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/Abstract: New pH-sensitive perylene bisimide indicator dyes
were synthesized and used for fabrication of optical sensors.
The highly photostable dyes show absorption/emission
bands in the red/near-infrared (NIR) region of the electro-
magnetic spectrum, high molar absorption coefficients (up
to 100000m~"'cm™"), and fluorescence quantum yields close
to unity. The absorption and emission spectra show strong
bathochromic shifts upon deprotonation of the imidazole ni-
trogen atom, which makes the dyes promising as ratiometric
fluorescent indicators. Physical entrapment of the indicators

\

into a polyurethane hydrogel enables pH determination at
alkaline pH values. It is also shown that a plastic carbon di-
oxide solid-state sensor can be manufactured by immobiliza-
tion of the pH indicator in a hydrophilic polymer, along with
a quaternary ammonium base. The influences of the plasti-
cizer, different lipophilic bases, and humidity on the sensitivi-
ty of the sensor material are systematically investigated. The
disubstituted perylene, particularly, features two deprotona-
tion equilibria, enabling sensing over a very broad pCO,
range of 0.5 to 1000 hPa.

/

Introduction

pH determination is one of the most frequently performed an-
alytical measurements in industry and numerous scientific dis-
ciplines, such as biotechnology,™™ marine science, and
medical diagnostics®” to mention only a few. pH is most com-
monly measured with a glass electrode, which provides infor-
mation about the activity of hydronium ions in aqueous envi-
ronment. lon-sensitive field-effect transistors (ISFETs) belong to
other very common tools for pH measurement. The easiness of
use, fast response times, broad working range, and relatively
low cost are advantages of such methods. On the other hand,
disadvantages include challenging miniaturization, electrical in-
terferences, interferences due to the reference electrode (e.g.,
from variation in salinity), and rigid design allowing only point
measurements.

In the last decades, optical pH sensors (optodes) have been
intensively investigated. pH optodes do not suffer from elec-
tromagnetic interferences, do not require reference sensors,
are easy to miniaturize, and can be manufactured in a variety
of formats, all of which enable high versatility of application.
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Particularly, planar optodes are excellent tools for imaging of
pH distribution, fiber-optic sensors and microsensors enable
higher mechanical flexibility, and nanoparticles are of high in-
terest for extra- and intracellular imaging.®#'°

In general, an optical pH sensor consists of a pH-sensitive
dye entrapped in a hydrophilic polymer matrix or a sol-gel.
The protonated and deprotonated forms of the indicator dye
feature different optical properties, most commonly either pH-
dependent excitation and/or emission spectra’’""¥ or fluores-
cence quenching through photoinduced electron transfer
(PET) without any change in the spectral properties.?>¥ PET
indicators can be prepared with virtually any class of chromo-
phores®! but require an additional luminescent reference for
reliable measurements. On the contrary, ratiometric fluorescent
indicators are essentially self-referenced but are limited only to
several dye classes. The most frequently used representatives
are fluorescein derivatives,**?” hydroxycoumarins,®** 8-hy-
droxypyrene-1,3,6-trisulfonic acid (HPTS),5**" and seminaph-
thorhodafluors (SNARFs).®? Recently, several other representa-
tives have been reported.**=#

The use of fluorescent dyes with absorption and emission in
the red/near-infrared (NIR) part of the spectrum has several ad-
vantages such as good light penetration in tissues essential for
in vivo measurements, lower autofluorescence and light scat-
tering from biological samples and optical components, and
lower energy demand for the excitation, which is useful for au-
tonomous sensing. The number of reported red/NIR-emitting
indicators is rather limited and only a few of them show ratio-
metric character.®® Moreover, high fluorescence brightness
and high photostability are also highly desirable properties of
a pH indicator.
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Perylene tetracarboxylic acid bisimide dyes (PBls) and pig-
ments have gained substantial attention in academic and in-
dustrial research over the last decades. They are promising as
n-type semiconductors for electronics applications and as indi-
cators for optical sensors.***" For sensing applications, excel-
lent chemical and photochemical stability of the perylene
dyes, their high molar absorption coefficients, and their high
quantum vyields close to unity are particularly attractive. Un-
fortunately, perylene dyes that are strongly emissive in the red
part of the spectrum are rare. Often, synthetic modifications re-
sulting in a bathochromic shift in absorption and emission are
accompanied by a strong decrease in fluorescence bright-
ness.”>>* Imidazole-substituted perylenes reported by Langh-
als et al. represent a notable exception.®®

In this study, we present easily accessible core-extended per-
ylene bisimide indicators that show efficient absorption in the
orange-red part of the spectrum and strong red-NIR fluores-
cence. We will demonstrate that these dyes are intrinsically pH
sensitive, showing a strong bathochromic shift in the absorp-
tion and emission spectra upon deprotonation as a result of in-
tramolecular charge transfer and thus enabling ratiometric
sensing. The pK, values in the alkaline range enable several
specific applications as well as the preparation of optical
carbon dioxide sensors for different dynamic ranges.

Results and Discussion
Synthesis

Perylene bisimides are suitable for different synthetic modifica-
tions in the imide and bay regions of the chromo-
phore 1244857581 | ateral extension of the conjugated system in
the bay region represents an interesting possibility to induce a
bathochromic shift in the absorption and emission.”® We
chose fluorescent dye 1 as a starting compound owing to its
high solubility rendered by the diisopropylphenyl groups at
the imide position and because of its commercial availability.
The strong electron-withdrawing character of the imide groups
enabled its reaction with a strongly nucleophilic sodium amide
and a dipolar aprotic solvent (i.e., benzonitrile) to yield 2-phe-
nylimidazole-substituated perylene bisimides (Figure 1). Mono-
substituted derivatives 2a, 2b, and 2 ¢ were obtained from var-
ious benzonitriles, and doubly substituted 3a was obtained in
the case of benzonitrile. Notably, no doubly substituted prod-
ucts were formed upon using 4-chlorobenzonitrile and 2,6-di-
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Figure 1. One-pot synthesis of laterally extended perylene bisimide dyes.
Double substitution with 2-phenylimidazole groups was only observed for
3a.
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chlorobenzonitrile. Although the use of other benzonitriles is
likely possible, we selected chloro-substituted derivatives
owing to the electron-withdrawing effect of this halogen, and
therefore, we expected a lowering of the pK, value (see below)
of the perylene bisimide dyes. In the case of doubly substitut-
ed perylene 3a, the formation of different isomers is possible
and indeed was observed during the reaction. Isomer 3a could
be isolated in pure form with the position of the substituents
confirmed by "H NMR and "*C NMR spectroscopy (Figures S15-
S31, Supporting Information).

Photophysical properties

The introduction of 2-phenylimidazole substituents in the bay
position of the perylene chromophore results in a strong bath-
ochromic shift in the absorption and emission spectra (Fig-
ure 2a). Relative to the absorption spectrum of 1, the spectra
of monosubstituted dyes 2a, 2b, and 2c (neutral form) are
shifted by A1~55-65 nm, whereas the shift is as high as AA=
115 nm for disubstituted 3a (Table 1). The absorption maxi-
mum of 2c¢ is hypsochromically shifted by A1~ 12 nm relative
to those of 2a and 2b, and this may be due to the electron-
withdrawing character of the chlorine atoms and the de-
creased conjugation of the phenyl substituent because of
steric hindrance. The molar absorption coefficients are
rather high (Table 1) and are comparable to those of 1
(80300m~'cm ™).

All of the monosubstituted dyes in their neutral forms show
very strong fluorescence with quantum yields approaching
unity (Table 1) and small Stokes shifts of AA=8 nm. The fluo-
rescence quantum vyield of 3a is only slightly lower (0.85).
Overall, the brightness of the dyes (defined as the product of
the molar absorption coefficients and fluorescence quantum
yields) is excellent. Additionally, an intense absorption band (¢
~40000m'cm™") located at a wavelength that is approxi-
mately 50 nm shorter than the wavelength of the main band
represents a very nice feature for practical applications, as it ef-
ficiently enhances the effective Stokes shift and, therefore, ena-
bles collection of the full emission spectrum with a simple op-
tical setup.

Intrinsic pH sensitivity is the most striking property of the
dyes. In basic media, deprotonation results in a strong batho-
chromic shift in the absorption and emission spectra of the
monosubstituted dyes (Figure 2b), and these shifts are approx-
imately A1=85 and 130 nm, respectively (Table 1). Such be-
havior is typical for pH indicators based on an intramolecular
charge transfer.”®* Compound 3a, bearing two imidazole
groups, shows the formation of the monoanionic and the dia-
nionic forms, and the spectra of these forms are bathochromi-
cally shifted by approximately AA=100 and 150 nm, respec-
tively, relative to the spectra of the neutral form of the dye
(Figure 2¢c). Notably, the absorption and emission spectra
become significantly broader upon deprotonation. Broadening
of the absorption spectra correlates well with a decrease in the
molar absorption coefficients. Interestingly, the spectra of the
dianionic form of 3a are much less broadened than those of
the neutral form, and the molar absorption coefficients are

10712  © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Spectral properties of the perylene dyes. a) absorption spectra of 1, 2, and 3a in tetrahydrofuran. b) Representative absorption spectra (—) and
emission spectra (----- ) of the neutral form (black) and anionic form (red) of 2a in tetrahydrofuran. The insets show photographic images of the dye solutions
under daylight (top) and UV (bottom) illumination (4 =365 nm). c) Absorption spectra (—) and emission spectra (-----) ) of the neutral form (black), monoa-
nionic form (red), and dianionic form (blue) of 3a in tetrahydrofuran. d) Equilibria of the neutral and anionic forms of 2a and 3a.

Table 1. Photophysical properties of perylene dyes in tetrahydrofuran. Absorption maxima (4,,,), molar absorption coefficients (&), emission maxima (1)

fluorescence quantum yields (@), and fluorescence lifetimes (z) for the acidic and basic forms.

Dye Aabs [NM] eMTem™ em [NM] @D 7 [ns]
acidic basic® acidic basic acidic basic® acidic basic® acidic basic®
2a 589 676 101300 55500 597 735 0.99 0.10 53 3.2
2b 590 673 71800 40300 597 736 0.99 0.10 53 3.1
2c 578 662 75900 47300 584 713 0.98 0.15 53 4
3a 635 736" 96 600 48400® 646 776" 0.85 0.25" 6.4 2.8
789 80400 802 0.054 3.1

[a] Basic form was generated by the addition of TOAOH to the solution. [b] Monoanionic form was generated by the addition of TOAOH to the solution

and bubbling with CO,. [c] Dianionic form was generated by the addition of

TOAOH to the solution.

similar to those of the neutral form; this may be due to the
symmetrical character of the formed species. The fluorescence
quantum yields for the deprotonated form are approximately
10-fold lower than those for the neutral form (Table 1). Overall,
considering that the brightness of NIR dyes is generally signifi-
cantly lower than that of UV/Vis chromophores, the new dyes
in their deprotonated forms can be viewed as moderately
strong NIR emitters.

The fluorescence lifetimes of the neutral forms are in a
range of 5.3 to 6.4 ns (Table 1), which is typical for perylene flu-
orophores.® The lifetimes of the negatively charged forms are
1.3-3.6 ns shorter. The introduction of a chlorine atom does
not affect the lifetimes of the neutral forms. However, the in-
crease in the conjugated system in 3a results in a slight in-
crease in the fluorescence lifetime.

Chem. Eur. J. 2018, 24, 10711 -10720 www.chemeurj.org

Perylene dyes are known for their extraordinarily high pho-
tostability.*” Irradiation of the neutral forms of the dyes in tol-
uene solution with a green high-power LED array (1,..=
528 nm, light intensity =353 mWcm™2) over 240 min did not
result in any detectable bleaching (Figure 3). In contrast, irradi-
ation of the basic form of 2a in toluene solution with a red
high-power LED array (1,,.,,=635 nm) of comparable intensity
(377 mWcm™2) over 240 min showed degradation of approxi-
mately 6% of the dye (Figure 3). The lower photostability of
the basic form may be due to the more electron-rich character
of the core and, therefore, more favorable photooxidation.
Nevertheless, even in the case of the anionic form the photo-
stability is still sufficiently high considering the very high light
intensities used.

10713  © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@'*ChemPubSoc
e Europe
1.02
5100 « & 4 & x x s
= " . " ‘ : ' : . A
g | | . [ |
2 0.98
< .
-o -
8 0.96-
= = 2a .
= e 2b .
6 0944 a 2¢
=z 3a
= 23 anionic
092 T T T T T T
0 50 100 150 200 250
Time / min

Figure 3. Photodegredation profiles of the neutral forms of 2a, 2b, 2¢, and
3a and the anionic form of 2a in toluene.

pH sensing properties

As mentioned above, all the dyes show pH-dependent spectral
properties. More detailed investigation conducted for THF/
EtOH/aqueous buffered solution (3:2:2, v/v/v) revealed pK,
values of 10.15-10.8. The pK, value of 2b is slightly lower than
those of 2a, 2¢, and 3a (Table 2). This effect can be explained
by the electron-withdrawing character of the chlorine atom in
2b, which enhances the acidity of the imidazole. On the other
hand, the steric hindrance introduced by the two chlorine
atoms in the ortho positions in 2c appears to compensate for
the electron-withdrawing effect.

Table 2. pH sensing properties of the perylene dyes in solution and em-
bedded in hydrogel D4.¢!

THF/EtOH/ Hydrogel D4
buffer

(3:2:2, v/iv/

v)

Dye PK, s Aabs (@cidic/monoa-  pK,' .bs Aem (@cidic/monoa-  pK, o

nionic) [nm] nionic) [nm]
2a 10.63 596/689 10.88 608/728 10.14
2b 10.15 596/684 10.73  608/720 9.84
2c 10.78 586/664 11.45 595/708 10.56
3a 10.68 650/731 11.36  662/768 10.15

[a] lonic strength (NaCl): 0.15m, T=25°C.

To enable continuous measurements of pH, it is essential to
immobilize an indicator dye into a proton-permeable polymer
matrix. The two most common methods rely on covalent cou-
pling of the dye to the polymer and noncovalent physical en-
trapment. Covalent coupling prevents leaching of the matrix
and migration, but further synthetic steps are necessary to in-
troduce functional groups for coupling, which may also nega-
tively affect the photophysical properties of the indicator.
Moreover, noncovalent immobilization is a simple method to
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obtain pH sensors provided that an adequate combination of
the indicator and matrix is found. Planar solid-state pH sensors
were obtained by immobilization of the new perylenes into a
commercially available polyurethane hydrogel (Hydromed D4)
consisting of hydrophilic and hydrophobic domains and a
water content in the swollen state of 50% weight.”*"

As can be seen in Table 3, the pH-sensing behavior of the
immobilized dyes is very similar to that of the dyes in solution.

Table 3. Composition of the carbon dioxide sensors.

Sensor Dye EC/TBP [w/w] Base®
Cco2_1 2a 1:2 TOAOH
C02_2 2b 1:2 TOAOH
C02_3 2c 1:2 TOAOH
C02_4 2c 2:1 TOAOH
C02.5 2c 1:0 TOAOH
C02_6 2c 1:0 TBAOH
co2_7 2c 2:1 TBAOH
Cc02_8 3a 1:2 TOAOH
C02_9 3a 1:2 TBAOH

Several isosbestic points are clearly visible in the absorption
spectra, and this is indicative of an equilibrium between two
species (neutral and anionic) (Figure 4a). Thus, the new pery-
lene dyes are suitable for colorimetric readout. The apparent
pK, values determined from the absorption spectra are slightly
higher for the immobilized dyes than for the dissolved ones
(Table 2). This may be due to localization of the indicators in
the more hydrophobic domains of the hydrogel, at which de-
protonation (resulting in the formation of the charged form of
the dye) is less favored. Similarly to the absorption spectra, the
fluorescence spectra show the existence of two forms (Fig-
ure 4b), which enables ratiometric readout. The apparent pK,’
values in hydrogel D4 determined from the fluorescence spec-
tra are 0.7-1.2 pH units lower than those obtained from the
absorption measurements (Table 2). This disparity of the pK,
values can be explained by Forster resonance energy transfer
(FRET) from the neutral form to the deprotonated form of the
dye. In fact, FRET is favored by good overlap between the ab-
sorption spectrum of the deprotonated form and the emission
spectrum of the neutral form (Figure 2b) and by the compara-
bly high concentration of the dye in the polymer, which results
in a short distance between the donor and acceptor molecules.
Evidently, because of the high pK,' values, the new sensors are
not suitable for conventional applications (e.g., biotechnology,
biology, and medicine). On the other hand, the new materials
are promising for pH measurements under alkaline conditions.
Potential applications include the measurement of pH on the
surface of concrete; this is known for extremely alkaline condi-
tions, which, however, change owing to microbiological activi-
ty and interaction with acidic gases thus promoting corrosion
of steel.®>%3 Here, optical pH sensors can be a promising alter-
native to pH electrodes because they do not suffer from alkali
error, are easy to miniaturize, and can also be used for imaging
of pH distribution. The new sensors may also be used in stud-
ies involving alkaliphilic microorganisms, which are of great in-
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spectively. c) Corresponding calibration curves. The insets in panels a and b
show photographic images of the sensor foils under daylight and UV illumi-
nation (1=365 nm), respectively.

terest for many biotechnological applications and in the deter-
gent and textile industries.®*%%

The response of the sensors to dynamic pH changes is rever-
sible (Figures S4 and S5) but fairly slow (ts,~77 s) considering
the comparably small thickness of the sensing layer (2.5 um).
Some hysteresis in the response is also observed. This behavior
suggests localization of the dyes mostly in the hydrophobic
domains of the hydrogel and some redistribution upon (de)-
protonation. Similar behavior was previously observed for
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other hydrophobic perylene dyes.” It may be overcome by
covalent immobilization of the dyes in polymeric matrixes® or
by increasing the hydrophilicity of the perylene (e.g., by em-
ploying other substituents in the imide position) and repre-
sents room for future improvements.

Carbon dioxide sensors

The high pK, values of the dyes imply their potential suitability
for carbon dioxide sensing. Solid-state or “plastic” optical
carbon dioxide sensors rely on pH indicators embedded into
polymers along with a lipophilic base, most commonly a qua-
ternary ammonium base.”””% Several sensing materials based
on ethyl cellulose (EC) as a matrix were manufactured to inves-
tigate systematically the influence of the indicator (i.e., 2a, 2b,
2¢, and 3a), base [ie., tetraoctylammonium hydroxide
(TOAOH) and tetrabutylammonium hydroxide (TBAOH)], and
plasticizer [i.e., tributyl phosphate (TBP)]. The sensor composi-
tion is schematically shown in Figure 5a. A porous Teflon
membrane was applied over the sensing layer to provide a ho-
mogenous white background and to eliminate the influence of
ionic species in case of solution measurements.

As can be seen (Figure 5b), the sensors indeed respond to
carbon dioxide. The color of the sensor changes from blue (in
the absence of carbon dioxide) to red (in the presence of
carbon dioxide), which enables colorimetric measurements of
carbon dioxide. An increase in pCO, also results in the appear-
ance of strong red fluorescence. The corresponding emission
spectra (Figure 5¢) show an increase in the fluorescence of the
neutral form (4,,,,=587 nm) in the presence of carbon dioxide.
In contrast, the fluorescence intensity at =720 nm corre-
sponding to the deprotonated form is nearly constant. The
likely reason is fairly efficient FRET from the neutral form to
the deprotonated form of the dye. Thus, a strong increase in
the absorption of the neutral form at the excitation wave-
length (1,=493 nm) at high pCO, results in higher fluores-
cence intensity of the neutral form but also for the deproton-
ated form (by FRET), which compensates for the decrease in
the concentration of the deprotonated form. Referenced ratio-
metric measurements at two emission wavelengths are clearly
possible.

The sensitivity of carbon dioxide sensors is known to be
governed by the pK, value of the indicator and by many other
reasons such as the presence of a plasticizer.”"’? Figure 6a
shows that despite rather high pK, values, all of the materials
show comparably low sensitivity. All sensors operate in the dy-
namic range of pCO,=10 to 970 hPa, which makes them inter-
esting candidates for modified atmosphere packaging applica-
tions.”” In good agreement with the pK, values (Table 2), the
sensitivity is the highest for 2c (the highest pK,) and the
lowest for 2b (the lowest pK,), whereas 2a occupies the inter-
mediate position. The sensitivity of 3a (first deprotonation
step) is comparable to that of 2c; however, steric reasons and
the lipophilicity of the dye might be additional contributing
factors. The less-sensitive sensors based on 2a and 2b (CO2_1
and CO2_2, respectively) are promising for the measurement
of carbon dioxide pressures > 970 hPa, typical for the beverage
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Figure 5. a) Cross section of the optical carbon dioxide sensor. b) Sensing
mechanism and photographic images of the planar sensor foil based on 2c¢
in ethyl cellulose with tributyl phosphate as a plasticizer (1:2, w/w, material
C0O2_3) measured in water purged with nitrogen and 100 % carbon dioxide
recorded under daylight. c) Corresponding emission spectra (1., =493 nm)
for CO2_3 sensor measured in water at different pCO, and photographic
images of the sensor under UV illumination (=365 nm).

industry,”*7® because they show high residual protonation ca-
pability relative to the sensors based on 2c and 3a (CO2_3
and CO2_8, respectively) at pCO, =970 hPa (Figure 6a).

The sensitivity of the sensors is dramatically affected by the
presence and concentration of a plasticizer (Figure 6b). Where-
as the sensor is almost insensitive in pure ethyl cellulose, a
plasticizer/polymer ratio of 2:1 ensures optimal response. The
plasticizer is likely to influence the diffusion and solubility of
carbon dioxide but also to alter polarity of the environment
and water uptake. Thus, adjustment of the ratio of the plasti-
cizer to the polymer represents an excellent possibility to fine-
tune the sensitivity of the sensor. Further adjustment of the
sensor sensitivity can be achieved by substitution of tetraocty-
lammonium hydroxide with tetrabutylammonium hydroxide.
Shorter carbon chains of the latter are associated with higher
sensitivity of the sensors most likely because of higher hydro-
philicity of the dye environment (Figures S10-512).
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Humidity also plays an important role for response of the
sensor material, and it has to be adjusted accurately. As the
highest reproducibility of calibrations for the fabricated sensor
materials could be achieved by using a flow-through cell filled
with water and bubbled with carbon dioxide, this setup was
utilized for all measurements. Although the sensor also shows
response in the gas phase, the sensitivity at 85% relative hu-
midity is significantly lower than that in water (Figures S13 and
S14). Because of such strong cross-talk, application of the new
sensors in the gas phase might be problematic.

In contrast to monosubstituted dyes 2a-c, disubstituted dye
3a features two pH-sensitive groups. This results in unique be-
havior that enables ratiometric sensing of carbon dioxide in
two different dynamic ranges with a single indicator dye. Nota-
bly, all three forms of the indicator (neutral, monoanionic, and
dianionic) are fluorescent (4,,,,=658, 776, and 802 nm, respec-
tively) (Figure 7). The monoanionic form is converted into the
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Figure 7. Response of the sensor based on 3a (CO2_9, 25°C, 85 % relative
humidity, A.,=590 nm) for a) pCO,=0 to 49 hPa and b) pCO,=98

t01000 hPa. The insets show the corresponding calibration curves. Equilibria
for the neutral, monoanionic, and dianionic forms of 3a are shown in Fig-
ure 2d.

neutral form at comparably high pCO, (20-1000 hPa). In this
dynamic range, the behavior of the sensor is similar to that of
the materials based on 2a-c. In contrast, the dianionic form is
stable only at very low pCO, (Figure 7a). It is completely con-
verted into the monoanionic form at approximately pCO,=
2 hPa. Remarkably, pCO, values well around atmospheric levels
of 0.4 hPa can be resolved excellently. Thus, the sensor based
on 3a covers an extremely broad dynamic range of pCO,=0
to 1000 hPa, which is unprecedented in the literature.

Conclusions

In summary, we introduced a new class of pH indicators based
on bay-modified perylene dyes that can be utilized for optical
pH sensors as well as for optical carbon dioxide sensors. The
dyes show high luminescence brightness, extraordinary good
photostability, and versatility with respect to chemical modifi-
cation. The indicators are accessible through a simple one-step
reaction starting from commercially available Lumogen
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Orange. The characteristic absorption and emission spectra of
the neutral and deprotonated forms of the perylene bisimides
enable colorimetric as well as ratiometric measurements of pH
and carbon dioxide. The high pK, values enable preparation of
optical pH sensors for measurements under alkaline conditions.
The sensitivity of the carbon dioxide sensor can be adjusted
by varying the dye, ratio of plasticizer to polymer, and nature
of the quaternary ammonium base. The disubstituted perylene
shows unique behavior with two protonation/deprotonation
equilibria, enabling sensing of carbon dioxide over an unprece-
dentedly broad dynamic range. Whereas the new carbon diox-
ide sensors are likely to be promising for applications in food
packaging and the beverage industry, the pH sensors with re-
sponses in alkaline media are of interest for research on alkali-
philic bacteria and monitoring of pH in concrete. Here, excel-
lent chemical and photochemical stability of the new indica-
tors is expected to be very valuable for long-term deployment
of the sensors.

Experimental Section
Materials

Anhydrous benzonitrile, 2,6-dichlorobenzonitrile, ethyl cellulose
(EC49, ethoxyl content 49%), tetrabutylammonium hydroxide
(TBAOH, 40% in water), tetraoctylammonium hydroxide (TOAOH,
20% in methanol), and tributyl phosphate (TBP) were purchased
from Sigma-Aldrich (http://www.sigmaaldrich.com). 4-Chloroben-
zonitrile was obtained from TCl Europe (http://www.tcieurope.de).
Lumogen Orange (1) was purchased from Kremer Pigmente
(http://www.kremer-pigmente.de). Dichloromethane was received
from Fisher Scientific (http://www.fishersci.com). Cyclohexane,
ethyl acetate, tetrahydrofuran, toluene (synthesis grade), and hy-
drochloric acid (37 %) were purchased from VWR Chemicals (http://
www.vwr.com). Polyurethane hydrogel (Hydromed D4) was ob-
tained from AdvanSource biomaterials (http://www.advbiomater-
ials.com). Poly(ethylene terephthalate) (PET) support was received
from Putz (http://www.puetz-folien.com). Anhydrous sodium sul-
fate, anhydrous disodium phosphate, and the buffer salts CAPS,
MOPS, and TRIS were obtained from Carl Roth (http:/
www.roth.de). Sodium amide (99%) was purchased from Acros
(http://www.acros.com). Deuterated chloroform (CDCl;) was pur-
chased from Euriso-top (http://www.eurisotop.com). All purchased
chemicals were used without further purification. Nitrogen, 0.2%
carbon dioxide in nitrogen, 5% carbon dioxide in nitrogen, and
carbon dioxide (all 99.999% purity) were received from Linde
(http://www.linde-gas.at). Potassium chloride and silica gel 60
(0.063-0.200 mm) were obtained from Merck (http://www.merck.-
at). Polytetrafluoroethylene (PTFE) hydrophobic membranes
(45 um) were obtained from Millipore Merck (http://www.merck-
millipore.com).

Syntheses

Compounds 2a and 3a: Compound 1 (400 mg, 0.563 mmol) and
NaNH, (99%, 440 mg, 11.3 mmol) were dispersed in anhydrous
benzonitrile (50 mL) under an inert atmosphere and were heated
to 165 °C. The color changed from orange to green and afterwards
to dark blue. Compressed air was bubbled through the mixture for
30 min. The mixture was cooled to RT, and a mixture of 1M aq
HCl/dichloromethane (1:1, v/v, 200 mL) was added. The organic
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phase was washed with 1M aq HCI (3x 100 mL) and dried (Na,SO,).
The organic solvents were removed under reduced pressure. The
purple crude products were purified by column chromatography
(silica gel, 35-70 um) with cyclohexane/ethyl acetate (93:7, v/v) as
the mobile phase to elute 2a (220 mg, 47%) and cyclohexane/
ethyl acetate (7:1, v/v) to elute 3a (116 mg, 22%). Data for 2a:
"H NMR (300 MHz, CDCl;): 6 =11.58 (s, TH), 11.01 (d, J=8.2 Hz, 1H),
8.98 (d, /=8.2 Hz, 1H), 8.91-8.78 (m, 4H), 8.34 (dd, /=6.6, 3.0 Hz,
2H), 7.70-7.62 (m, 3H), 7.53 (dt, J=13.1, 7.9 Hz, 2H), 7.39 (dd, J=
12.6, 7.7 Hz, 4H), 2.82 (h, J=6.9 Hz, 4H), 1.21 ppm (dd, J=6.9,
4.6 Hz, 24H); CNMR (126 MHz, CDCl;, 30°C): 0=164.89, 163.84,
163.74, 163.68, 157.82, 145.82, 145.73, 144.18, 139.63, 136.00,
135.53, 135.41, 132.68, 13236, 131.46, 13137, 131.19, 130.79,
130.14, 129.86, 129.81, 129.59, 129.51, 128.12, 127.69, 127.21,
127.18, 125.83, 124.23, 124.08, 124.05, 123.29, 123.08, 122.70,
122.66, 121.59, 103.66, 29.29, 29.24, 24.09, 24.03, 24.02 ppm; MS
(MALDI-TOF): m/z: calcd for CssH,N,O,: 826.352 [M]*; found:
826.458; data for 3a: 'H NMR (300 MHz, CDCl,): §=11.69 (s, 2H),
11.24 (d, J=8.2Hz, 2H), 9.02 (d, /=8.2 Hz, 2H), 8.36 (dd, /=6.8,
29 Hz, 4H), 7.66 (m, J=5.0, 2.1 Hz, 6H), 7.48 (m, 6H), 2.87 (h, J=
7.0 Hz, 4H), 1.09-0.67 ppm (m, 24H); *CNMR (126 MHz, CDCl,):
0=164.79, 163.92, 156.51, 145.92, 142.95, 139.43, 135.58, 131.90,
131.33, 130.97, 129.76, 129.44, 129.28, 128.42, 127.55, 127.44,
124.65, 124.02, 122.67, 121.52, 103.04, 31.90, 29.63, 29.33, 29.22,
24.08, 24.00, 22.66, 14.07 ppm; MS (MALDI-TOF): m/z: calcd for
Ce,HsoNGO,: 942.389 [M]™; found: 942.485.

Compound 2b: Compound 1 (105 mg, 0.148 mmol) and NaNH,
(99%, 160 mg, 4.10 mmol) were quickly homogenized in a mortar
and 4-chlorobenzonitrile (7.16 g) was added. The powder was
transferred into a Schlenk flask and was heated to 150°C under an
inert atmosphere. The color changed from orange to purple/dark
red. At 160°C, compressed air was bubbled through the mixture,
which was stirred for 3 h under reflux conditions. The mixture was
cooled to RT, a mixture of 1M aq HCl/dichloromethane (1:1, v/v,
150 mL) was added, and the organic phase was washed with 1m
aq HCl (3x50 mL) (color change from green to purple) and dried
(Na,SO,). The organic solvents were removed under reduced pres-
sure. The crude product was purified by column chromatography
(silica gel, 35-70 um, cyclohexane/ethyl acetate 94:6, v/v) to yield
2b (47 mg, 37%): "H NMR (300 MHz, CDCl,): 6=11.56 (s, 1H), 10.96
(d, J=82Hz 1H), 897 (d, /=8.2 Hz, 1H), 8.93-8.76 (m, 4H), 8.31-
8.23 (m, 2H), 7.67-7.61 (m, 2H), 7.53 (dt, J=12.6, 8.0 Hz, 2H), 7.39
(dd, J=12.1, 7.7 Hz, 4H), 2.81 (m, 4H), 1.23-1.08 ppm (m, 24H);
BCNMR (126 MHz, CDCl,): 0=164.88, 163.79, 163.70, 163.65,
156.66, 145.80, 145.72, 143.98, 139.55, 138.73, 136.06, 135.41,
135.35, 132,66, 131.61, 131.40, 130.75, 130.07, 129.86, 129.80,
129.61, 128.88, 127.26, 127.19, 126.63, 126.02, 124.24, 124.11,
124.09, 123.35, 123.18, 122.77, 122.70, 121.68, 103.71, 29.29, 29.24,
24.08, 24.03, 24.01 ppm; MS (MALDI-TOF): m/z: caled for
CssHasCIN,O,: 860.313 [M]™; found: 860.348.

Compound 2c: Compound 2c¢ was prepared analogously to 2b,
except that 1 (120 mg, 0.169 mmol), NaNH, (500 mg, 12.82 mmol),
and 2,6-dichlorobenzonitrile (7.05 g) were used. The mixture was
heated in a Schlenk flask at 160°C under an inert atmosphere. At
170°C, compressed air was bubbled through the mixture, which
was stirred for 1 h under reflux conditions. Chromatographic purifi-
cation of the crude product was performed (silica gel, 35-70 pm,
dichloromethane) to yield 2¢ (101 mg, 67%): '"H NMR (300 MHz,
CDCly): 6=11.40 (s, 1H), 10.89 (d, J=8.2 Hz, 1H), 9.00-8.70 (m,
5H), 7.58 (d, J=7.0 Hz, 2H), 7.54-7.45 (m, 3H), 7.37 (dd, J=10.3,
7.7 Hz, 4H), 2.81 (m, 4H), 1.19 ppm (m, 24H); *C NMR (126 MHz,
CDCly): 0=164.49, 163.84, 163.70, 163.63, 152.69, 145.85, 145.71,
142.81, 138.24, 136.19, 135.90, 135.27, 135.20, 132.77, 132.40,
131.92, 131.58, 131.35, 130.74, 130.13, 129.80, 129.73, 129.58,
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128.96, 12835, 127.50, 127.16, 127.03, 124.18, 124.05, 12397,
123.41, 12330, 122.90, 122.78, 121.70, 104.43, 29.27, 29.23, 24.04,
24.00 ppm; MS (MALDI-TOF): m/z: calcd for CssH,,Cl,N,O,: 894.2740
[M]"; found: 894.2684.

Preparation of sensor foil pH solid-state sensor

A “cocktail” containing the indicator dye (0.25 mg) and hydrogel
D4 (50 mg) in THF (500 L) was knife-coated on a dust-free, trans-
parent PET support to obtain approximately 7.5 um (for absorption
measurements) and 2.5 pum (for emission measurements) thick
sensing layers after solvent evaporation.

Carbon dioxide solid-state sensor

To prepare the CO, solid-state sensors, the indicator dye (1 mg),
ethyl cellulose (49%, 100 mg), and optionally tributyl phosphate
(TBP, 200 or 50 L) were dissolved in an ethanol/toluene mixture
(2:3, v/v, 1.9 g). The “cocktail” was purged with carbon dioxide and
tetraoctylammonium hydroxide solution (20% w/w TOAOH in
MeOH, 100 uL) or tetrabutylammonium hydroxide solution (20%
w/w TBAOH in MeOH, 100 uL) was added. The “cocktails” were
knife-coated on a PET support to obtain an approximately 2.5 um
thick sensing layer after solvent evaporation. A PTFE hydrophobic
membrane was placed on each sensor layer before solvent evapo-
ration. The exact composition of the sensing materials is shown in
Table 3.

Methods

Mass spectrometry was performed with a Micromass TofSpec 2E
Time-of-Flight Mass Spectrometer at the Institute for Chemistry
and Technology of Materials, Graz University of Technology.
'H NMR spectra were recorded with a 300 MHz Bruker Instrument
(www.bruker.com) in CDCl; as the solvent and tetramethylsilane as
the standard. ®*C NMR spectra were recorded with a 500 MHz
Varian Inova 500 Instrument in CDCl; as the solvent and tetrame-
thylsilane as the standard.

Absorption spectra were recorded with a Cary 50 UV/Vis spectro-
photometer from Varian (http://www.agilent.com) by using optical
glass cuvettes from Hellma Analytics (http://www.hellma-analytics.-
com). Emission and excitation spectra were recorded with a Fluoro-
Log 3 Spectrofluorometer from Horiba Scientific Jobin Yvon
(http://www.horiba.com) equipped with a R2658 photomultiplier
from Hamamatsu and corrected for detector response. Determina-
tion of absolute fluorescence quantum yields (®) was performed
with the same spectrofluorometer from Horiba equipped with an
integrating sphere Quanta-phi.

Fluorescence decay times were measured by time-correlated single
photon counting (TCSPC) with a FluoroLog 3 Spectrofluorometer
equipped with a DeltaHub module and NanolLEDs (1=435 and
635 nm, Horiba) as excitation sources. Data analysis was performed
with DAS6 software (http://www.horiba.com) by using a monoex-
ponential fit.

The photostability of the dyes was accessed by irradiating water-
free toluene solutions with an array of 12 green high-power LEDs
(A=528 nm, OSRAM Oslon SSL 80, http://www.led-tech.de)
equipped with a cooling block and a focusing lens from Edmund
optics (http://www.edmundoptics.de). The photostability of the de-
protonated form of 2a was accessed by irradiating water-free tolu-
ene solutions with an array of 12 red high-power LEDs (1=
635 nm, OSRAM Oslon SSL 80, http://www.led-tech.de) equipped
with a cooling block and a focusing lens from Edmund optics
(http://www.edmundoptics.de). The absorption spectra were ac-
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quired each for 15-30min. The photon flux was

15600 pumols™'m~2 for the green LEDs and 19999 umols™'m™2 for
the red LEDs, as measured by a Li-250A light meter from Li-COR
(http://www.licor.com).

The pH of buffer solutions (CAPS, MOPS, TRIS, and disodium phos-
phate) was adjusted with a pH meter (Education Line, Mettler
Toledo, http://www.mt.com) by using a glass electrode (InLab Rou-
tine Pro, Mettler Toledo, http://www.mt.com). The pH meter was
calibrated at 25°C with standard buffer solutions of pH 4.01, 7.01,
and 10.01 (Hanna Instruments, http://www.hannainst.com). The
ionic strength (0.15m) of the buffers was adjusted with sodium
chloride as a background electrolyte.

For the leaching experiments, the sensor foil (hydrogel D4) was
fixed in a home-made flow-through cell. Buffer solutions (pH 6.6
and 12.5, ionic strength 0.15 M) were pumped through the cell at a
constant flow, and absorption spectra were recorded over 24 h. A
peristaltic pump equipped with a flexible tube from Ismatec
(http://www.ismatec.com; purple/black, ID: 2.29 mm) was used.
For carbon dioxide measurements, the sensor foil (CO2_1-9) was
fixed in a home-made flow-through cell connected to a gas-mixing
device. Gas calibration mixtures were produced with a gas-mixing
device from Voegtlin (http://www.voegtlin.com, red-y for gas flow),
and a constant flow (200 mLmin~") was controlled by LabView
software. The flow-through cell was filled with water that was
purged with gas mixtures. For measurements in the gas phase, a
relative humidity of 85% was adjusted by bubbling of the gas
through a saturated potassium chloride solution. The temperature
was controlled with a cryostat Thermostat Thermo Haake K10.
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