex entrapped in PS-particles as a fluorophore and Egyptian blue (EB) as a phosphor, both
embedded in Hyflon AD 60. The absorption spectra of the di-OH-complex and the emission
spectra of the secondary emitters are shown in Fig. 4A. Here, the broad emission band of the
phosphor (EB) overlaps with the absorption spectrum of the di-anionic form of the indicator and
the emission band of the fluorophore (di-butoxy-aza-BODIPY-complex) overlaps with the
absorption spectrum of the mono-anionic form of the indicator. The isosbestic point of the di-
OH-indicator is located at 610 nm and represents an ideal wavelength for exciting the secondary
emitters matching the maxima of the red LEDs available (605, 617 nm). The fluorescence
spectra of the sensor based on the combination of EB, the di-butoxy-complex and the non-
substituted di-OH indicator are shown in Fig. 4B. Emission peaks in the absence (Zmax 913 nm)
and presence (4max 738 nm) of carbon dioxide were well observable. Hence, luminescence-based
ratiometric read-out becomes possible. This can be realized either by using two emission filters
isolating the respective components or by measuring the luminescence phase shift. In fact, the
phase shift for luminescent Egyptian blue is 55.8° at 2000 Hz and the phase shift of the

fluorophore is 0 at this modulation frequency.
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Figure 4. (A) Respective emission spectra (hexc 610 nm) of Egyptian Blue (EB; blue dashed line;
“Emission Phosphor”) and the di-butoxy-complex (dissolved in tetrahydrofuran; magenta dashed
line; “Emission Fluorophore”); absorption spectra of the sensor based on the di-OH-complex in
absence (black line) and in presence (red line) of carbon dioxide at 25°C. (B) Emission spectra
(Aexc 610 nm) of a carbon dioxide sensor based on the di-OH-complex and inner-filter-effect

read-out at 25 °C under humidified conditions.

Carbon dioxide production/consumption of a Hebe plant. The applicability of the presented
carbon dioxide sensors is demonstrated by showing the respiration of a Hebe plant. The Hebe
plant in soil, a carbon dioxide sensor based on the di-CHz-di-OH-complex and an oxygen trace
sensor were placed in a desiccator. The desiccator was purged for 15 min with a gas mixture of
2% oxygen in nitrogen (in order to achieve better dynamics when measuring with an optical

oxygen sensor compared to air saturation) and then closed tightly. During the measurement the
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setup was alternately kept in darkness and illuminated for 30 min using three halogen lamps.
According to these illumination sequences the production/consumption of carbon dioxide was
observed (Fig. 5). In darkness an increase of carbon dioxide occurred due to respiration, whereas
during illumination the concentration of CO. decreased. Over the whole measurement more
CO2 was produced than consumed which may be due to stress-induced respiration of the Hebe
plant. Corresponding to the applied light sequences also the oxygen concentration was affected.
Note that over the whole experiment the oxygen concentration was increasing which can be
explained by slow diffusion of oxygen into the desiccator. Surprisingly, oxygen concentration
did not increase significantly during the light phase, but it increased abruptly immediately after
the light was switched off, reaching a plateau after about 30 min (Fig. 5). This effect may be
attributed to the storage of generated oxygen in the plant and its release in the beginning of the
dark phase. After this time the equilibrium between oxygen consumption during respiration and
oxygen diffusion from outside is reached. As can be seen, the same phenomenon is observed if
both the light and dark cycles are extended to 60 min (see hours 2 to 4 in Fig. 5). The above plant

behavior is beyond the scope of the paper and calls for more detailed investigation.
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Fig 5 (A) Experimental set-up and (B) carbon dioxide and oxygen dynamics in a dessicator

containing a Hebe plant during illumination (yellow zones) and in darkness (gray zones).
3.4 Conclusion

A new class of colorimetric pH-sensitive indicators for carbon dioxide sensors has been
presented. The di-OH-aza-BODIPY dyes show characteristic CO2-dependent absorption spectra
in the near-infrared region. In addition to the remarkable photostability of the indicators and the
high molar absorption coefficients, the dynamic ranges of the sensors can be tuned via electron-
donating and electron-withdrawing substituents. This enables a broad range of applications from
environmental monitoring to food packaging or capnography. The sensors based on di-CHs-di-
OH-aza-BODIPYs are the most sensitive sensors ever reported and resolve well below

atmospheric CO; levels. The absorption-modulated inner-filter effect was used to enable
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referenced luminescence-based ratiometric read-out. As an example the production/consumption

of carbon dioxide of a Hebe plant was demonstrated.
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Figure S1. Photodegradation profiles for carbon dioxide sensors (EC49; base: TOAH; T=25 °C)
based on the di-OH-aza-BODIPY dyes (black), m-cresol-purple (red triangles), thymol-blue
(green dots) obtained from the absorption spectra of the respective neutral form and the

absorption spectra of the deprotonated forms of the di-Cl-di-OH-complex (cyan) and
HPTS(TOA)s (blue stars).
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Figure S2. EI-DI Mass spectrum of 3,7-bis(4-butoxyphenyl)-5,5-difluoro-1,9-diphenyl-5H-
a4 5)%-dipyrrolo[1,2-¢:2°,1°-f][1,3,5,2]triazaborinine (di-butoxy-complex).
103



8558 SNERENSRY $59 SHS8REARR¥EES

SV PN " Sl Nl NP
100
{' f =900

[ ] ;
r J
} | / -
J J )
700
500
00
400
300
200
1
[ 100
Lo
e g T T T T T
5 8 g 2 B3 3
T T T T T T T T T T T T T T T T T T
B85 8.0 75 70 635 6.0 53 5.0 45 4.0 3.5 3.0 5 20 1.5 1.0 05 0.0

1 (ppm)

Figure S3. 'H NMR of 3,7-bis(4-butoxyphenyl)-5,5-difluoro-1,9-diphenyl-5H-4A* 5)%-

dipyrrolo[1,2-c:2°,1"-f][1,3,5,2]triazaborinine (di-butoxy-complex).
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Figure S4. EI-DI Mass spectrum of 4,4°-(5,5-difluoro-1,9-diphenyl-5H-42% 5)*-dipyrrolo[1,2-
c:2°,1°-f][1,3,5,2]triazaborinine-3,7-diyl)diphenol (di-OH-complex).
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Figure S6. EI-DI Mass spectrum of 4,4°-(5,5-difluoro-1,9-diphenyl-5H-42% 5)*-dipyrrolo[1,2-
c:2°,1°-f][1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophenol) (di-F-di-OH-complex).
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Figure S7. 'H NMR of 4,4°-(55-difluoro-1,9-diphenyl-5H-4A% 5)*-dipyrrolo[1,2-¢c:2°,1"-
f][1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophenol) (di-F-di-OH-complex).
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Figure S8. EI-DI Mass Spectrum of 4,4°-(5,5-difluoro-1,9-diphenyl-5H-4A% 5)%-dipyrrolo[1,2-
c:2°,1°-f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-chlorophenol) (di-Cl-di-OH-complex).
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Figure S10. EI-DI Mass spectrum of 4,4°-(5,5-difluoro-1,9-diphenyl-5H-4)% 5)*-dipyrrolo[1,2-
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Chapter 4

pH-sensitive aza-BODIPY probe for fluorescence lifetime imaging in MEF

cells

4.1 Introduction

Intracellular pH plays vital role in many metabolic functions of cells. Abnormal pH values are
indicator of improper cell function and are associated with a number of diseases, such as renal

acidosis, metabolic disorders, intoxication, diabetes, cancer® and Alzheimer’s.?

Monitoring of intracellular pH can give critical information about physiological or pathogenic
processes in living organisms and therefore provide essential information for disease

identification and therapy.

In comparison to other methods used for pH measurements (electrochemical, NMR, absorption
spectroscopy), fluorescence sensing has advantages in respect to dimensional and temporal
monitoring of pH values. Fluorescence methods are more sensitive, more simple to use, and are

nondestructive for in vivo measurements.

Fluorescence probes can detect pH changes by different mechanisms. Most common is using
increase/decrease of fluorescence intensity or shifting of excitation and/or emission wavelength

maximum that has highest response at the pH close to the pKa of the indicator.

However, changes in optical properties of tissues and indicator concentration can influence
measurement data. Fluorescence lifetime imaging microscopy (FLIM) overcomes the limitations
of intensity-based measurements.®>* Fluorescence lifetime is not influenced by changes of
indicator concentration and light source intensity and therefore the measurement data are more

reliable.

Despite the significance of this topic, extensive research has not yet been done on FLIM pH
imaging, most studies are still focused on ratiometric fluorescence measurements. Due to lack of
probes with desirable lifetime sensitivities there is a growing demand for new probes with

improved properties.
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In our study of pH sensing properties of aza-BODIPY indicators we observed a decrease of 0.5
to 1 pH units in pKa values in hydrogel D4 determined from fluorescence data in comparison to
those in solution. This phenomenon is due to higher concentration of the indicator in the
hydrogel than in the solution. In hydrogel the distance between indicator molecules is short
enough for Forster resonance energy transfer (FRET) to take place from the protonated to the
deprotonated form. In fact, pKa values obtained from fluorescence data are decreasing with the

increase of the indicator concentration in hydrogel D4.

When the energy is transferred from the donor molecule to the acceptor molecule, the lifetime of
the donor molecule decreases. Therefore, it is expected that at concentration high enough to
enable FRET, it is possible to measure lifetime of aza-BODIPY indicators. To demonstrate the
feasibility of the approach the indicator was incorporated into RL 100 polymer, which was

already used for similar dyes.

Hence, new intracellular probe (MRL) for lifetime imaging is presented based on a nanoparticles
formulation of a RL-100° polymer and a fluorescent dye, methoxy — substituted azabodipy
derivative®. (Fig.1)

4.2 Experimental
Materials and methods

Lysotracker Green, BCECF and Alexa Fluor 488-dextran 10000 were purchased from Invitrogen
(Biosciences, Dublin, Ireland). PtTPTBPF-RL100 nanoparticles were prepared according to
published procedure.” A CellTox Green Cytotoxicity assay kit was obtained from Promega
(MyoBio, Ireland).  Eudragit®RL100 was  supplied by  Evonik  Industries
(http://corporate.evonik.de). Other used chemicals were from Sigma Aldrich. Standard cell
culture plastic plates were from Sarstedt (Wexford, Ireland) and Corning (VWR, Ireland), glass
bottom culture dishes (diameter 35 mm) were from MatTek (Ashland, USA), and glass bottom 8-
well slides from IBIDI (Martinsried, Germany). Absorption measurements were performed with
Cary 50 UV-VIS spectrophotometer from Varian (www.varianinc.com). Fluorescence spectra
were recorded with Hitachi F-7000 spectrofluorimeter (www.hitachi.com).
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Preparation of polymer films and nanosensor particles

Particles were prepared according to a known procedure.” RL100 polymer (200 mg) and the
indicator dye (0.5 mg) were dissolved in acetone (80 ml) and water (500 ml) was added. The
suspension was evaporated under vacuum till concentration of 5 gl was reached and the

obtained particle solution was kept at 4°C.

Polymer films were prepared by dissolving indicator dye (0.5 mg) in 100 mg of RL100 in 2 mli
of acetone. The “cocktail” was knife-coated on a plastic Mylar support to obtain ~ 7.5 thick

sensing layer.
Cell culture

Mouse embrionic fibroblast (MEF) cells are obtained from ATCC (Manassas, VA, USA) and
were cultured as described in literature.* For imaging experiments, cells were grown on Cell*
dishes (confocal upright microscope) or glass bottom culture dishes coated with collagen-poly-
D-lysine (inverted microscope). Cell staining was achieved by incubation of cells with pH probe
in medium solution (1-24 h) and consequent washing with medium. Concentration/exposure time
for probes was 2.5 uM/0.5 h (BCECF), 1 uM/0.5 h, 0.01% /10 min (CellTox Green), 25 pg mi*
/0.5 h (Dextran 10000-Alexa Fluor 488), 1 uM/0.5 h Lysotracker Green and 10 pugml™ /16 h
(PtTPTBPF in RL100).

Microscopy

Investigation of staining kinetics, toxicity and photostability tests were carried out with a wide-
field fluorescence microscope Axiovert (Zeiss). FLIM images were obtained with upright Axio
Examiner Z1 (Zeiss) microscope with a 20x/1.0 W Apochromat objective, an integrated TCSPC
scanning module DCS-120 (Becker & Hickl, Germany), R10467U-40, 50 photon counting
detectors (Hamamatsu Photonics K.K.) and TCSPS hardwares (Becker & Hickl).* MRL probe
was excited with a picoseconds super-continuum laser SC400-4 (Fianium, UK) at 632 nm (665
nm longpass filter, emission 750-810 nm), BCECF and Alexa Fluor 488-conjugates at 488 nm
(495 nm longpass filter, emission 512-536 nm). PtTPTBPF in RL100 was excited at 614 nm
(665 nm longpass filter, emission 750- 810 nm).
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Buffers used for pH calibration contained 10 mM buffer salt (sodium acetate, MES, MOPS and
HEPES), 135 mM KCI, 2mM CaCl,, 1 mM MgCl; and 20 mM sacharose. Nigericin (10 uM)

was added 15 min before the calibration.

absorption
em ission

Absorption/emission

0,0 T T g T 7 T 1 ™ T
400 500 600 700 800 900

Wavelength (nm)

Figure 1. A. Absorption and fluorescence emission (Aexe = 680 nm) spectra of MRL in
THF/aqueous buffer. B. Structure of the indicator.

4.3 Results and Discussion
Cell penetration properties

The cell staining with MRL was investigated with mouse embryonic fibroblast (MEF) cells at
concentrations of 20 pgl* (indicator concentration of 0.05 puM). The highest signals for cell

staining were achieved after 24 h with already observed staining after 6 h (Fig. 2).

Oh 1h 2h 6h

Figure 2. Staining kinetics in MEF cells (0-24 h).
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MRL localization pattern overlapped partly with Alexa Fluor 488-d10 (marker of

macropinosomes) and Lysotracker green (Fig. 3).

50 um 50 ym 50 um

Figure 3. A: FLIM images displaying the localization of MRL in the cells; B: Co-localization of
MRL with markers of d10; C: Co-localization of MRL with Lysotracker green.

Citotoxicity of NPs was assessed with CellTox Green Assay. As shown in Figure 4, no
significant change in cell viability was observed after 24 h with 10-50 pg/ml of probe. Minimal

staining was observed at highest concentration and cell viability was at 98-99%.
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Figure 4. Cell viability determined by CellTox Green assay kit for MEF cells exposed to
different concentrations of MRL after 24 h.
The photostability of MRL was investigated and compared with probes BCECF and PtTPTBPF

(Fig. 5). Probes were continuously illuminated for 2 min and no change in fluorescence intensity
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was observed, while for BCECF the intensity decreased by 30 % in the first 10 s. The PtTPTBPF

signal decreased by ~20% during illumination while MRL signal stayed unchanged.
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Figure 5. Photostability comparison for MRL probe (hexc=590 nm), PtTPTBFF (Aexc=390 nm)
and BCECF (Lexc=470 nm) in MEF cells determined from the fluorescence measurements.

pH sensing and imaging with cultures of adherent cells

pH-dependent lifetime changes of MRL were investigated with fluorescence lifetime microscopy
and compared with standard probe BCECF. Calibration was performed across the physiological
range (4-8) after the cells were incubated with nigericin in order to equalize intracellular pH with
the pH of extracellular buffers. (Fig. 6)

Smaller dynamic range was observed for MRL (At = 0.3 ns) than for BCECF (At = 1.5 ns).
According to literature data At for BCECF is between 0.5 and 1 ns, still absolute values for the
protonated and deprotonated form differ considerably.®* In our experiment BCECF emission
intensity changed with pH (decreased at acidic pH, Fig.7), and the lifetime response was similar
to literature data (At ~ 1.5 ns). However, we observed much higher standard deviation for
BCECF (17-30%), therefore our probe is much more reliable for intracellular pH measurements
(standard deviation below 2%). pH calibrations for MRL in nanoparticles and polymer films in

FLIM mode showed quite different dynamics (At = 0.3 ns for nanoparticles and At = 1.3 ns for
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films). (Fig. 6) These data show that the environment has the effect on lifetime response and

therefore there is place for optimization and improvement of probe performance.

The lifetime measured with MRL in resting cells showed low pH value (4.1 in MEF at 37°C),
what indicated that the probe is localized in endosomes and lysosomes.*2® Therefore, this probe
can be used for investigation of lysosomal or endosomal response on drug stimulation. In our
experiment treatment of MEF cells with bafilomicin Al (inhibitor of vacuolar type H*-ATPase),
caused decrease in the MRL lifetime in the area of interest. Lifetime was decreased for 0.1 ns

(increase in pH by 2 pH units), in comparison to the initial value (pH=4.1). (Fig. 10)
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Figure 6. A: pH calibration curve of MRL (polymer films). B: pH calibration curve of MRL
(nanoparticles).
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Figure 7. pH calibration plot obtained by confocal TCSPC-FLIM for cells stained with BCECF.
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Figure 8. Confocal TCSPC-FLIM images of MEF cells stained with MRL at different pH

values at 37 °C.
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Figure 9. False-color images before (left) and after (right) cell exposure to bafilomycin Al.
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Figure 10. Distribution of lifetimes before (black line) and after (red line) cell exposure to

bafilomicin Al.
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4.4 Conclusion

In summary, new intracellular FLIM probes based on aza-BODIPY dye is presented,
immobilized in cationic polymer particles. The probe showed mainly lysosomal staining, similar
to previously reported RL-based probes and high photostability in contrast to standard probes
such as BCECF.

Probe uptake and localization pattern in MEF cells were investigated in detail. Within the
optimized concentration range, toxicity of the probe is negligible. Lifetime-based pH
measurements showed that FLIM can measure the intracellular pH of the resting cells and

determine the pH variations in cells after external stimulation.

Although the design of the probes can be further optimized to increase the dynamic range of
sensing particles, the feasibility of the approach for intracellular pH measurements was
demonstrated.
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Chapter 5
CO:2 sensor based on rigid aza-BODIPY probe

5.1 Introduction

The advantages of fluorescence sensing in the NIR region (700-1100 nm) are many and have
been extensively described. Compared to chromophores absorbing in the visible region,
problems have been encountered in the design and synthesis of the red-shifted NIR counterparts,
such as aggregation, photobleaching, and low fluorescence quantum yields. Therefore, there is a

pressing demand for the development of new, more effective probes that emit in the NIR region.

We have chosen structurally rigidified aza-dipyrromethene dye as our target for synthesis.>? We
speculated that the rigidification of the aza-bodipy core would bring many advantages like
simple synthesis and bathochromic shift in the absorption maxima in comparison to the non-rigid
analogue. The probe shows intense, sharp absorption (full width at half maximum height,
fwhm=30.4 nm; e=145000 M-tcm™) in the NIR region (Amax=740 nm). Thus, the rigidification of
the azaBODIPY core results in a 52-nm bathochromic shift and 2-fold decrease of the fwhm.
Herein we present detailed characterization of the dye and its application as a carbon dioxide-

sensitive material.

5.2 Experimental
Materials

Vinyldimethylsiloxy terminated polydimethylsiloxane (viscosity 1000 cSt),
methylhydrosiloxane/dimethylsiloxane copolymer (viscosity 25-35 cSt),
tetravinyltetramethylcyclotetrasiloxane,  platinum  divinyltetramethylsiloxane ~ complex,
imidazole, tert-butyl dimethyl chlorosilane, sodium nitrite and triethylamine were obtained from
ABCR (www.abcr.de). Boron trifluoride diethyl etherate, MOPS buffer salt, sodium sulfate
(anhydrous), acetic acid and acetic anhydride from Sigma Aldrich (www.sigmaaldrich.com),
ethanol, tetrahydrofuran, hydrochloric acid (37%), dichloromethane and cyclohexane from VWR
(www.vwr.com), 6-hydroxy-1-tetralone, 6-methoxy-1-tetralone and LDA (Lithium
Diisopropylamide 20%) from TCI Europe (www.tcichemicals.com), potassium chloride,
potassium carbonate, potassium hydroxide, sodium phosphate and sodium hydrogen phosphate
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from Merck (www.merck.at), sodium hydroxide, the buffer salts CHES, MES and CAPS and

ethyl acetate from Roth (www.carlroth.com) and Mylar support was received from Goodfellow.

Deuterated dimethyl sulfoxide (DMSO-d6) and Deuterated chloroform (CDCIs3) were obtained
from Euriso-top (www.eurisotop.com). Nitrogen and carbon dioxide (all of 99.999 % purity)
were obtained from Air Liquide (www.airliquide.at).

Methods. 'H NMR spectra were recorded on a 300 MHz Bruker spectrometer in CDCls or
DMSO-ds with TMS as standard. Absorption spectra were recorded on a Cary 50 UV-vis Varian
spectrophotometer. Fluorescence spectra were recorded on a Fluorolog fluorescence
spectrometer (Horiba) with a NIR-sensitive photomultiplier R2658 from Hamamatsu (300-1050
nm). Gas calibration mixtures were obtained using a gas mixing device from MKS
(www.mksinst.com). The gas mixture was humidified to about 85% relative humidity, using
silica gel soaked with a saturated potassium chloride solution. Temperature was controlled with a
cryostat ThermoHaake DC50.

Synthesis

6-(tert-Butyldimethylsilyloxy)-3,4-dihydronaphthalen-1(2H)-one (2). Compound 1 (3.0 g, 18.45
mmol) was reacted with imidazole (5.1 g, 75 mmol) and tert-butyl dimethyl chlorosilane (3.75 g,
24.75 mmol) in DMF (50 ml) and stirred for 24 h at room temperature. The product was
extracted with ethylacetate (2x50 ml) and dried with anhydrous Na>SQO4. Solvent was removed
by evaporation and the crude product was separated with column chromatography (n-
hexane:dichloromethane = 1:1) and the product 2 is obtained (1.94 g, 7.015 mmol, 24.4%).

7-(tert-Butyldimethylsilyloxy)-3-phenyl-4,5-dihydro-1H-benzo[g]indole (3).

Under nitrogen, LDA (3.56 ml, 14.22 mmol) in THF (42 ml) was reacted with 2 (1.94 g, 7.01
mmol) in THF (20 ml) at -78°C. 3-phenyl-2H-azirine (0.84 ml, 7.17 mmol) in THF (7 ml) was
added and the stirring was continued for 2 h. The mixture is then slowly brought to room
temperature. Reaction was stopped by addition of water and base was removed by addition of
diluted HCI till pH~7 was achieved. The product was extracted with dichloromethane (2x50 ml),

and the organic layer was dried with anhydrous Na>SOas. Solvent was removed by evaporation
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and the crude product was separated with column chromatography on silica gel (n-

hexane:dichloromethane=1:1) and product 3 was obtained (1.24 g, 3.3 mmol, 27.4 %).

Under nitrogen, LDA (4.57 ml, 18.26 mmol) in THF (54 ml) was reacted with 2 (5 g, 28.37
mmol) in THF (20 ml) at -78°C. 3-phenyl-2H-azirine! (2.17 ml, 18.53 mmol) in THF (18 ml)
was added and the stirring was continued for 2 h. The mixture is then slowly brought to room
temperature. Reaction was stopped by addition of water and base was removed by addition of
diluted HCI till pH~7 was achieved. The product was extracted with dichloromethane (2x50 ml),
and the organic layer was dried with anhydrous Na.SOa. Solvent was removed by evaporation
and the crude product was separated with column chromatography on silica gel (n-

hexane:dichloromethane=1:1) and product 4 was obtained (1.42 g, 5.16 mmol, 18.2 %).

Aza-BODIPY dye (5). Sodium nitrite (12.5 mg, 0.18 mmol) was reacted with 3 (50 mg, 0.18
mmol) in acetic acid (1.8 ml) at 0 °C for 10 min. The second pyrrole 4 (68 mg, 0.18 mmol) was
added and acetic anhydride (0.72 ml). After 30 min, the mixture was reacted at 80 °C for 30 min.
After that the reaction mixture is brought to room temperature and ice was added to the mixture.
The product was filtered, washed with water and dissolved in dichloromethane. Solvent was
removed by evaporation, the product was dissolved in dry 1,2-dichloromethane, triethylamine
(0.43 ml) was added and BFs-Et20O (0.43 ml). The mixture was stirred for 30 min, then heated at
80 °C for 30 min, and then cooled down. The reaction was stopped with ice, extracted with
dichloromethane, purified by chromatography on silica gel and recrystalized from
dichloromethane/n-hexane to afford 5 (65 mg, 0.102 mmol, 55.6%). 'H NMR (300 MHz,
CDCls): 6: 8.74-8.77 (d, 1H), 8.79-8.82 (d, 1H), 7.68-7.73 (t, 4H), 7.36-7.47 (m, 6H), 7.15-7.19
(dd, 1H), 7.07 (d, 1H), 7.02-7.06 (dd, 1H), 6.85-6.89 (d, 1H), 3.92 (s, 3H), 2.93 (s, 8H), 2.34 (s,
3H).

Aza-BODIPY dye (6): Compound 5 (32 mg, 0.05 mmol) was stirred overnight with K.COz3 (25.9
mg, 0.18 mmol) in a mixture of dichloromethane (10 ml), methanol (4 ml) and water (0.4 ml) at
room temperature. Solvents are removed by evaporation, the product was dissolved in water (20
ml) and diluted NaH.PO4 was added till pH 5 was achieved. The precipitated product was
filtered, washed and purified by chromatography on silica gel. Recrystallization was done from
dichloromethane/n-hexane to yield 6 (8.7 mg, 0.146 mmol, 29.1%). 'H NMR (300 MHz,
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CDCls): 5: 8.56 (d, 1H), 8.49 (d, 1H), 7.71-7.76 (m, 4H), 7.47-7.53 (m, 4H), 7.37-7.44 (m, 2H),
7.09-7.13 (dd, 1H), 7.03-7.04 (d, 1H), 6.87-6.90 (dd, 1H), 6.83-6.84 (d, 1H), 3.89 (s, 3H), 2.87-
2.91 (m, 8H).

Preparation of the CO2 Sensing Material.

100 mg of hydrotane 25 was dissolved in 2 ml of THF and 200 pL of water. 60 uL of 0.2 M
water solution of NasPO4 was added and the indicator solution (0.5 mg dissolved in 500 pL of
THF). The “cocktail” was knife-coated on a dust-free Mylar support to obtain a ~7.5 pm thick

sensing layer after solvent evaporation.

The cocktail of silicon primers was obtained by mixing tetravinyltetramethylcyclotetrasiloxane
(1.5 pL) with 500 mg of the vinyl-terminated PDMS in 1 ml of cyclohexan followed by addition
of 15 pL of methylhyydrosiloxane-dimethylsiloxane copolymer and 2 pL of the platinum
complex catalyst. The uncured silicone layer was coated onto sensing layer and cured for 10 min

to obtain protection layer with the thickness of ~60 um.
5.3 Results and Discussion

For the preparation of the pyrrole moieties 6-hydroxy-1-tetralone and 6-methoxy-1-tetralone
were reacted with 3-phenyl-2H-azirine to give 3 in 27.4% vyield and 4 in 18.2% vyield in the
presence of LDA, respectively?® (Scheme 1). Aza-BODIPY 5 was successfully synthesized in
55.6 % yield by condensation of pyrrole with a nitrosopyrrole, which was prepared in a separate
step. The complexation of dipyrromethane was achieved with BFs-Et2O in the presence of
triethylamine in dichloromethane. After hydrolysis of acetate aza-BODIPY 6 was obtained in
29.1 % yield.
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Scheme 1. Synthetic route for synthesis of aza-BODIPY probe 6.
Photophysical properties.

Rigidification of the dye resulted in its NIR absorption and emission. The absorption and
emission spectra of the probe in THF/aqueous buffer (Aabs=740 nm; Aem=755 nm) are presented
in Fig. 2. The probe exhibited high molar coefficient (145000 M~cm™) and a narrow full width
at half maximum (30.4 nm). In comparison with the absorption maximum of non-rigid analog
(Aabs=670 nm), rigidification leads to 70 nm bathochromic shift. Stokes shift is 15 nm which is
shorter than non-rigid dye (32 nm). As would be expected, the UV-visible spectrum was strongly
influenced by pH. The absorption band at 740 nm was progressively reduced in intensity with
increasing pH and a new band appeared at 778 nm with an isobestic point at 757 nm. (Fig. 1)
The spectral shift upon deprotonation (AA=38 nm) is reduced in comparison to nonrigidified

analog (AA=56 nm).

pKa value of probe was determined both in solution and in a hydrogel D4 film from the
fluorescence measurements. A sigmoidal plot of pH vs. fluorescence intensity predicted an

apparent pKj, of 9.01 for indicator in solution (Fig. 3) and pKa of 8.2 in hydrogel D4. (Fig. 4)
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Figure 1. pH dependence of absorbance for indicator (5.6 x10® M) in THF/aqueous buffer
solution (1:1, IS 0.15 M).
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Figure 2. Normalized absorption/emission spectra of indicator in THF/buffer solution.
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Figure 3. Calibration plot for pH indicator (1.4 x10® M) in THF/aqueous buffer solution (1:1, IS
0.15 M).
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Figure 4. Calibration plot for the pH sensor containing pH indicator (0.25 %) in hydrogel D4 (1S
0.15 M).
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Composition of the Sensors.

CO; sensing material presented here operates by Severinghaus type sensor* and was prepared by
non-covalent entrapment of the indicator in hydrotane 25 matrix, which is a gas permeable,
uncharged polymer with a water uptake capacity of about 25%. Apart from the dissolved
indicator the system also includes water and inorganic base (sodium phosphate). To avoid
poisoning of the sensor, polydimethylsiloxane-based silicone protection layer is used because it

possesses excellent permeability for carbon dioxide and water vapour.

The sensing mechanism is straightforward. Carbon dioxide diffuses into the polymer matrix,
where it dissolves and reacts with the base. With the increase of CO2 concentration acidity is
increased and therefore indicator is protonated, what is monitored via fluorescence or absorption

measurements.

As illustrated in Fig. 5 and 6, the sensor shows distinct spectral changes in the near infrared
(NIR) region. Although, the deprotonated form of the indicator wasn’t fluorescent in solution,
after incorporation in the sensor matrix, both protonated and deprotonated form were fluorescent.
Compared to the measurements in solution the CO: sensor showed bathochromically shifted
absorption spectra with maximum at 750 nm for protonated form and maximum at 786 nm for
deprotonated form. Fluorescence maximum for the protonated form was 769 nm and for
deprotonated 807 nm. As showed in Fig. 7 the dynamic range of the sensor enables
measurements from 0 to 100% CO.. However, fluorescence quantum yield drastically decreased
in sensor film (® = 0.0027) in comparison to solution (® = 0.22).
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Figure 5. Absorption spectra of optical carbon dioxide sensor at 25 °C at various CO;

concentrations.
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Figure 6. Response of the fluorescent sensing material to carbon dioxide at 25 °C.

132



9000000

4000000 —-
7000000 —-
6000000 —-
5000000 —-

4000000 H

Fluoresecence intensity {a.u.)

3000000

2000000

T T T T T T
0 20 40 60 a0 100

Figure 7. Calibration plot for the fluorescent sensing material to carbon dioxide at 25 °C.

Temperature dependence.

Sensitivity of optical CO, sensors depends to great extent on temperature.>®’ Therefore, the

temperature dependence of CO2-sensitive material was studied.

Reproducible behavior was observed at temperatures from 15 to 35 °C, (Fig. 8) while the
sensitivity decreased with the increase of temperature. Clearly, if the measurements aren’t
performed at constant temperature, temperature dependence should be determined to compensate

for temperature changes.
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Figure 8. Temperature dependence of the response of sensor to carbon dioxide.

Reproducibility and Response Times. As can be seen from Figure 9, the sensor material
responds fully reproducible to carbon dioxide. The response time tgs was estimated to be 145 s

on going from 5 to 100% and 140 s in the reverse direction.
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Figure 9. Response of the sensor material to altering concentrations of carbon dioxide at room

temperature.
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Long-term stability. Acidic gases such as HCI, H2S or SO can irreversibly poison optical CO>
sensors, therefore careful storing and handling of the sensors is necessary. Figure 10 shows
signal stability of the sensor monitored within 8 days under lab conditions at room temperature.
The results show that the sensor material can be kept at room temperature for a period of 1 week

without alteration of sensor properties.
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Figure 10. Stability of fluorescence signal within several days of observation.

5.4 Conclusion

In conclusion, a fluorescent turn-on NIR probe for application in pH and CO2 monitoring is
described. The dye shows excellent properties of a NIR fluorophore and can be prepared in a
simple way in good yields. Novel material for carbon dioxide sensing makes use of the entrapped
indicator in hydrotane 25 matrix with silicone protection based on Severinghaus type sensor. The
sensor shows absorption/emission spectral changes in the near-infrared region according to
varying CO: concentrations. The presented material can be potentially used in food-packaging

applications.
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