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Der geniel3t wahre Mul3e, der Zeit hat, den Zustams Seele zu fordern.

&

Es ist nicht wichtig, was Du betrachtest, sondeas ®u siehst.

Henry David Thoreau
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Zusammenfassung

CO; ist neben dem pH-Wert und Sauerstoff einer dehtigsten Parameter fur Umwelt
und Industrie. Der Fokus dieses Projektes lag aufDetektion von Kohlenstoffdioxid
mittels optischen Plastik-Typ Sensoren, basierend auf pH-sensitiven Indikator-
Farbstoffen. Derzeit hauptsachlich als Indikatamendet wird 8-hydroxypyrene-1,3,6-
trisulfonat (HPTS), jedoch besteht grol3e Nachfrage alternativen pH-sensitiven
Farbstoffen mit verbesserten optischen Eigensahafte

In Kapitel 1 wird eine neue Farbstoffklasse, basidr auf Diketo-Pyrrolo-Pyrrolen
(DPPs), vorgestellt. Diese DPP-Farbstoffe weiselmnehQuantenausbeuten, hohespK
Werte und gute Photostabilitat auf. Diese Farbstaiind selbst-referenzierend und
daher ideal fUr ratiometrische Messungen. Sensatenauf diesen DPPs basieren,
kbnnen mittels Absorptions- oder Fluoreszenzmessurgusgelesen werden. Durch
unterschiedliche Startpigmente bzw. Substituent@mé&n die dynamischen Bereiche
der Sensoren angepasst werden. Kapitel 2 pragegitien hoch sensitiven G@ensor,
dessen Fluoreszenzeigenschaften mittels kommeradiélticher RGB Kamera
ausgelesen werden kdnnen.

Eine zweite Klasse von pH-sensitiven Indikator-Btolien wird in Kapitel 3
prasentiert. Die Verwendung dieser di-OH-aza-BODHRIY optischen COSensoren
ermoglicht die Messung im nahen Infrarot-BereichlRN Diese ebenfalls selbst-
referenzierenden Farbstoffe zeigen aul3ergewdhnlRinatostabilitét und hohe pK
Werte, welche durch das Substitutionsmuster vamnverden kénnen. Sensoren, welche
darauf basieren, kdnnen mittels Absorption odepgii®nsmoduliertemnner-Filter-
Effektausgelesen werden.

Kapitel 4 prasentiert den Prototypen eines MuléfaéSensors (MuFO) mit 100 frei
positionierbaren optischen Fasern fur die;@®@&ssung mit nur einer Anregungsquelle
und Auslesung mit einer kommerziell erhaltlichegiilkamera.
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Abstract

Carbon dioxide is one of the most important paransetbesides pH and oxygen, for
environmental and industrial monitoring. This padjéocused on opticgblastic type
sensors based on pH-sensitive indicator dyes $adatection. Up to now, state-of-the-
art CQ sensors are almost exclusively based on the pidatat 8-hydroxypyrene-
1,3,6-trisulfonate (HPTS), but alternative selfereihcing (dual-emitting) indicator dyes
are highly desired.

Chapter 1 presents a new class of indicator dyesgd@&n diketo-pyrrolo-pyrroles
(DPPs). Those dyes feature high fluorescence gmanields, high pK values and
good photostability. Both the protonated and therat®nated form are excitable in the
blue part of the spectrum. Hence, those self-rateze@ dyes are excellently suitable for
ratiometric measurements. Sensors based on thesecdy be read out via absorption
or via fluorescence intensity. By diversifying thirting pigments and using different
substituents the optical GB&ensors were tuned to cover different dynamic eané
highly sensitive C@sensor was prepared and presented in chaptes fudrescence
properties perfectly match the color channels ofim@rcially available RGB cameras.
Chapter 3 presents a second class of new indiagites based on Bfehelated
tetraarylazadipyrromethenes (aza-BODIPYs). The aisei-OH-aza-BODIPY dyes in
carbon dioxide sensors enables measurements imetreinfrared (NIR) region. These
dyes show very high pKvalues and excellent photostability. Carbon diexsgnsors
based on those self-referenced aza-BODIPYs caedgkout via absorption modulated
inner filter effect. The dynamic ranges of the carllioxide sensors can be individually
tuned by using di-OH-aza-BODIPY dyes with differenbstituents.

Chapter 4 presents a prototype of a multiple figetics (MuFO) device with not one,
but 100 freely positionable fibers excitable witheocollective excitation source and
read-out via imaging with a commercially availabigital camera.

VI
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Theoretical Background

Scope of the Thesis

Carbon dioxide is one of the most important paransetoncerning different processes
in nature, science and industry. Whereas by oxygenitoring only aerobic activities
can be observed, also anaerobic activities are rodmegle by monitoring carbon
dioxide. 98% of the worlds carbon dioxide depoaits stored in the deeper oceans. The
increasing carbon dioxide level causes problems gilobal warming (greenhouse
effect)or theacidification of the oceansrhe latter causes not only a lowered pH, but
also several consequences on the oceans floraaand.f

For marine science the demands on detection mettadsange from the atmospheric
pCG; level (0.04 kPa 400 patm in the gas phasell.6 pmol/l in seawater at 298.15
K) to very high pCQ values, e.g. in the vicinity of volcanic seepspé&sally for field
experiments where time, equipment and staff argdamit is important that the method
is easily adaptable to the respective conditionshefexperiment and that it gives as
much simultaneous information as possible concgrapatial and temporal distribution
of the analyte concentration.

Routine detection techniques of gQOike infrared (IR) spectroscopy, gas
chromatography (GC) or the Severinghaus electradewell established, but suffer
from different drawbacks. Although several new @pts of chemosensors for the
detection of CQ were published in recent years, optip#stic typesensors are the
most common ones. These sensors consist of a ditigernindicator dye and a base
(acting as lipophilic buffer), embedded in a polym®atrix and represent a promising
alternative to the known routine techniques. Theadyic range of the Csensors can
be tuned by varying the pKvalue of the indicator dye, by using different émsr
matrix materials. Up to now, state-of-the-art §@nsors are almost exclusively based
on the fluorescent pH-indicator 8-hydroxypyrene;8-Bisulfonate (HPTS), the base
tetraoctyl ammonium hydroxide (TOAOH) and ethyl lglelse as matrix material.
Alternative materials, especially self-referenc{dgal-emitting) indicators with spectral

properties in the visible range, as well as inNiiR region are presented in this thesis.
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Carbon Dioxide and the Marine Ecosystem

The Global Carbon Cycle

The global carbon cycle describes the exchangeudfon (as CgQ CO, CH, organic
matter, fossil fuels, etc.) between theservoirs which are acting either as source
(release of carbon) or sink (uptake of carbon). irtagor reservoirs of carbon on earth
are: the atmosphere, the oceans and the terresysggm (also: the lithosphere, the
aquatic biosphere and fossil fueld)where the largest and dominating reservoir — the
oceans — and the terrestrial system are linkethei@tmospher.

Figure |1 shows an overview of the carbon reserydivsir capacities and the fluxes and
rates inbetween. Especially the anthropogenic impas left a big footprint on the
global carbon cycle during the last two to threateees. The development of new
machines and technologies during the industriabltgion brought a strong increase in
carbon fluxes, in particular concerning carbon alexand methane.

Armosphers
597 + 165

120
02 1196 | 26 “’:
GPP g
Weatharing  Respiration
Vegetation,
Soil & Detritus
2300+ 101140 :
Avers P~ r x
| surtace Ooman 50_5_,_ Marine Bala
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G Surface sdiment
150

Figure . Global carbon cyclé.Red anthropogenic fluxesBlack: natural fluxes
(before industrial revolution).

Atmospheric Carbon Dioxide

One of the strongest leverage effects to the gloadion cycle is the atmospheric £0
level and its interactions with the cycle. Its chaug rate is highly affected by
anthropogenic influences, biogeochemical and chioagical processesHere, the main
focus will be the balance between atmospheric cadioxide and the ocean, which is
the major sink for C@°
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Sources of Carbon Dioxide

As mentioned before, the carbon reservoirs (eiflak or source) are linked to each
other and exchange carbon and/or carbon dioxideveier, there are several big
sources — natural or anthropogenic - of carbonidexEspecially during the last two
centuries the anthropogenic sources had a highdimpa earth’s atmosphere p£O

level:

- Natural sourcesThe biggest (short-term) natural sources for caiioride are
volcanic carbon dioxide seepsotal global emission of CCrom soils® decay
of organic matter, heterotrophic respiration antura fires’ Ice core analysis
showed that the atmospheric £@vel altered several times between 180 and
280 patm before the industrial revolution in thd x@ntury? Therefore, even
for short-term exposures with high levels of carlmboxide, such as during

volcanic activities, no significant long-term effeevere recordable.

- Anthropogenic sourcesThe level of atmospheric GQs strongly affected by
human activities. In the 89" century, when industry started to introduce
more efficient manufacturing machines and procesbesanthropogenic impact
on the atmospheric carbon dioxide level increasgudly and led to a sharp
increase of atmospheric G@p to more than 360 pathi. Today, the major
sources for anthropogenic G@re: anthropogenic deforestatittf;** iron and
steel productiont? agricultural econom$,burning fossil-fuefs*** and cement-
manufacturing emissiolls> All these sources transport carbon from the
terrestrial reservoir to the atmosphere as carlaxide and therefore affect the

carbon dioxide level of the ocean.

Carbon Dioxide in the Ocean

CO, is exchanged across the ocean-atmosphere intedaea forced by strong and

continuous winds over the ocean surfadéwus, the atmospheric carbon dioxide level is
in a dynamic equilibrium with the surface layertbé oceans, which is influenced by
different processes, such as upwelling (nutriectt-tipward current from the deep sea),
downwelling (nutrient-rich downward current to tlikeep sea), vertical diffusion,

advection and gravitational drift of biogenic méaés? The major driving forces are:
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- Chemical processes:
Dissolution in water (figure It)After CG; is dissolved in water, it forms carbonic
acid HCQO;. This formation is the slowest step in these @oyugl series compared
to the ionization of the carbonic acid, which isahdaster and yields bicarbonate
ions and proton¥’ Bicarbonate is the dominant species. Firstly, dbicaate can
dissociate to carbonate ions and protons, but ocatboions can also be
reprotonated by the protons build during the diggmmn of carbonic acid. In this
case the concentration of carbonate is lowerechagai
The equilibria between the three species — bicataoions ~90%, carbonate ions
~10% and unionized dissolved carbon dioxide <1% aH of ~8.2'* — are in
balance with other acid-base equilibria (e.g. baga) and the pH value of the
ocean. Although it seems sometimes, as the pHiligeircing the equilibria of the
carbonate cycle, the opposite is the truth — thibareate system acts as buffer of
the ocean. The carbonate equilibria, the p&lues for carbonic acid, the relation
to pH and to the boric acid equilibrium can alsoseen in the Bjerrum plot in
figure Il (right)!®
The sum of the concentrations of unionized dissbl@rbon dioxide, HC® and
CO5” is also known as the (totadjssolved inorganic carbo@r and is only ~2
mmol/kg (surface layer, North Atlanti¢§:°
Carbon dioxide shows increased solubility in coddwsater with higher density
and salinity. When the water is sinking down, thebon dioxide is transported to
deeper depths.

Atmosphere

— -

Ocean
(upper layer)

Surface =
Ak H* Seawater pH ! OH™
'

CO, ot HO () == H,CO4(,,

Log [concentration (mol kg")]

H,CO,,, —— HCO

3 (aq) +H g

3 (aq)

HCO; (y =—— co,> )t H' (aq)

1

Figure Il. Left: Reactions of carbon dioxide in watér® Right: the Bjerrum
plot™ (DIC = 2.1 mmol/kg, S = 35, T = 25°C). Here, akand pK. of carbonic
acid are 5.86 and 8.92, respectively.
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Biological processes (figure Itl)

The organic biological pump: CO, uptake is also forced by biological processes,
such as the carbon dioxide consumption during gitgtdkton photosynthesis in
depths of the ocean where light can still penetraterganic compounds and
organic matter are produced. This is also calinary productiorf The
products are then transported (via sinking, adeactir mixing) to the deep sea,
where they re-mineralize or are decomposed by bacf€he transfer rate from
the surface layer to the deep sea is called productiorf Via upwelling CQ is
partially transferred back to the surface layethefocean.

Thecarbonate pump'”*8is a special case of the organic biological puGgCQ
shells can be built by different planktonic specidfierwards they sink to the
seafloor (gravitational drift of biogenic materigl@nd can re-dissolve, because
CaCQ shows increased solubility in colder water and annkigher pressure.
Again, via upwelling CQis only partially transferred back to the surféepger of
the ocean. Thus, GO is “pumped” to deeper layers of the ocean. Theehmain
producers for CaCgare coccolithophores, foraminifera and euthecosounsa
pteropods, whereas 23-56% of the total open marine Caf& are covered by
planktonic foraminiferd®

Atmosphere
organic biological pump carbonate pump

R S e e

Ocean Photosynthesis Building of

0y
~yY CaCo, shells KadNT]

(upper layer) Carbon [ i

Consumption : w : I w

i i

1

o [

ndog 1y

T 0 : N

i Lie

Ocean Re-mineralization CaCO, dissolution
(lower layer) Decomposition

Figure Ill. Scheme of the responsible biological processethouptake/storage
of carbon dioxide in the ocean.

The upper layer of the ocean is defined as an dllmmmogeneous layer of seawater,

which shows only small changes in temperature @amgity in dependence to the depth.

The depth of this layer is often callesbthermal layer depth (ILDin case of limitation
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by temperature changes wrixed layer depth (MLD)n case of limitation by density
changes?

The above described processes are displaying tjoe peths of storing carbon/ carbon
dioxide in the deeper ocean. Thus, the lower gatieoceans is enriched with ¢énd

is overlaid with the upper layer containing lessboa dioxide. Therefore, the upper
layer is acting as a barrier between the atmospdretlethe lower ocean layeand CQ
from the lower layer can not re-equlibrate with #tenosphere. Nowadays, there are
~720 Gt of carbon dioxide in the atmosphere, butentban the fiftyfold in the lower

ocean layet.

More or less one third of the anthropogenic produagmospheric carbon dioxide is

absorbed by the ocedfisnd can there be stored in different ways:

- As dissolved inorganic carbon (DI©r Cy): the sum of dissolved GQcarbonic
acid, bicarbonate ions and carbonate ions

- As dissolved organic carbon (DOC)small and large molecules (simply
hydrocarbons to polysaccharid@s)

- As particulate organic carbon (POC}he sum of living organisms and fragments

of dead plants and animals

Consequences of the C&ncrease

The level of atmospheric GOs expected to be 730 patm to over 1000 patm éetid
of 2100, which would lead to a drop of the ocearsp0.3 to 0.4 unité"?? Influences
of the elevated pCQwill thus be definitely amplified and are discus$e this section.

As carbon dioxide is the most important greenh@asebesides methane, tropospheric
ozone, nitrous oxid and chlorofluorocarbons (CFQOs)js a decisive parameter
concerning global warming, also knowngasenhouse effett**24

Here, solar infrared radiation is needed for maatural processes and is absorbed by
the earth’s atmosphere and surface. To keep thegerend/or heat balance at
equilibrium thermal radiation is re-emitted by tearth’s surface. Molecules, such as
carbon dioxide, absorb the thermal radiation aedtlaerefore responsible for the warm
up of the first layer of the atmosphere — the tsgbere (10-15 km), where the
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greenhouse effect mainly happéns.

Global warming can cause various effects, e.g.ingelif ice caps, that causes a noise
increase in the oceans and a rise of the sea*éV&lopical forests for example tend to
increase the respiration rate, decrease the gramdhshow increased natural fire risk.
This again leads to higher levels of atmosphernibaa dioxide, which is only partially
compensated by the ocean reservaoir.

The likelihood of extreme events like floodings extended droughts is enhanced by
global climate chang®. In consequence, natural or man-made water ressrave
increasingly stressed. They show higher temperainceeased evaporation, decreased
precipitation and up-concentration related eutroplion®®?’ Additionally, the
magnitude of high and low water level is influendsdagricultural economy, as more
water is needed during dry periddsThese affects can lead to a dramatic declineef th

reservoirs or even to their disappearance.

CO, enhanced uptake by the oceans leads to an incodéabe Tc and a correlated
increase in proton concentratidihis carbon dioxide increase leading to a lowgxied
value is also calledbcean acidificationor seawater acidificatiofi A widely known
factor to express the Géuffering via pH lowering is th&®evelle factor (also buffer
factor) R.'® It describes the uptake capacity of carbon diokidéhe oceans when the
level of atmospheric CLrises and was well explained by Zeebe and Wolti®a®

d[Co,

] \
co
Ro=| | 2]/dDIC

DIC /
TA=constant

Concerning the flora and fauna, on the one harelatidification causes a decrease of

the saturation of CaGQand therefore has an impact on the calcificatmes’ This
means, that — as mentioned before — the uptakeQafl@vers the concentration of
carbonate ions. Calcifying species like corals, losals, echinoderms and crustacéans
build their skeletons and shells using”Cand CQ* ions. As the C& concentration in
seawater is almost constant (although dependintpesalinity), the limiting factor for
these species is the concentration of carbonate’ibtence, calcifying species are

increasingly restricted in building their Cag®hells. Additionally, if there are less
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shells built, less C§) is transported to the deeper oceans and thereftags in the
upper ocean layer and in the atmosphere.
The acidification affects the acid-base physiolofjyhe extracellular body fluids of the
animals, e.g. blood, haemolymph or coelomic ffidnd lowers the pH value of the
blood. An increase of pGQn the blood is also calleuypercapnid As a consequence
the oxygen binding of some species is influenceghtieely. This relation is descriped
by theBohr coefficientCg (Pso = pO, required to achieve 50% oxygen saturation of the
respiratory protein}:*
_ AlogPs
5™ ApH

Some species are able to suppress their metabwiswunteract low pH or high pGO
values by reducing their protein synthesisithough reversible at short-term exposure,
this affects the growth and reproductive potentia negative way and is even worse at
long-term exposure. Hence, the reproducibilityeistricted and leads sooner or later to a
decrease of the diversity of species.

Fishes are affected concerning their olfactory eenkor example, several coral reef
fishes get susceptible for predation, as well adgior fishes change their hunting
behavior’** Even fish species, e.g. cod, which show,@@ependent behavior to the
smell of predatory or non-predatory fishes, may ehgnge their movemernts.

According to de Baar and Stbthe uptake of C@in the oceans will be affected, as the
chemical dissolution processes will decrease wiimg carbon dioxide level and the
biological processes (carbonate pump, etc.) widbpbly stay constant or show a slight
increase.

Although there are more disadvantages, also tharadges of the increasing gf@vel
should be mentioned, e.g. a £f@lated decrease of ammotiiar seagrass that shows
increased photosynthetic rates and net productanty thus, features great affinity to

areas with elevated pG@alues®**

However, one should be aware of the fact that mdtia decrease of the human caused
global CQ emissions will not automatically end in an immeediadrop of the
atmospheric carbon dioxide level. The capacityhef dceans might be as high to take
up a big part of the anthropogenic carbon dioxiui, this might take a long time. De

Baar and Stoll already discussed this problem B21%Dnly after several thousands to

9
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millions of years most, but not all, of the fodsiel CQ will be taken up by the

oceans.®

So calledcarbon (dioxide) capture and storage (CG8ntegies are under development,
but not yet fully investigated concerning their geterm consequences. A definition of
CCS was provided by a special reporiRCC Special Report on Carbon Dioxide
Capture and Storage en this topic of théntergovernmental Panel on Climate Change
(IPCC): “Carbon dioxide (CQ) capture and storage (CCS) is a process consisiing
the separation of COfrom industrial and energy-related sources, trampto a
storage location and long-term isolation from thenasphere.”

One of these strategies would be the sub-seabddgieal storage of carbon dioxide.
Here, carbon dioxide is collected and pumped into-s2abed geological formations,
e.g. the porous formations remaining from oil drdlrigs. Deep sea injection strategies
were already discussed in 1992 from de Baar antl.“Sktere, CQ is collected and
pumped into deeper ocean layers. However, scienasé still investigating the
consequences, if carbon dioxide erupts quickly tdugeological formation fractures or
if it is transported back to the upper ocean |layet the atmosphere.

10
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Calculations

It was already mentioned, that although the upgagerl of the ocean is in a dynamic
equilibrium with the atmosphere, the biggest péithe carbon dioxide is stored in the
deeper layers of the ocean. Numerical, almost 98%eocarbon dioxide are stored in
the ocean, due to its further reactions in watdihe carbonate system is influenced by
various factors, such as temperature, salinitytberospecies in the seawater that show
acid-base equilibria, e.g. boric acid (table I)eThcus of this thesis is the detection of
carbon dioxide in seawater, but not only the cotregion of dissolved carbon dioxide
is of great interest, but also the concentratioh4d60; and CQ* ions are. The
equations to describe and calculate the carbonggeers are well collected and
explained by Zeebe and Wolf-Gladrow @0, in Seawater: Equilibrium, Kinetics,
Isotopes™ The following section is an extraction of this koand should give an
overview of how to calculate the ratios betweendpecies of the carbonate system —
dissolved C@ HCO; and CQ”.

Table I. Averaged standard chemical composition of seavedta salinity of 35°°
lon a/kg mol/kg

Cr 19.3524 0.54586
Na’ 10.7837 0.46906
Mg~ 1.2837 0.05282
SO~ 2.7123 0.02824
ca’ 0.4121 0.01028

K* 0.3991 0.01021

CO, 0.0004 0.00001
HCOs 0.1080 0.00177
COs” 0.0156 0.00026
B(OH)s 0.0198 0.00032
B(OH), 0.0079 0.00010
Br 0.0673 0.00084

e 0.0079 0.00009

F 0.0013 0.00007

OH 0.0002 0.00001

> 35.1717 1.11994

lonic Strength 0.69734

11
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Initially, a few definitions have to be mentioned:

The sum of the species of the carbonate systersofded CQ incl. H,CO;, HCO;™ and
COy?%) is calleddissolved inorganic carbgrshortlyDIC. Other abbreviations apeCO,

TCO, or Ct. This terms focus on the carbon.
DIC = [CO] + [HCO5] + [CO57]

The carbonate alkalinity (CAjocuses on the charges, is part of the total @litaland

is defined as:
CA = [HCOs] + 2*[CO#?]

The total alkalinity (TAor Ar) also focuses on the charges and includes alsamboro

compounds and others:
TA = [HCO;5] + 2*[CO4*] + [B(OH)4] + [OH] = [H'] + minor components

In total, the carbonate system can be calculat@dixivariables: DIC, CA, [H, [CO],
[HCO;3] and [CQ?], where two have to be known to enable the cafimriaof the

remaining four.

Conversion of ppm to pmol/l

To express the concentration of carbon dioxide re¢umits are used. Companies are
mostly using the unit ppm, where one has to deftheeh ppm is meant: mg GO or
volume percent*10000 at 1 atmosphere (sometimesvppS8tientists usually prefer

molarity units, e.g. mol/l, mmol/l or pmol/l.

The conversion of ppm (volume percent*10000 atrhosphere) to molarity can be
carried out by usinddenrys law where the molarity of a dissolved gas is caladat

from its partial pressure in the gas phase abavsatution.

Wheref Fugacity of the substance [atm]
Caq Concentration of the substance in solution [ngjl/k
Ky Henry constant [mol/kg*atm]

12
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The Henry constant shows significant temperaturpeddence. Zeebe and Wolf-
Gladrow recommend the calculation of Weiss (1974):

9345.17

T
nky = — 60.2409 + 23.3585 - In (—) + S

100

T \2
-10.023517 — 0.00023656 - T + 0.0047036 - (W) l

Whereky Henry constant dependent on the temperature Kgtalfm]
T Temperature [K]
S Salinity; ~35 g salt/kg seawater (see table /Bdf

The molarity of carbon dioxide at different temgaras will be calculated as an
example. The results are shown in table Il. Theoapheric level of carbon dioxide is
~400 ppm, which is equal to ~400 patm (400 ppm & gatm = 0.0004 atm). As the
result of the Henrys law calculation gives mol/kbis unit is converted to mol/l

considering the density of seawater, being highan that of freshwater.

Table II. Temperatures from 20-30°C, the respective Henrystamts, the carbon
dioxide concentration in pmol/kg and pg/kg, thewssar density and the GO
concentrations in umol/l and pg/l, calculated fridme atmospheric level of G@0.0004
atm) at a salinity of 35.1717.

Temperature In ky Ky Seawater c(CQy)aq | C(CO)aq
Density
[°C] [K] [mol/kg*atm] [o/1] [umol/l] [ng/l]
20.00 293.15 -3.430 0.03238 10248 13.27 584(1
25.00 298.15 -3.563 0.02837 10233 11.61 511,0
30.00 303.15 -3.683 0.02515 10217 10.28 452|3

Calculation of [CO,], [HCO3] and [CO#?]
The equilibria between the species E;JHCO;s] and [CQ?] show two equilibrium
constant¥; andK,, also called first and second dissociation coristahcarbonic acid.

_ [HCO3]-[H*]
e [CO,]

[CO37]- [H"]

K = ——— — -
’ [HCO; ]

13
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There are several equations for the calculatiod0dnd K. Zeebe and Wolf-Gladrow
recommend the equations from Roy etal.:

2307.1266
InK; = 2.83655 — — 7 1.5529413 - In(T) — (0.207608410 +

4.0484)

VS 4+ 0.0846834 - S — 0.00654208 - /S3 + In(1 — 0.001005 - S)

3351.6106
In K, = ~9.226508 — ————— — 0.2005743 - In(T)

23.9722)

— (0.106901773 + VS +0.1130822 - S — 0.00846934

-J/S3 + In(1 — 0.001005 - 5)

WhereK;,  Equilibrium constants {fand 29 dissociation constants of carbonic acid)
T Temperature [K]
S Salinity; ~35 g salt/kg seawater (see table /Bdf

For a salinity of ~35 and a temperature of 25°C3(29 K) IrK; should give -13.4847
and IrK; should give -20.5504.

As mentioned, by knowing two variables of the caidte system, the remaining four
can be calculated. Here, the calculation of théaaate system is shown based on

known pH and C@concentration (from direct measurement).

pH = —log[H*]
_ . Ky K- K,
DIC = [CO,] (1+[H+]+ [H+]2>

WhereDIC dissolved inorganic carbon [mol/l]
[H] proton concentration calculated from the measpiédmol/|]
[CO,] concentration of dissolved GQncl. [H.CO3] [mol/l]

Using the DIC, the proton concentration and the ildgwm constants, the
concentrations of HCQand CQ* and the carbonate alkalinity can be calculated.

14
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[HCOS] = DIC
3 [H*] K
(1 + %+ )
DIC
[CO57] =
[H*] | [H*]?
(1+ Kz +K1'K2>

CA = [HCO3]+2- [CO%]

As already mentioned, the equilibria of the carbensystem, as well as the total
alkalinity, are affected by various processes, aglCaCQ@ formation and dissolution,
photosynthesis, respiration and otherEigure IV gives an overview in which way the
system is influenced by these processes. For exartipgne mole CaC@is built, one
mole C&* and one mole C§Y are used. In this case, the DIC is one unit lolwecause

one mole carbon is used, but the TA is lowered Wy units, because the used

CaCO/dissolution,” 4
P
\'\ ’.",
g
ra
i ot

carbonate ion is doubly charged.

2.45

Total Alkalinity (mmol kg™")
[~
W
(4]

1.95

DIC (mmol kg™)

Figure IV. Influencing processes on DIC and total alkalinipgnstant pH values
(dashed lines) and G@oncentrations (solid lines.
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Basics

Absorption

If a molecule absorbs photons, an electron canrgonda transition from the ground
state to an excited state, this means a transitmn the highest occupied molecule
orbital to the lowest unoccupied orbital (HOMS LUMO). There are several

electronic transitions, which can be lined up adig to their energy®
N>nm"<nt—->n"<n—-o*<oc—-n*<oc—oo"

If the excited electron keeps the same spin, b ground and the excited state are
singlet states, because the multiplicities of bsitifites are equal to one. Transitions
between the singlet ground statea®d the singlet excited state S;, S, ... are called
singlet-singlet transition (figure V).

If the excited electron undergoes intersystem angsgdescribed below) to an
energetically lower state and changes its spinptb#iplicity is 3. Hence, this excited

state is called an excited triplet state(Jinglet-triplet transition).

53 S3
E n-o* n-o* '|'3
S, — s,

Ground Singlet Triplet
state excited excited
state state

Figure V. Scheme of ground state, singlet excited statergpidt-excited state.

Luminescence

After absorption of photons and transition of arecalon to an excited state,
luminescence can occur. Luminescence is the emisaib photons from an
electronically excited staf8.In case of organic compounds luminescence is st
transition from the % or 2" excited state to the ground state and featuréemratroad

spectra caused by electronic excitation, as wellilastional and rotational excitation.

16
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There are different types of luminescence, which ba categorized by the type of
excitation, e.g. chemiluminescence (excitation vihemical processes) or
bioluminescence (excitation via biochemical proesisHere, the focus will be on
photoluminescencewhere the excitation process is initiated by #iwsorption of
photons (figure VI). Photoluminescence can be @didinto fluorescence
phosphorescenanddelayed fluorescence

When an electron is in the excited state, thereseveral ways to get back to the ground

state®® The possibly occurring de-excitation process asedbed below:

- Internal conversion (IC)This process occurs between vibrational levelere the
spin does not change, e.g..S5;, $ — S;. It is non-radiative and can also occur
from S to &, although in this case fluorescence or intersysterssing are more
likely.

- FluorescenceFluorescence is a direct photon-emitting de-aticibh process from
the excited singlet state. The excited electrorewgues the S— S transition back
to the ground state with lower energy (vibratioreaxation in the excited statg)S
Therefore, the emission spectrum is mostly shifi@chigher wavelengths. The
difference between the absorption maximum and thisston maximum is called
Stokes shift.

- Intersystem crossing (ISC)SC is a non-radiative process. Here, the elactro
changes its spin while undergoing the transiti@mftS to an energetically similar
excited triplet state, followed by relaxation t@ tlowest excited triplet statq.ISC
occurs despite the transition-S T, is forbidden, because of spin-orbit coupling.

- Phosphorescenc®hosphorescence is a photon-emitting de-exaitgtiocess from
the excited triplet state;Tio the ground statepSAlthough also forbidden, this
transition occurs in cases where the spin-orbitpliog is sufficiently large.
Phosphorescence is more likely at lower temperstared in rigid media. The
energy loss until it comes to phosphorescence in evigher than that for
fluorescence. Hence, the maximum of the phosphenescis shifted to even higher
wavelengths.

- Delayed fluorescencdf the lifetime of the excited triplet state & long enough
and the energetic difference tq B small, the excited electron can undergo a
transition from T back to $ During the de-excitation from;30 & photons are

emitted. There are two types of delayed fluoreseetieermally activatedand

17
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triplet-triplet annihilation (TTA) initiated. Thermally activated means the
occurrence of the process is enhanced at highgreietures. This process is also
called E-type delayed fluorescence (first observed withirdd& TTA means a
collision between two molecules in the excited létipstate (occurs in highly
concentrated samples). One of the molecules isdirently and non-radiative de-
excited to the ground state, Svhereas the other molecule undergoes a transition
back to the excited singlet state. his process is also calldeitype delayed
fluorescence (first observed with pyrefie)Spectrally delayed fluorescence

displays the same characteristics as “normal feaaece”.

52 PR IE ....... >.
T,
. v
: s,
SO o -+ - SO
Absorption Fluorescence Phosphorescence

Figure VI. Perrin-Jablonski diagram.

Besides these de-excitation possibilities, theee several competitive ways of de-
excitation®® intramolecular charge transfer, conformationalngiea electron transfer,
proton transfer, energy transfer, excimer formatioexciplex formation or
photochemical transformation.

Table 1ll shows the characteristic times for thansitions between the vibrational
levels. One should notice that absorption is thstef, followed by vibrational
relaxation. In general, photon absorption is as #&s photon emission. In case of
fluorescence the enhanced time is caused by a sogin in the excited state. More
processes, like intersystem crossing and agairt sfoains in the excited states, lead to
even longer times in case of phosphorescence alayede fluorescence, although

delayed fluorescence shows the same spectral tbas#ics as fluorescence.
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Table IIl. Characteristic times for different transitions \een the vibrational levefé.

Transition Time
[sec]
Absorption 10°
Vibrational relaxation 1¢ — 10
Lifetime of the excited state,S |10 — 107 — Fluorescence
Intersystem crossing 16— 10°
Internal conversion 18 - 10°
Lifetime of the excited state; T |10°- 1 — Phosphorescence
Sensors

In general,sensingmeans a continuous and reversible measurement ainalyte
concentration, whereas sensoris described as a sensing element that registers
(molecular recognition) the analyte information amdnsduces it into an electrical
signal.

A widely used definition for chemical sensors is @ambridge Definitior*’ %

“Chemical sensors are miniaturized devices that chativer real-time and on-line

information on the presence of specific compoumdsrs in even complex samples.”

Sensors in principle can be described with 3 mantsp The analyte or the receptor for
the analyte in case of reagent-mediated basedipesc the transduction platform,
where the analyte is registered and the generafianmeasureable signal occurs, and a
signal processing stép.In case of optical sensors the transduction stepdst widely

based on absorption, luminescence or refractivexind

Sensors have to meet different requirements thgtwah the demands of the user and
the expected measurement conditions, but genehalynost important parameters for a

sensor aré®

- Sensitivity In general sensors should be tunable to a vegly bensitivity. This
means, the degree of response of the sensor bcerasing analyte concentration
change. However, the required sensitivity of a genan vary, from very sensitive
to less sensitive, and often depends on the measateconditions. Ideally, the

response of the sensor shows a linear correlatidntine analyte concentration. In
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case of optical sensors the linear range is sorastiomly a small section of the
allover dynamic range.

- Selectivity (Cross-sensitivityfhe sensor should selectively and accurate resymond
the analyte that is in demand and should not berfered by other species with
sometimes analyte-similar properties.

- Stability. The long-term stability during measurements aindgulong-term storage
is a very important parameter in different fieldsg. storage of glucose sensor
stripes for diabetes patients or long-term measengsof the ocean acidification.

- RobustnessSensors are sometimes applied under harsh comslitsuch as high
temperatures, high pressure or extreme mechantoadss and should ideally

withstand them.

Besides these parameters, a sensor system showddsigeto miniaturize and free of
drifts, this means an appropriate protection agamsrferences should be applied, too.
A sensor should feature fast response and recaweles and easy-to-use-facilities.

Ideally, materials, production, maintenance andsiseild be cheap.
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Optical Chemical Sensors

In case of optical chemical sensors the transduati@chanism is based on optical
properties of the analyte itself or an analyte-gemes intermediate (here called
indicators or indicator dye}. Although there are challenges to meet, optita&ntcal

sensors show several advantages in comparison tingo techniques (e.qg.

electrochemical sensors).

Challenges:

- In general, the indicator dyes (in case of reagesdiated sensors) should feature
good photostability (bleaching prevention), highlanabsorption coefficients and
guantum yields (high brightness), the possibilaytine their sensitivity and they
should be compatible with commercially availablewdcost) light sources, e.g.
LEDs. Ideally, they feature self-referencing spalcproperties and the structural
conditions for a covalent coupling to the matrix.

- Matrix materials should show a low pH-dependentlisngeand the possibility of
covalent coupling of the indicator to prevent laagh The water uptake should be
high for pH sensors, but low for G@ensors. In case of multi-layer systems the
adhesion between the single layers and the sufimet or planar support) should
be robust against mechanical and chemical stress.

- Optical pH sensors show dependency on the ionemgth and a narrow dynamic
rang (pk, +1.5 pH unit)*

Advantages:

- In general, optical chemical sensors are easy moatarize and inexpensive.

- Via fiber optics measurements can be carried ogenain distances to the sample
site.

- The read-out can be carried out in a non-contactenwia an optical window, e.g.
in food packaging applications.

- There is no need for a separated reference elerfante.g. in precision
electrochemical sensors). Analyte-insensitive exfee materials can be combined
with the analyte-sensitive chemistry in one sensaygr or one makes use of self-
referencing indicators. Self-referencing indicatare more robust and counteract

signal changes caused by leaching, photodegradatiaggregation.
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- Optical sensors do not suffer from interferencesagnetic fields.

- Plastic typeCQO, sensors are less affected by the ionic strengjidm te.g. the
Severinghaus electrode.

- Optical sensors are easily tunable concerning thgiamic range and sensitivity. In
case of optical carbon dioxide sensors, the seitgibf the sensors can be tuned

via the indicator (pKvalue), the matrix and the base.

Optical chemical sensors can be influenced by uarjgarameters, such as the sample
composition, temperature, sample polarity, visgosit electrochemical properties. On

one hand, this enables optical sensors to meakase parameters, but on the other
hand, measurements are also influenced by themce;experiments/measurements

should be carried out thoughtfully with respecptssible cross-talks.

Sensor Geometries

Optical chemical sensors can be manufactured iferdiit geometries. The most
popular category is the fiber optic chemical sen&@CS) platforn?® using optical
fibers to guide the optical signal back and forwardhe sample. FOCS can be divided
into active and passive formats. Active describdsect modification of the fiber itself,
whereas for passive formats the fiber is only usedhe transport of the optical signal.
Passive FOCS are often combined with a planar epsydtem at the end of the fiber.
Planar waveguide chemical sensor (PWCS) platforepsesent the second biggest
category. Here, the actual sensing element is glacea support (glass or plastic),
which can act as wave guiding element or only apaed.

Both types, FOCS and PWCS are using mostly thesdration mechanisms of
absorption and luminescence. Colorimetric measunésnéabsorption) show lower
sensitivity, but are highly robust. Especially white color change is preferred to be
also visible with the naked eye, absorption basedas are widely used. Fluorescence
measurements are highly sensitive, cheap, easyniatorize and easy to carry out e.g.
excitation and emission light can be guided throtinghsame fiber and can be separated
via an optical filter system. Besides, also théizafion of reflection or refractometric

principles is common.
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Measurement Principles

One can distinguish between direct and reagentatetisensing® Direct sensing uses
the intrinsic optical properties of the analyteeitssuch as absorption or luminescence.
In case of reagent-mediated sensors the opticgbepies of an analyte-sensitive
intermediate agent are utilizemhdicator dyeor indicator), especially when the analyte
does not show any useful optical properties. Ome ategory, that should be noted,
areionophore-based sensorfhese sensors are not only based on an analyséige
intermediate. The analyte is registered by a recgpanophore), which does not show
any photophysical changes itself, but initiatestla@osecondary process with respective
spectral change§:*

However, there are several sensing principles ¢hatbe made use of, especially for
reagent-mediated sensing. This thesis focuses ear@ive and fluorescence based
principles using pH-sensitive indicator dyes.

The following list shows an overview of the mospptar principles:

- Absorption Here, an analyte-dependent change (increasegafcor ratiometric)
of the absorption maximum (UV-Vis range or nearrandéd) is observed.
Colorimetric measurements are generally very rqbbst less sensitive than
fluorescence based principles. Absorption basetaensors are used especially
when the color change should be visible with theedeeye.

- LuminescenceLuminescence in general represents a versatilepemising tool
for detection (directly or reagent-mediated). Notyats intensity can be used, but
also the spectral properties, its polarization t& temporal behavior. Thus,
luminescence enables a wide field of applicatieng, monitoring at high sample
throughput or imaging.

In case of fluorescence, the analyte-dependentgesaof different parameters, e.g.
decay time, energy transfer, quenching efficiennyensity, polarization can be

used. Fluorescence based methods feature highiggynsind are relatively easy to

realize.

Phosphorescent emitters are often used as refaremcas secondary emitters for
colorimetric indicators (Inner-filter effecty.

- Refractive index (Reflectionfror measuring the refractive index (RI), the optica
fiber is partially decladded, light is sent througihd detected on the opposite fiber

end. Thus, the refractive index of the investigaaahple is measurdd** A special
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case of these kind of sensors is theface plasmon resonance (SPR) technique.
SPR is also based on the measurements of thetreérazdex of a thin layer of the
sample of interest, which is adsorbed on a met@rf& Via the thickness and
composition of the metal layer the sensitivity lné sensor can be tun&f"’

- Reflectometry (Backscattering)This technique is based on the reflected
(backscattered) light response of the investigatathple after an initial light

impulse. It is also calledptical time domain reflectometf¥.

Materials

Optical chemical sensors can be tuned and enhafmrethe requirements of the
measurement via “twisting screws” like the matrix the indicator. In general, the
adhesion of the sensing chemistry to the wave ggidiements (fiber or planar support)
should be good and the support materials shouldabsorb light or show background
fluorescence.

Demands like high photostability, chemical stapjlliigh molar absorption coefficients,
high quantum yields, compatibility with low-cost aitation sources and a tunable
sensitivity occur in case of the indicator dyes,iochare the core components of
reagent-mediated optical sensors. Indicators witbogption/ luminescence intensity
maxima in the near infrared (NIR) region are higtigsirable for several reasons, e.g.
dramatically reduced autofluorescence, low liglattsring and the availability of low-
cost excitation sources and photodetectors.

Quantitatively, the matrix is the main componenanfoptical sensor. The indicator dye
(and possible other additives) is immobilized ire tmatrix. The easiest way of
immobilization is to simply embed the indicator. wiver, to prevent e.g. leaching, it is
preferred to immobilize the indicator dye via cardl coupling. Thus, leaching is
prevented, signal stability is enhanced, signalftdrdiminished and long-term
applications are promoted. Hence, matrix matergiould feature the structural
possibility for covalent coupling, as well as thdicators. Additionally, matrices should
be mechanically and chemically stable and they Ishtake up adequate water (high
uptake for pH sensors; low uptake for £€ensors), but should display a low pH-
dependency of the swelling (in case of pH sensansl) the required permeability or

analyte-dissolving properties.
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In this thesis optical carbon dioxide sensors basegH-sensitive indicator dyes are
used. In the following sections state-of-the-artamals for optical pC@sensors will be
described. Additionally, caused by the relatiompdical pH-sensors, materials for these

sensors will be briefly described, too.

Matrices

pH-sensorsFor an optical pH sensor the matrix should be #&bleake up water and
therefore should be proton-permeable. Hence, thermart of optical pH sensors uses
hydrophilic matrix materiald® such as cellulose and its acetates, polyurethane
hydrogels or polyacrylamides, but there are alss leydrophilic or even hydrophobic
alternatives, like sol-gels (less hydrophilic) alygfvinyl chloride) (hydrophobic). The
latter category requires proton carriers, suctettagghenylborate or simil&?.

Carbon dioxide sensorén earlier days, so calledet sensordased on buffer systems
were used, separated from the sample via a gasepéien and ion-impermeable
membrane. When the water vapor pressure or thetmspressure of the sample was
extremely different to the sensor system, hydréienydration occurred and
recalibration was necessdryAdditionally these systems suffered from intensiiss at
high pCQ values and very slow response times at low pleels.

To overcome the drawbacks of the wet sensors, |Emichy sensorswhereplastic type
sensordeveloped by Mills et a’** are the most common ones, were developed. Here,
the indicator dye is embedded in the polymer mabgether with a base (lipophilic
buffer), mainly a quaternary ammonium hydroxider Bptical carbon dioxide sensors
the water uptake of the matrix should be low. Herthe polymer matrix should be
rather hydrophobic, permeable for carbon dioxide iampermeable for charged species
like protons, to prevent interferences by the pHhaf (agueous) sample. If the sensor
matrix itself can not fully meet these demands,ratgetion layer, e.g. silicone, is
necessary and acts as proton barrier. State-cdsth@gslymer for optical carbon dioxide
sensors is ethyl cellulose with varying ethoxyl temts, although it shows a quite strong
temperature dependency and sensors show ratherat®dieng-term stability. Hence,
alternatives like amorphous perfluorinated polym@3FE derivatives) are under

investigation.
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Indicators

Indicator dyes showdeally different spectral or photophysical propestwith changing
analyte concentration. For both, optical pH andbeardioxide sensors, the pkalue of
the indicator dye can give information about theaiyic range of the sensdm.case of
pH sensors, the optical sensors show the highasttisgty in the equivalence point of
the titration/ calibration curve (pH = pKsee also Henderson-Hasselbalch equation).
Hence, the rule of thumb means the dynamic rang@ks + 1.5 pH unit, with respect
to the fact that the pKvalue can be influenced by the environment, eyghk matrix.
For carbon dioxide sensors the rule of thumb sagshigher the pKvalue of the
indicator, the higher the sensitivity. The highee pK; values the less carbon dioxide is
necessary to protonate the indicator, although this is rather applicable if one
compares indicators with similar structures.

Generally, one can classify pH-sensitive indicatassPPT (photoinduced proton
transfer)indicators PET (photoinduced electron transfemgicators or no PPT/ no PET

indicators.

- Indicators that show PPT (figure V]l)e.g. 1l-hydroxypyrene-3,6,8-trisulfonate
(HPTS; proton donor; p< pKj, ), have a different electron density in the extite
state than in the ground state. Therefore, theystifferent pk; values in the
excited state than in the ground state (lowey foiK proton donor molecules; higher
pKa for proton acceptors). This leads to a rather tegirotonation (donors) or
protonation (acceptors) of the molecule. Accordimghis acid-base behavior, both,

the absorption and luminescence spectra featurdguendency.

Excited state

Ko¥=ky*/ky*

Ko*
AH¥+H,0 —— A*+H,0"
Ky
AH+H,0 . —— A +H,0

kg

Excitation
uolle}oxa-a(

K= k1/ kK1

Ground state

Figure VII. Scheme of photoinduced proton transfer (BP®f an acidic dye
(donor molecule; pk< pK,). Ky and K*: protolysis equilibrium values in the
ground/excited state.
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- PET indicatorsare chromophores (fluorophores) that become pHisen by
attaching phenols or amines to their structurey alled PET-group¥ >° These
PET-groups are acting as electron donors and hesaece the excited fluorophore

(photoinduced reduction). Hence, fluorescence isharoed with increasing

protonation of the PET-group (figure VIII).

A ground excited  electron reduced oxidized ground recovered

state state donor fluorophore donor state electron
fluorophore fluorophore fluorophore donor Quenched Fluorescence

wo—  —F —+ . Fluorescence
T W T T S

F™F*+D — F+D"— F + D

PET-group

photoinduced recovery
reduction

Figure VIII . Scheme of photoinduced electron transfer (PET).

Energy

- Indicators that show no PPT or PEfeature still changes in absorption and
luminescence spectra related to a pH change. Adtinaihis is not based on an acid-
base behavior, but on several processes, e.g.lysistand lactonization equilibria

in case of fluorescein and its derivatives.

Common colorimetric pH-sensitive indicators for th&V-Vis range are
triphenylmethane dyes like thymol-bR3&’ or m-cresol-purpl2’®or phenol-red®°*

Widely used fluorescent pH-sensitive indicators tfee UV-Vis range are fluorescein
and its derivative® coumarin and its derivativ®s or 1-hydroxypyrene-3,6,8-

trisulfonate (HPTS; excitable in the blue range tife spectrum) and its

derivatives2%->7:64-67

Common pH-sensitive indicators for the near infda(IR) region would be SNARF

(seminaphthorhodafluors) dy&scyanine dye¥°or aza-BODIPY indicator§:

Carbon dioxide sensord:or optical carbon dioxide sensors based on thekese
chemistry of pH-sensitive indicator dyes (descriladubve) state-of-the-art indicators

are thymol-bluem-cresol-purple and especially HPTS (table V) foofescence based

Sensors.
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Thymol-blue andn-cresol-purple are displaying two protonation ste¢pat means two
pK, values, where the first one is too low to showrupptical carbon dioxide sensors.
Here, only the pk values are relevant for the dynamics of the opsemsors. Both
dyes show a rather low photostability and are adlprimetric indicators. To enable
luminescence read-out systems based on theseahgespuld make use of the so called
inner-filter effect where the light of one or more secondary emittierdiltered

according to the pH-dependent colorimetric charfgaeindicator (figure 1X).
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Figure IX. Scheme of the inner-filter-effetteft: layer system of the sensdright:
Spectral theory.

HPTS was for a long time the indicator of choice dptical carbon dioxide sensors,
because of an ideal pKalue, high stability and a large stokes shiftQ+n for the
ionic form in solution; see table IVj.However, HPTS suffers from maxima at rather
short wavelengths for both forms, where only theddorm is excitable in the blue part
of the spectrum. Addition of reference material®fien necessary to achieve reliable
measurements, but photobleaching (indicator, reteredye or both) can cause a
dramatic ratio change in this scheme.

Hence, alternative self-referencing (dual-emittingdlicators which overcome these

drawbacks, preferably in the NIR region, are higidgired.
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Table IV. State-of-the-art indicators for optical carbon did& sensors: structures with
respective pKvalues; absorption and emission maxima for botletgnated and the
ionic (deprotonated) form. Deprotonatable sites amarked in red; Properties of
thymol-blue>” m-cresol-purple” and HPT&>" measured in aqueous solution.

Thymol-blue m-cresol-purple HPTS

- |
0,5 S0,

pK,, 8.86 pK,, 8.28 pK, 7.3-8.0
Absorption: Absorption: Absorption:
Mnax prot 432 nm Mpax prot 428 nm Mnax prot 403 nm
}'-max__ionic 590 nm }Lmax__ionic 571nm }Lrnax__ionic 455nm
Fluorescence:

Mnax prot 435 nm
}Lrnax__ionic 512nm

Bases (lipophilic buffer)As mentioned before, optical plastic type sensmsd a

base, also called lipophilic buffer. It keeps trepibtonated (anionic) form of the
indicator dissolved in organic solvents/polymerseré] quaternary ammonium
hydroxide base¥,’> e.g. tetraoctylammonium hydroxide (TOAOH),
tetrabutylammonium hydroxide (TBAOH) or hexadedgigthylammonium

hydroxide (CTA; also cetyltrimethylammonium hydrd&) are the most common
ones. The alkyl chains should be long enough (pltvbicity) to keep the base in
the polymer. However, by varying their length o slightly tune the sensitivity
of an optical carbon dioxide sensor, e.g. TOAOHhBs most sensitive one of the

presented three.
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Carbon Dioxide Sensor Preparation

First, a so calledocktail containing the matrix material and the indicatge dissolved

in an organic solvent is prepared and flushed wattbon dioxide gas. Afterwards the
base is added to achieve the final cocktail.

In case of PWCS the final cocktail is knife coatath a certain film thickness to obtain
extensive sensor foils, suitable for example foaging. Sensor spots can be achieved
via pipetting small volumes on a planar supportcotting the knife-coated planar
optode. In general, the sensor layer should berditydrophobic, which is negligible in
case of gaseous samples at room temperature. petatares are extremely high or low
humidity can condensate. In this case and for aggiesamples a protection layer, e.qg.
silicone, is necessary (figure X), because the@emstrix itself can not fully meet the

demand of proton exclusion,

co,

Aqueous Cco,
sample .
co, s \ o, 0o, H' -

CO.
i ) \Gascuus Co, Ll
| Cco, + ~
CO, sample 3 H €0, H
0, H \,q €O,
Protection CO,
IndH IndH layer IndH IndH
Ind TOA" - = Ind TOA'
\\ o1 P /
Ind TOA' Sensing layer IndTOA' IndH
IndH Ind TOA' IndH Ind TOA"

5 .
T Support —

Figure X. Scheme of sensor with/without protection layer.

For fluorescence based sensors light scatterertitaugium dioxide, can be added to the
sensor layer or the protection layer to enhancesitpgal intensity. It has to be ensured,
that the scatterer is well dispersed and the parsize is small enough. Otherwise so
called pinholescan be built and the sensor might show crossitalthe samples pH
value.

In case of FOCS the fibers can be dipped into toktail (mainly for micro sensors) or

one can cut the knife-coated planar optode ani focthe fiber end.
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Fields of Application - Optical Carbon Dioxide Seners
Optical carbon dioxide sensors represent a promisial for a variety of applications,

such as:

- Biotechnology (bioprocess monitoring)

- Medicine (capnography; blood gas analysis)

- Environmental science (monitoring of atmosphericboa dioxide levels and
environmental processes)

- Meterological science

- Marine science (observation and investigation afapcacidification and its effects
on the marine ecosystem)

- Chemical industry (process monitoring and contngfi

- Food and beverage science/industry (controlled spimere packaging; gas

diffusion into packages)

Fields like capnography or food packaging are dgaWith rather high pC@values
and require less sensitive sensors, e.g. the,p@fe of the exhaled air of the human
body contains around 3 to 6 kPa. Modern food paokamethods, also called MAP
(modified atmosphere packagind)/> use defined gas atmospheres, where oxygen is
excluded. The artificial atmosphere can be purbaradioxide, e.g. for bakeriéspr a
mixture of nitrogen and carbon dioxide. In the cab@egetables and fruits the pgO
value should be kept around ~5 KPa.

In marine science the sensors have to meet diffesgjuirements. The atmospheric
level of pCQ (0.04 kPa~ 400 patm in the gas phasell.6 umol/l in seawater at
298.15 K), which is in equilibrium with the uppeayer of the ocean requires very
sensitive sensors. On the other hand, there acamghlly active sites, e.g. the Aeolian
Islands (Sicily, Italy) in the Tyrrhenian Sea, waearbon dioxide is outgasing from the
seafloor, either continuous (bubbling) or discomtns (CQ enriched pore water
affected by tides). Around these seeps the p@&ue in the seawater can reach

increased levels (up to several thousand patm).
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Comparison: Carbon Dioxide Detection Methods for Maine Applications

Introduction

So far only optical chemical sensors from the dtedalastic typewere discussed, as
the focus of this thesis was on these sensors. Sdgdgon will give an overview on
routine techniques for measuring carbon dioxidenarine environments based on a
technical report written by S. Schutting and D Bier (2013; deliverable number D3.2
of the EU-project ECO2 (project number 26584I&chnical report on chemical sensor
performanceDOI 10.3289/ECO2_D3.2.).

Technical data sheets were obtained from the hogespaf CONTROS GmbH
(www.contros.eu) and Microelectrodes Inc. (www.roglectrodes.com). Additionally,
written requests via email were sent to CONTROS Brtib Melanie Herrmann. Data
and information about the GasPro — dissolved, @tbbes were received from S.
Graziani (Sapienza University of Rome — CERY).

After a brief description of the most widely useshsing techniques for carbon dioxide,
commercially available sensing techniques will benpared in detail with alternative
prototype devices — the GasPro — dissolved @@©bes and the multi-branched optical
carbon dioxide sensor system (MuFO; see also ch@)te- concerning operational
parameters of the sensors and sensing systems.

The technical information will be complemented wétkperiences from users. In 2012
the HydroC device from CONTROS, the MuFO, the GasPdissolved C®probe and

a profiler with different electrodes were testedaohield trip at Panarea Island (Sicily,
Italy). Here, the feedback of the diving team imsuarized. In 2013 the MuFO device
was used for a lab experiment at SAMS (Scottishogission for Marine Science)

Institute in Oban (Scotland) and the feedback efubers is also summarized.

Carbon dioxide can be measured optically or elebemically. The most relevant
detection method based on electrochemistry is tbeerfhghaus electrode. Optical

techniques are infrared spectroscopy, spectropleitgrar optical chemical sensors.

Severinghaus electrod@he Severinghaus electrode was developed in tkel@50 s
and was long time the method of choice for meagui@Q in solutions, especially in

blood/®"® It consists of a pH glass electrode, which is @ain a buffer chamber
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(mostly sodium bicarbonate solution). The buffelséparated from the sample via a
hydrophobic gas-permeable and ion-impermeable mamebwhere C@can enter the
chamber, but ions can not. €@hen reacts with the buffer solution in the follog
way:

CO; + HyO «» H,CO3¢5» HCOs + H'
The protons change the pH value within the buffeancber. Thus, the GQaused pH
change is measured by the pH electrode.
The Severinghaus electrode shows excellent seigctiHowever, compared to optical
chemical sensors based on the same reaction pgendipge electrode suffers from
electromagnetic interferences and has a sloweonsgp

Infrared (IR) spectroscopylR spectroscopy is a direct measurement method. An
infrared spectrum is like a fingerprint of a molkguas in case of carbon dioxide.
Organic molecules absorb infrared radiation andvednit into energy of molecular
vibration. Carbon dioxide shows characteristic aflams at 2349 crh (asymmetrical
stretch) and at 546 ¢i(bending vibration), which are observable in tResbectrum,
because of a dipole chanjeThe symmetrical stretch at 1735 ¢iis inactive in the IR,
because it does not change the dipole of the mielecu

IR spectroscopy is used in several fields as detechethod of choic& for example
medicine (capnograph{f};® investigation of the carbon cycle (soil respiraj#6 and
others. It is a fa8t and non destructive method, but is mostly suit&trleneasurements
in gaseous pha%¥° since water causes a significant interference. iliiguments are

usually rather bulky and expensive.

SepctrophotometryThis detection technique is an indirect measurédmeking use of
the pH affecting property of carbon dioxide by apm spectrophotometry within an
equilibrated pH-sensitive dye solution of known retugeristics”#

The compareaptical carbon dioxide sensoase based on the following principle:
CO; + H,O + INdTOA™ <> TOA™HCOs + IndH

In these so calleplastic type sensot$™>"® the indicator dye (Ind IndH) is
embedded in the polymer matrix together with a @S2A"; lipophilic buffer). When
CO, and water form bicarbonate ions and protons, tt@ops are changing the
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protonation state of the indicator dye. The indicateally features different spectral
properties for both, the protonated and ionic (daprated) form, which can be used for
analysis. Materials (matrices, indicators and basasasurement principles, as well as
sensor geometries have been already discusseeviiops chapters of this thesis. These
optical carbon dioxide sensors feature low affectiyy ionic strength, are easy to
miniaturize and are therefore, a promising alteveato the presented up-to-now-

routine techniques.

Besides these techniques, carbon dioxide can alsmalyzed vi&as chromatography
(GC). Gas chromatography is a very popular detection aaefbr carbon dioxide and
other greenhouse gas8sState-of-the-art equipment would be e.g. PORAPLQBr
PORAPLOT Q UltiMetal from Agilent Technologies (wwagilent.com) and a thermal
conductivity detector (TCD) or a barrier ionizatidischarge (BID) detector.

It shows high sensitivity and high sample trough$3ubut in case of non-gaseous
samples, for example seawater, a respective sgmgaration or accurate sampling is
necessary. Therefore, a direct on-line measureneegt,in marine science, is hardly

realizable and the sample preparation is mostl{+ @&l time consuming.

Technical Comparison

Here, a comparison concerning operational parasietethe carbon dioxide sensors
and sensing systems listed below will be shownsamdmarized in table V in the end of
this section. Companies and developing scientisésn @rovide the measuring range of
their devices in ppm without specifying which ppgrmeant: either mg GO or volume
percent* 10000 at 1 atm. In the following sectibe tinits given from the manufacturer
will be listed, as well as a respective concerdgrain pumol/l or similar. The carbon
dioxide concentration can be calculated from papiiassure, temperature and salinity.
Hence, the accuracy of the g@easurements is not only dependent on the sensors
behavior, but also on the accuracy of these pamsetompared systems will be:

- HydroC from CONTROS GmbH
- GasPro (dissolved Crobes) from Sapienza University of Rome
- Optical chemical sensors (MuFO) from Graz Univegrsit Technology

- Severinghaus C{sensors (microelectrode MI 720) from Microelecegsdnc.
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HydroC (CONTROS GmbH)

Figure XI. HydroC deice from Contros (Picture CONTROS).

Principle. The HydroCfrom CONTROS Gmbtis an underwater carboiioxide sensor
for in-situ and online measurements of dissolcarbon dioxid, which is already
commercially available. Dissolved gas moleculetudd through a th-film composite
membrane into the detector chamber, until equtlibnais reached betwe the gas
chamber and the watphase. Iside the chamber the G@oncentratio-dependent IR
light transmission is recorded. To shorten the gasp time, water is continuous
pumped across the membrane with a rate of 10sec The logger is designed
measure in the water colurr

Stability/drift. The system is very stabladaptive for longerm measurements and
calledzeroings (regular zero gas measurements during the emplayroan be carrie
out. An annual recalration carried out by the manufactunsrrecommende. Explicit
information about the life time of the sensor was available. Howeverduring the
annual calibration wearing parts may be renewedcEgein theory there may be
limitation of lifetime.

Temperature rangegCONTROS offer two versions of the Hydrot A normal version
with a temperature range from +3 to +30°C and aticaversion with a temperatu
range from -2 to +15°C.

Response timélhe &3 response of the sensor is <1 min and o response is around
2.5 min. The exa response time can be obtained anytime duringdédmoyment by
analyzing the signal recovery after a zeroing pdace. Theactual temporal resolutic
can be higher than the response time if a-lag-correction algorithm is applied on t

data®*
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Measuring range The standard measuring range is from 200 to 100@® or, if
required, the calibration can be extended up t®§ffn. As calculation in mg/l would
result in an impossible range for dissolved,GZD0-6000 mg C@ll), it is assumed, that
this values correlate to 6.8*F@o 3.4*10° mmol/l and 2.0*13 mmol/l, respectively.
Maintenance The HydroC device has a power consumption ofrB@0and additionally
600 mA for the water pump. The power consumptiom loa customized by using the
integrated sleep mode and a smaller (less conseinaldter pump, as well as by
adapting the temperature control settings of thes@e The device can be powered
either via cable, by non-rechargeable batteriebyorechargeable batteries. The latter
can be charged via cable while they are insidé@thiousing. The membrane should be
changed (by the user) every 3 months in case dfreaus use or when strong fouling
occurs. An annual recalibration of the HydroC devgrecommended.

Deployment. CONTROS offers the HydroC device as a “Plug andyPlsystem
including the software, a sensor manual and an B&&pter, as well as a connection
cable for configuration or lab purposes. The Hydoa@ be easily handled under water
by only one person. Besides stationary measurenoentaoorings, it can be used for
transect measurements by trawling, scuba diversAld¥ (autonomous underwater
vehicle) or a ROV (remotely operated underwatericteh Measurements in the
sediment are not possible. Due to different typed sizes of power sources, the
deployment time depends on the frequency of meamnmes and the power
consumption of the device. The turnover time canobly one hour, including data
download, data check and battery exchange.

Userfriendliness The system shows high accuracy (1%), it has terrial datalogger
and can be connected to other devices, e.g. a Camd(ctivity, temperature and depth
measuring device). The software is understandabté easy to use. Data can be
processed fast. Additionally, CONTROS offers assis¢ for an optimal configuration
of the device to meet the requirements of the user.

Depth The device can be used up to 6000 m water depth.

Size.g 90 x 376 mm, 4.7 kg in air (2.2 kg in water)

Costs.The HydroC device is commercially available fooward 24000 € (Generation |l
with Sea-Bird pump SBE-5T, 2000 m depth rating, -2000 ppm, RS 232, +3 to
+30°C, SubConn connector, internal datalogger)uliclg an accessories kit (software

detect 2.0 incl. manual, 3 spare membranes, USBoZ2RS 232 adapter, sensor manual
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and certification), cable equipment and offshoreecd membranes are available
500€. An annual recalibration costs 175

GasPro - DissolvedCO; Probes (Sapienza University of Rome)

Figure Xll. The GasPr¢ Dissolved CQ@probe.

Principle. The GasPro devic is a small, light-weight, accuragend low-cost prototype
for longterm monitoring applications and in continuous developmenDifferent
configurations are in use to meet the requiints of different environments, s
conditions and experimental demands. The devicesanes dissolved C( in water, in
the gas phase or in the scdn case of measurements in the water phase thalf
pressure of the surrounding dissolved gas is med. Here, the issolved gas
molecules diffuse through a TeflonAF membrane itite smal-volume detector
chamber. The detector is a 20 mm @,-NDIR cell. In the following, the mode
“GasPro-pCQ@’ for deployment in marine environments up to a degthC to 60 m is
presented. The device is designed for -term applications and therefore, develo
with low power consumption. Thus, pumps are usually integrated in the syste!
although they can be adapted for a faster respmgseuring sho-term meaurements.
Stability/drift. Although, there is usually no artificial hydrodynias (no pumps) the
can enhance the prevention of biofilm growth, trembrane material is rather resist
against biofoulingln case of highly eutrophic environments an owonal cleaning of
the membrane is recommended to prevent drifts.é¥oizg can be performed with tt
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system. The sensors and logger are highly robosfarsho failure was observed during
deployment. No data on the total life time of tlgstem is available.

Temperature rangeThe probe operates at temperatures from 0 t0.40°C

Response timeThe sensor shows gy tresponse time of 40 sec. However, the unit
response time depends on gas diffusion rates athesmembrane and equilibration
between the gas volume of the sensor chamber anduhrounding water. Without
pumps the systems response depends on currentsoandntration gradients, with a
minimum of ~2 min being required.

Measuring rangeThe measuring range (zero resolution 1 ppm)ts 8000 ppm (O to
1.7*10" mmol/l) with a full scale resolution of 15 ppm 1510* mmol/l). If required,
the device can be calibrated to higher ranges.

Maintenance The device can be powered either by non-rechhtgdmatteries for long-
term applications (must be replaced after appro®004 measurements) or by
rechargeable batteries (chargeable via a cable. |ddgers require 2 batteries. The
integrated data logger and low power consumptiech26/DC; warm-up 2-30 min/40
mA) of the sensor make it suitable for long-termnitaring with sample frequencies of
either 1/min, 1/10min, 1/hour, 1/day, 1/week or antt. The data format is ASCII with
real time clock information (date, hour, minutes@ad; resolution: 1 sec).
DeploymentBesides batteries no exchange of parts is neleelieeeen deployments. If
the batteries need to be exchanged, the turnaweris about 1 hour, including removal
of biofouling. The GasPro device can be used asdstdone (SD-card as removable
memory) or connected to control units for datagraission in real time. Downloading
of 4000 data points takes approximately 10 minufes. operation time depends on the
measurement interval. When measuring every 10 msnuthe batteries will have
sufficient power for at least 4 weeks. When thenval is longer, the deployment time
can be proportionally longer.

Userfriendliness.As it is a prototype the software is simple, tméetiface may be
improved and manuals are not available. The sewyjatalibration and redeployment
can be done by only one person. Without a pumbé#tiery life was very long and the
device could be shifted from location to locatiomtheut need of battery change.
Depth.Under water it can be used at operation deptle® oh (standard), 100 m or 200
m.

Size @ 78 x 283 mm, 0.7 kg in air (slightly positivddyoyant in seawater).
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Costs.The material costs for the dissolved ; probe up to now are appr. 25€ (hours
of work not included) 2 batteries for logge cost 27€ each. Depending on both 1
housing materials and the machining for the différprototypes the costs can vi

widely.

Optical Chemical Sensors MuFO (Graz University of Technology)

Figure XIlIl. Optical chemical sensors combined with the r-branched optical
carbon dioxide sensor systesee also chapter 4100 optodes positionecn a stick in
bundles of 20 fibereacl

Principle. This sensor system feires 100 freely positionablCO, optodes with
collective excitation source and re-out. The optodes can be positioned anywhel
the habitat, within the range of the optode lenfitban thus provide the C; dynamics
in many sites withirthat habitat, icluding e.g.sediments, watercolumn, musselbe
corals, etc. The measurement principle is baseaptinal chemosensiniThe principle
of the multibranched optical carbon dioxide sensor system ssriteed in more deta
in chapter 4f this thesi.

Stability/drift. The photostability of the used ¢ and the protection ability agair
poisoning of the sensor i the limiting factors during longerm measurements. T
sensing foils on the fib: tips should be exchanged periodically (time intedepends
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on the dye and the illumination intervals). Infotroa about the life time is not yet
available as the development of the MuFO systestilisongoing.

Temperature rangeSo far the optical sensors of the prototype wested in a
temperature range from +5 to +35°C. Their tempeeatiependence is quite high.
Therefore it is necessary to either calibrate atstime temperature as the measurement
(if the measurement temperature is expected toabeer constant) or to develop a
mathematical description of the temperature-deperele In the latter case the
temperature has to be monitored next to the sensarglude it later on in the data
analysis.

Response timeGenerally, the optical COsensors measure continuously. In case of
alternating pC@ values in the laboratory theytresponse time was about 20 sec. At
lower pCQ values the response times can be even longer.

Measuring range.The measuring range of the optodes can be adjustethe
requirement of the user starting from ~200 ppm*@8 mmol/l) up to a few thousand
ppm (e.g. 5000 ppm = 1.7*¥0mmol/l) by choosing the suitable dye for the debir
concentration range.

Maintenance.The accumulators of the MuFO have to be chargadccable after appr.
24 h of permanent use (duration of charging: ~10Thge accumulators of the camera
have to be recharged or exchanged every 9 h (darafi charging: ~2 h) and are the
limiting factor for the deployment length. Data aaved to the SD card of the camera.
For both, charging the camera batteries and dowliigathe data, the camera has to be
removed from the MuFO housing, after which the aanias to be refocused. Thus the
turnover time between deployments is approximatéiyours.

DeploymentThe MuFO prototype has an operating softwareraaduals for the sensor
preparation, the calibration, the general handiamgl the software. Connected to a
computer it can be controlled manually, e.g. fdr-&gplications, or programmed for an
auto-start for a later measurement, e.g. for thiemgiteam. The sensor tips are flexible,
robust and well protected by metal sleeves. Thaacbrsurface is very small (g ~1.5
mm). Thus, the optodes can be used for profilirg &ther in a fixed array of sensors
or by using a single optode that penetrates thienseds step wise. Measurements in the
gas phase are possible, too.

UserfriendlinessAfter long-term measurements the amount of prodwdata is huge.
Therefore, the analysis can take quite a long tilfee positioning of the sensors is

complicated.
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Depth.Up tonow the optical sensors were tested in water defuiivé to 20 m

Size.g 280 x 400 mmijber length 5-6 m

Costs Optodes are gxpensive selfmade sensing failcost up to a fe\€ per sensor).
Pricecalculation depends strongly on material costs othe rea-out device. The

material costs for the MuFup to now are around 3000 ofrs of work not include).

Severinghaus CQ Sensors— Microelectrode Ml 720 Microelectrodes Inc)

Figure XIV. The Severinghaus (, sensor microelectrode MI 720 (Pice ©
Microelectrodes Inc.)

Principle. The Severinghaus electrode is an electrochemicalsose for C(
measurements. It is a pH electrode in a chambér butfer solution (usually a 1 ml
NaHCGQ; solution with a pH of 8.2). Through a membrane@4&, concenration in this
chamber can equilibrate with the sample. The pthénchamber shifts proportionally
the samples C{eveland this pH is measure

Stability/drift. The sensors have a tendency to drift of . 1 mV/day (vhen measuring
in the concentradn range below 200 uM, the electrode shows a dfitibout -3 uM
per day).Therefore, they must be calibrated regularly. Timsts their application fo
long term monitoring, although theare well applicabléo monitor dynamics. As tF
sensing surfazis small, the sensitivity to biofouling is veignlted. The sensors can be
used for several weeks to months, after which teenbrane should be exchanged.
pH transducer has a life time of appr. 1 year. Dyirneasurements weak volatile ac
can cause interferences.

Temperature rangélhis information was not availab

Response timéccording to the specifications, the p, microelectrode has a respor
time of less than 1 min. However, stabilization ésnof several minutes are m¢

typical. Theréore, measurements that are made fretly are best binned over 3 n.
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Measuring rangeThe sensors behave log-linear from ca 3 pumol8@ommol/l, this
means from below air saturation to £®aturated water. The data sheet from the
company indicates a range of 0.1-100 mmol/l ane44@ ppm, both may be a mistake.
Upon request, the company elucidated that the sease tested at 0.1 and 30% carbon
dioxide in a gas mixture.

Maintenance.The maintenance depends on the electronic loggerahich they are
mounted. The company provides an amplifier (MV-ADRMlivolt Adapter) with a
battery life of 5 years. The loggers will need It battery power for data acquisition
and storage. This will depend on the brand of loggéhen the amplifier MV-ADPT
Millivolt Adapter is used for the primary amplifitan, the battery charging or
exchange depends further entirely on the loggeesys$n which it is embedded. Also
the downloading of the data depends on the loggstes). The time needed for
maintenance of the sensor between deployments geoxdamately 30 minutes. The
chamber with membrane has to be regularly exchangdéuch is a very simple
operation. After this exchange the sensor musebalibrated.

Deployment.The servicing, calibration and redeployment candbae by only one
person. When mounted on basic loggers, deployneamtbe done by scuba diving or
snorkeling. The sensors can measure in the walemocand inside sediments.
Userfriendliness.Electrodes are easy to handle. They are small dmdot need
complicated software solutions.

Depth. The electrode can be pressure compensated antlecased in water depths
from at least 2000 m. High pressure will affect tensor offset, thus an in situ
calibration is needed. For this a water sample fioendeployment depth must be taken
and analyzed for pH, DIC and alkalinity. From thmpmopriate equilibrium values the
total carbonate system can be calculated, includiagpCQ.*°

Size.g 6 x 86 mm

Costs.A pCGO, microelectrode from Microelectrodes Inc. is comonty available for
490 USD ¢ 366 €). Additionally, the costs for a logger hopbes electronics need to
be included. The preamplifier costs 199 USI149 €).
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Table V. Overview of technical data of different €8ensors (i.n.a. = information not
available). Descriptions of the principles of trespective devices are mentioned above.

HydroC Optical Microelectrode | GasPro dissolved
chemical MI 720 CO, probe
sensors

Commercial |yes No yes No
availability (prototype) (prototype)
Response time| Tg3 <1 min 20to 120 sec | <60 sec 40 sec

Tgo~2.5 min (depends on the (depends strongly
layer thickness on the water
and the pC@ movement;
level change ) normally 5-7 min)

Depth range |downto 6000 m | 20 m (atleast)) 2000 m 60 m (stah)da
100 m or 200 m
Costs 24000 € 3000 € material | 366 € 2500 € material

(standard version) costs (490 USD) costs
(hours of work (hours of work not
not included) included)

Costs for 5 membranes for | i.n.a. Preamplifier for2 batteries for

maintenance/ | 500 €; ~149 € loggers for 27 €

equipment Annual (199 USD) each
maintenance for

1750 €

T-range 3to 30°C 5t0 35°C i.n.a. 0to 40°C

(standard)

-2 to +15°C

(arctic version)

Sediment No Yes Yes Yes
measurement (5to 10 cm (=1 mm depth)
depth)
Robustness very robust robust i.n.a. robust
Stability very stable, but anlimiting factors: |i.n.a. very stable, but
annual photostability of daily cleaning
recalibration is | indicator dye because of
recommended and poisoning biofouling can be
needed
Dimensions 290x376 mm |[g280x400 Mm@ 6x86 mm |@ 78 x 283 mm

4.7 kg in air fibers 5-6 m 0.7 kg in air

(2.2 kg in water) | (slightly (slightly positively
positively buoyant in
buoyant in seawater)
seawater)

Measuring 200 to 1000 ppm | 6-200 pmol/l 4.4 to 440 0 to 5000 ppm
range (standard) or (depends on ppm** (0-1.7*10"

200 to 6000 ppm* sensing mmol/l; others
chemistry) available)

* This is not a possible range for dissolved,GO it would mean 0.2-6 g G Possibly meant
is a measuring range of 6.8*£0 2.0*10 mmol/l.
** Possibly incorrect. Experienced range: 3 pmad/I30 mmol/|
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Experiences from Users

In 2012 the compared devices CONTROS HydroC, OptduFO), the GasPro —
dissolved CQ probe and a profiler equipped with different glaksctrodes were tested
all together off Panarea Island (Sicily, Italy).the submarine exhalative field located
east of Panarea Island, the devices were testediffetent sites with different
geochemical characteristics. Sites with and withG@, seeping were studied. The
diving teams operating with the devices were frow HYDRA Institute (Elba, Italy)
and GEOMAR/CONTROS (Kiel, Germany). The GasPro cewas also used during a
field trip to CQ seeps in a coral reef in New Guinea.

In 2013 the multi-branched optical carbon dioxiéasor system (MuFO) was applied
again off Panarea Island. Additionally, it was ¢glsat the SAMS (Scottish Association
for Marine Science; Oban, Scotland) from Anna Lschiag and Peter Taylor in a lab

experiment.
The divers and scientists gave the following feetba

HydroC. The HydroC device from CONTROS was small and wegyl manageable
under water for the divers. On one occasion th&ebhatvas incorrectly connected and
consequently the device did not log data. In thantime measures have been taken to
avoid this problem. The very short response timebkd measurements of the

dynamics better than the GasPro device.

GasPra A pump can be attached to the GasPro deviceltiresin similar response
times than the HydroC. The GasPro was easy to &ara#cause of its small
dimensions. Because of its low weight it was slighbsitively buoyant in seawater and
the divers had to attach additional weight on tleeick. Near seeps with strongly
reducing fluid chemistry biofouling occurred on tmembrane, that had to be removed
every 3 dayqit should be noted, that all sensors suffered ftaofouling near these
seeps).Use of an external pump would have reduced biafgubf the membrane.
Biofouling is most easily removed with freshwat€n one occasion a logger had
stopped after 10 measurements. A file with setteggseared empty, probably because
of mishandling of the software. The file was replhavith one from another logger,

after which the problem was solved and did notcanc

Comparison HydroC and GasProrhe HydroC and the GasPro are compareable
devices. The HydroC is more expensive, but thisiear with pump has a shorter

44



Theoretical Background S. Schutting

response time, is supported by the services ofctimapany, can be auto-zeroed to
compensate for drift and can be used at much latgpths. The tested version of the
GasPro device was a low-cost solution with basid (@liable) performance. Therefore,
it can be used in larger numbers, e.g. to moni@mban dioxide dynamics in a

heterogeneous habitat surrounding a seep. AlsdGtsPro can be equipped with a
pump to reduce response times. Obviously, the diggumps will compromise the

battery life and thereby user-friendliness. Botlstesns are versatile with respect to

power solutions; different batteries or externavposupplies can be used.

MuFO. On land the MuFO system was difficult to handiecause of the 5-6 m long
optical fibers and the weight — because of slighgbsitively buoyant behavior in
seawater, additional weights were necessary (~8TH@gse weights made it extra heavy
on land. Later the optical fibers were fixed toranie, which made handling and
deployment easier. During the lab experiment thstesy was good to handle in
principle. The battery change was complicated, b&edhe camera had to be removed
from the device every time. After changing the dxagis of the camera it had to be
focused again. The software was easy to understaddo handle, but the amount of

data was huge and therefore, analysis took a iomg t

Microelectrode The microsensor profiler with the SeveringhauOp&ensor was big
and heavy on land. The divers found it difficult ttansport. Special care had to be
taken to prevent breaking of the electrodes onbthteom. Under water it was easy to
handle except in case of high currents. The profilas designed for deployments by
winch from research vessels and can be mountedtevitdifferent sensors. However, it
is not the most elegant solution for divers. It \ablie possible to mount the electrodes
to small loggers that can easily be handled by rdiv8he CQ electrode from
Microelectrodes Inc. suffered from a higher driftah the CONTROS and GasPro
devices. Advantageous was that it can be usedrédilipg and thus, can obtain data
from inside the sediments or can be coupled to Hienfmicro)biology. Another
advantage was its price and ease of maintenanse, Alcould be easily mounted on a
multisensor logger, thus the @8ignals can be compared with other parameters.
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Results - Overview

Chapter 1 - Diketo-Pyrrolo-Pyrrole Dyes as New Colometric and Fluorescent pH
Indicators for Optical Carbon Dioxide Sensors
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Chapter 4 - Multi-Branched Optical Carbon Dioxide Sensors for Marine

Applications

Subsea carbon dioxide dynamics (black) and tidal
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Chapter 1

Scope of this chapter

Optical plastic type sensors consist of a pH-sensitive indicator dye anbase,
embedded in a polymer matrix and represent a proguiglternative to the known
routine detection techniques of carbon dioxide.ttJpow, state-of-the-art GGensors
are almost exclusively based on the fluorescentingkitator 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS).

Although HPTS features high fluorescence quantuetdgi(~1), good photostability, a
pK, value meeting the demands for physiological mesasants and a large Stokes shift
(~60 nm in solution and ~50 nm embedded in ethiulose), it suffers from different
drawbacks, such as only moderate absorption camffic (24000 Ncm?) or
absorption and emission maxima at rather short leagéhs. Thus, ratiometric read-out
is only enabled, if the exciation wavelength iss#in the UV region of the spectrum.
If this is not the case, addition of reference malke is required for reliable
measurements, but here, photobleaching of theataliclye, the reference or both can
cause significant changes in the signals and #yective ratio.

In the following chapter a new indicator class lbbem diketo-pyrrolo-pyrroles is
presented. These dyes meet the requirements ofiotdr absorption coefficients, high
quantum yields for the protonated (neutral) fortagger Stokes shifts than HPTS, good
photostability and absorption and emission spedttagher wavelengths. Additionally,
they feature tuneable pKralues according to their substitution patternntég they
represent a promising alternative pH-sensitivecattir class to HPTS.

Despite these advantages, DPP indicators can beowegh Their sensitivity can be
further tuned to meet the users demands, theiroghadiility could be improved, as well

as the quantum yields of the deprotonated (iomighs.
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Diketo-Pyrrolo-Pyrrole Dyes as New Colorimetric andFluorescent pH
Indicators for Optical Carbon Dioxide Sensors

This chapter was published isnalytical Chemistry, 2013 85, 3271- 3279; doi:
10.1021/ac303595v

Authors: Susanne Schutting, Sergey M. Borisov and Ingo &fhim

New indicators for optical CQ sensors are synthesized in two steps from the
commercially available diketo-pyrrolo-pyrrole (DPR)igments Irgazin Ruby and
Irgazin Scarlet. After introduction of bis(2-ethghyl) sulfonamide groups via a simple
two-step synthesis the pigments are rendered hgilyble in organic solvents and in
polymers and show pH-dependent absorption and @mnispectra. The new indicators
have molar absorption coefficients in a 20000-5000&ni* range, possess quantum
yields close to unity and feature good photostbiliThe indicators along with a
quaternary ammonium base are embedded into ethiyilase to give optical carbon
dioxide sensors. The absorption and emission speaftrthe deprotonated form are
bathochromically shifted by more than 100 nm coragao the protonated formi{ax
absorption 496-550 nMimax €emission 564-587 nm). This enables colorimetradreut
and self-referenced ratiometric fluorescence intgnsieasurements. Importantly, the
dynamic range of the sensors based on the newaitwdecis significantly different (0-10
kPa and 1-100 kPa Cfpwhich enables a broad variety of applications.

Introduction

Carbon dioxide is one of the most important analyte earth. Therefore its detection is
an important task in many fields, e.g. in biotedbgg for controlling the fermentation
processes in bioreactots? in medicine for monitoring the GCcontent in patients

breath®'%

in marine research for investigating long-term smuences of ocean
acidification for underwater flora and fadrfa *®and in food packaging for controlling

the gas content in modified atmosphere packayifidne Severinghaus electrode shows
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linearity in a range between 1 kPa and 11 ¥Raut it is not well applicable to measure
low pCGO; (e.g. the usual marine levels of about 0.04 kP4&0&r ppm), it suffers from
the electromagnetic interferences and can only g@iesd in aqueous solutions. IR
analyzers are robust and f&stut are mostly suitable for GQletection in gasé&s®®
since interference from water is very significa@n the other hand, optical GO
chemosensors represent promising analytical toblshawcan be realized in the form of
fiber-optic sensors or planar optodes suitable ifmaging applications® Most
colorimetric sensors rely on triphenylmethane d&3'°The inner filter effecf*%*
and Forster Resonance Energy Transfer (FEEYF have been used to convert the
colorimetric sensors into the luminescence intgAsdsed ones. The read-out via
fluorescence intensity and high cross-sensitivatpxygen are severe limitations of the
first and the second scheme, respectively. Therlatiso refers to a phosphorescent
carbon dioxide prob&’ One of the most popular fluorescent pH indicaforsCO,
sensors is 8-hydroxypyrene-1,3,6-trisulfonate (HPPSIt is known for its high
fluorescence quantum yield of 1%¥'% good photostabilit} and large Stokes’
shift***°Thus, HPTS was used in numerous p@énsors in a variety of applications.
So calledplastic typesensors on HPTS basis (which typically make ugbeindicator
and a quaternary ammonium base in a hydrophobynml or a sol-gel) are popular
due to the flexibility of formats, fast dynamic pesmse and simplicity in
preparatiorr-°>f08%111-1 4t those of Severinghaus type were also repdtfetihe
disadvantages of HPTS include moderate molar atienrpoefficients (24000 Mcni
Y5> and the fact that ratiometric measurement is polssible if the UV light is used
for the excitation. Several alternative sensingcepts have been proposed recently.
They explore the changes in the microenvironmeminduthe carbamate formation
monitored with help of a microviscosity prdbor aggregation-induced emissitiiin

a similar concept the change in microenvironmerm wuthe protonation of an amidine
is detected via a solvatochromic prdb&Notably, all these new probes operate at
rather high pC@and mostly rely on the measurements of fluoreseemensity, only
the probe reported by Wolfbeis and co-workers igble for ratiometric read-odt®
Diketo-pyrrolo-pyrrole (DPP) pigments were discackrin the 1980s and since that
time mainly used as low cost pigments for applaraiwith high-quality demand$®*%°
DPPs are applied in biophotonics and optoelectsbflitor preparation of low bandgap
conjugated polymet&% or copolymers used in semiconductffs.Only a few

fluorescent probes based on DPP chromophores heea beported so faf’*?®
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Particularly Qu et al. proposed a fluoride probsdobon deprotonation of the lactam in
the DPP chromophore which resulted in a bathochrashift of the absorption and

emission spectra. We perceived that DPP chromoploanald be suitable for designing
optical carbon dioxide sensors since they relymaa&d base equilibrium. In this study
we present a new alternative class of pH sensitidieators for CQ sensors, which are

based on diketo-pyrrolo-pyrrole dyes that are resdiehighly soluble in organic

solvents and in polymers by introducing dialkyl fenamide groups. The indicators
show significantly different absorption and emissispectra for the neutral and
deprotonated form which enables colorimetric readand self-referenced ratiometric
fluorescence intensity measurements. The sensswdedture tunable sensitivity, large

relative signal change at low pg@nd good photostability.

Experimental

Materials.

3,6-bis(1,1"-biphenyl)-2,5-dihydropyrrolo[3,4-c]pgte-1,4-dione (Irgazin Ruby), 3,6-
bis-phenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-cie@ (Irgazin  Scarlet), 1,6,7,12-
tetraphenoxy-N,N"-bis(2,6-diisopropylphenyl)-pernge3,4:9,10-tertracarboxylic
bisimide (Lumogen-Red) and N,N"-bis(2,6-diisoprgghgnyl)-perylene-3,4:9,10-
tertracarboxylic bisimide (Lumogen-Orange) werecpased from Kremer Pigments
(Germany, www.kremer-pigmente.com). The purity ledde materials is confirmed by
the elementary analysis (Table S1 of the suppoitifgrmation). Chlorosulfonic acid
has been received from Fluka (Sigma-Aldrich, wwgnsaaldrich.com). Ethyl cellulose
(EC49, ethoxyl content 49%), dimethylformamide (@aious), sodium sulfate
(anhydrous), triethylamine, sodium 8-hydroxy-pyrdn®,6-trifulfonate (HPTS),
tetrakis(decyl)ammonium hydroxide (TDA, 10% in neatbl) and tetraoctylammonium
hydroxide solution (TOAOH, 20% in methanol) weretaobed from Sigma-Aldrich.
The silicone components vinyl terminated polydinyétitoxane (viscosity 1000 cSt.),
(25-35% methylhydrosiloxane)-dimethylsiloxane copoér (viscosity 25-35 cSt.),
1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrag#ne, the platinum-
divinyltetramethyldisiloxane complex, anhydrous thi¢ ether and bis(2-
ethylhexyl)amine were received from ABCR (Germanwww.abcr.de). Ultrafine
titanium dioxide P170 was purchased from Kemira \wkemira.com). Nitrogen, 5%
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carbon dioxide in nitrogen, 0.2% carbon dioxidenittogen and carbon dioxide (all of
99.999% purity) were obtained from Air Liquide (Ada, www.airliquide.at).
HPTS(TOA) was prepared as reported previodsfyToluene, tetrahydrofuran (THF),
ethanol and hexane were purchased from VWR (Austrav.vwr.com). Poly(ethylene
terephthalate) (PET) support Melinex 505 was okthinfrom Piltz (Germany,
www.puetz-folien.com). Silica-gel, as well as theffbr salts 2-(cyclohexylamino)-
ethansulfonic acid (CHES) and cyclohexylaminoprapdfionic acid (CAPS) were
received from Roth (www.carlroth.com). For HPLC exments methanol picograde
was purchased from LGC Standards (www.lgcstandaodg. and de-ionized water was
filtered via a Barnstead NANOpure ultrapure watestem for HPLC experiments.

Synthesis of  3,6-bis[4"(3")-disulfo-1,1"-biphenyl-4l]-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione dipotassium salt (1).

Irgazin Ruby (1 g, 2.3 mmol) was stirred in chlarnésnic acid (10 ml, 150 mmol) for 4
h at 60 °C. The mixture was cooled to ambient teatpee, pipetted on ice and washed
with cold deionized water until reaching a neupll. The centrifuged sediment was
then hydrolyzed in 250 ml of a mixture of deioniagdter (180 ml), acetone (30 ml)
and dimethylformamide (40 ml) and potassium carboneas added until reaching a
slightly basic pH. After the solvent mixture wasaperated under reduced pressure, the
crude product was dissolved in a mixture of watettranol (HPLC grade, 1:1) and
purified via semi-preparative high performance iilgochromatography eluting isocratic
with a HO:MeOH (55:45) to obtain a dark violet powder IofMatrix assisted laser
desorption/ionization — time of flight (MALDI-TORpr 1: m/z of [MH] found 676.99,
calculated 676.99; m/z of [MK]found 714.94, calculated 714.9%4 NMR spectra
indicate formation of a mixture of isomers contaqisulfo-groups in position 5 and 6

of the biphenyl.

Synthesis  of  3,6-bis[4"-bis(2-ethylhexyl)sulfonylaide-1,1"-biphenyl-4-yl]-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2).

Irgazin Ruby (1 g, 2.3 mmol) was stirred in chlarésnic acid (7 ml, 105 mmol) for 3
h at 60 °C. The mixture was cooled to ambient teatpee, pipetted on ice and washed

with cold de-ionized water until reaching a neuphl. The sediment was collected via
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centrifugation and was washed three times withhglle¢ther:tetrahydrafurane (10:1).
The sediment was dissolved in anhydrous dimethyléonide (50 ml) and bis(2-
ethylhexyl)amine (4 ml, 13 mmol) and triethylamif@ml, 22 mmol) were added. The
mixture was stirred overnight at ambient tempergtdiluted with deionized water and
neutralized with acetic acid. The dye was extragigd dichloromethane, hydrochloric
acid, ethanol and sodium chloride where added ¢tittde the phase separation. The
organic phase was collected, dried over anhydrodsus sulfate and evaporated to
dryness under reduced pressure. The crude prodast purified via column
chromatography on silica gel using toluene/tetrabfgdan (95:5). The product was
dissolved in dichloromethane and precipitated viaéixane to give a dark red powder
(0.69 g, 29% of theoretical yield &). MALDI-TOF: m/z of [MH]" found 1047.6,
calculated 1047.6.H NMR (300MHz, CDC}) & 8.46 (s, 4H), 7.81 (m, 4H), 7.69 (m,
8H), 3.06-2.88 (m, 8H), 1.61 (s, 4H), 1.26-1.21 @2H), 0.85-0.80 (m, 24H). Analysis
for Cs2HgsS:N4Os found: C68.96, H7.28, N7.11, calculated: C69.00.,88, N7.10.

Synthesis of 3-(phenyl)-6-(4-bis(2-ethylhexyl)sulftylamide-phenyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione 3) and 3,6bis[4-bis(2-
ethylhexyl)sulfonylamide-phenyl]-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4).
Irgazin Scarlet (2 g, 6.9 mmol) was dispersed @nrthixture of sulfuryl chloride (2 ml,
24 mmol) and chlorosulfonic acid (6 ml, 90 mmoldanmas stirred for 12 h at 65 °C.
The protocol used for the preparation2oivas followed, but 10 ml (33 mmol) of bis(2-
ethylhexyl)amine and 4 ml (29 mmol) triethylamineer& used instead. The crude
products were purified via column chromatographysihica gel eluting with a gradient
of toluene:acetone (75:25) to obtathand 97:3 to obtaim. The products were
recrystallized from n-butanol to giv&as dark red crystals (0.54 g, 13% of theoretical
yield of 3) and4 as an orange powder (0.4 g, 6% of theoreticalya$l4). MALDI-
TOF for 3: m/z of [MH]" found 592.3214, calculated 592.32084 NMR (300MHz,
DMSO0-d6)6 8.52 (s, 1H), 8.46 (t, 2H), 8.34 (dd, 2H), 7.87 ZHi), 7.84-7.69 (m, 2H),
295 (m, 4H), 1.57 (m, 2H), 1.44-1.08 (m, 16H), $.8n, 12H). Analysis for
C34H45SNs04 (3) found: C 70.66, H 8.09, N 5.29, calculated: C 9119 8.28, N 5.35.
MALDI-TOF for 4: m/z of [MH]" found 895.5469, calculated 895.544H NMR
(300MHz, CDC}) 6 8.43 (d, 4H), 7.82 (m, 4H), 2.98-2.89 (m, 8H),5L(&, 4H), 1.44-
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1.01 (m, 32H), 0.84 (m, 24H). Analysis fos7sS,N4Os (4) found: C 67.24, H 8.65, N
6.12, calculated: C 67.08, H 8.78, N 6.26.

Preparation of the Sensing Foils.

“Cocktail 1” containing X mg dye and 100 pl tetradammonium hydroxide solution
(20% TOAOH in MeOH) was purged with carbon dioxghes. “Cocktail 2” containing
200 mg ethyl cellulose dissolved in 3800 mg of dne:ethanol mixture (6:4) was
added to the “cocktail 1”. For the absorption measients X was 2.4 mg (1.2%w/w in
respect to the polymer) in casezénd 3.0 mg (1.5%w/w) fa and4. For the emission
measurements X was 0.8 mg (0.4%w/w)2and 0.5 mg (0.25%w/w) f@& and4. The
resulting mixture was knife-coated on a dust-fréd Bupport. A sensing film of ~7.5
pum thickness was obtained after evaporation ofgblgent. The sensing film was
covered with a gas-permeable ~22 um thick silidager by knife-coating “cocktail 3”
consisting of 800 mg vinyl terminated polydimethigisane, 32 pl (25-35%
methylhydrosiloxane)-dimethylsiloxane copolymer, |[# 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane and 4 pl platinumitytetramethyldisiloxane complex
dissolved in 1600 mg hexane. For emission measunsnaesimilar layer was prepared
but 200 mg of titanium dioxide were dispersed incktail 3”. The silicon layers were

kept in an oven (60 °C) for 10-15 min to completéymerization.

Methods.

'H NMR spectra were recorded on a 300 MHz instrur@ntiker) in CDC} and
DMSO-d6 with TMS as standard. Absorption spectraewecorded on a Cary 50 UV-
Vis Spectrophotometer (www.varianinc.com). The dateation of the molar
absorption coefficients was carried out as an @ 3 independent measurements.
Fluorescence spectra were recorded on a HitaclBOB-#luorescence spectrometer
(www.hitachi.com) equipped with a red-sensitive tohaultiplier R928 from
Hamamatsu (www.hamamatsu.com). The relative flommse quantum yields were
determined according to Demas and Cro$Bifhe solutions of Lumogen-Orang® ¢

1) and Lumogen-Redd ~ 0.96}*°**!in chloroform were used as standards for the
protonated and the deprotonated form, respectivdig. absolute fluorescence quantum
yields were determined on a Fluorolog3 fluorescesmectrometer (www.horiba.com)

equipped with a NIR-sensitive photomultipier R26&8n Hamamatsu (300-1050 nm)
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and an integrating sphere (Horiba). Three indepsndeasurements were performed
for determination of the relative and the absolydantum yields and the average value
obtained in the two methods was used. In caseeo$ehsing materials only the absolute
quantum yields were determined. Photobleaching raxpats were performed by
irradiating the samples (2.5 ml) with the lightahigh-power 10 W LED array\ fax
458 nm, 3 LEDswww.led-tech.de) operated at 6 W input power. AsldEdmund
optics, www.edmundoptics.de) was used to focudighe of the LED array on the glass
cuvette (photon fluxc4600 pmoE M’ as determined with a Li-250A light meter from
Li-COR, www.licor.com). The photodegradation pre§ilwere obtained by monitoring
the absorption spectra of the respective dye disdolin tetrahydrofuran. For
experiments with ratiometric read-out a two-phasekdin amplifier (SR830,
www.thinksrs.com) and a home-made device consisthgwo separate detection
channels, which was described previously in défailvere used. Each detection
channel was equipped with a photomultiplier modd®306-02 from Hamamatsu. A
450 nm LED (www.roithner-laser.com) combined witkheort-pass BG-12 filter served
as an excitation source. The emission of the nletdran was filtered through HC
562/40 band-pass filter (www.ahf.de) and an RG-&8@-pass filter from Schott was
used for the deprotonated form. A four-armed optiiteer bundle (www.leoni-fiber-
optics.com) was used to guide the excitation lighthe sensing foil and to guide back
the emission to the two detection channels. Gabrasibn mixtures were obtained
using a gas mixing device from MKS (www.mksinst.goriihe gas mixture was
humified to about 100% relative humidity prior eimg the calibration chamber.
Temperature was controlled by a cryostat ThermokEl&xR50. Semi-preparative HPLC
was performed on a Knauer Smartline Instrument wWithosampler 3800 (Manager
5000, Pump 1000, UV Diode Array Detector 2600 aratfion Collector Teledyne Isco
Foxy Jr. FC100 modules) equipped with a MacheryelaP 125/21 Nucleodur 100-5
C18 ec column (internal diameter: 21.0mm) with a 20?16 Nucleodur C18 ec pre-
column at a flow rate of 13ml/min. The pH of theffeu solutions (CHES and CAPS)
was controlled by a digital pH meter (InoLab pH/iewww.wtw.com) calibrated at 25
°C with standard buffers of pH 7.0 and pH 4.0 (wwtw.com). The buffers were
adjusted to constant ionic strength (IS = 0.05 M)ng sodium chloride as the

background electrolyte.
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Results and Discussion

Synthesis.

We expected the diketo-pyrrolo-pyrrole chromophtwebe pH-sensitive due to the
deprotonation of the lactam ring. Preliminary expents with suspensions of DPP
pigments confirmed this hypothesis. However, DRifngints are known to have planar
structure and possess very poor solubility in thgaoic solvent$®® In fact the DPP
dyes are mostly applied as non-soluble pigmentsints. The low solubility prevents
the dyes from application as indicators in opteahsors. Typically, the DPP pigments
are rendered soluble by an alkylation of the lactaitmogen aton’$* but this
modification is of course not suitable for prepematof pH indicators. A water-soluble
disulfonatel (Scheme 1.1) was prepared via chlorosulfonatiothef commercially
available pigment Irgazin Ruby (Pigment Red 264) anbsequent hydrolysis of the
product in aqueous medium. This dye was found tpHbsensitive and was used for the
estimation of the pK(see below). A simple 2-step strategy was estadaigo convert
the DPP pigments into lipophilic pH indicators Higlsoluble in organic solvents and
polymers (Scheme 1.1) and thus to make the dydab$eiifor application in plastic
carbon dioxide sensors. Two different pigments a&@iomtg phenyl or biphenyl
substituents in the 3,6 position of the DPP weexlu$he chloro-sulfonation (first step)
was carried out with large excess of chlorosulfatad to prevent possible hydrolysis
during sulfonation. The chlorosulfonation of IrgaZcarlet (Pigment Red 25BPP)
proved to be more difficult than for Irgazin Rubgdarequired addition of sulfuryl
chloride to achieve acceptable yields. To minimieeformation of side products due to
hydrolysis the second step (reaction with a braddezondary amine) was performed
without thorough purification of the chlorosulfoedtintermediate.
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Irgazin Ruby

(Pigment Red 264)

CagHsaN \

TEA, RT
(o] N
) SNIPN
Va
//S\N

HSO4CI+

12h,65°C

Irgazin Scarlet
(Pigment Red 255)

Scheme 1.1Synthesis of dykand2 and dye3 and4, respectively.

Properties of the Disulfonate 1.

The disulfonatel was used for the estimation of the pH-sensing gntegs of the DPP
dyes in aqueous solution. The dye shows a bathoubarshift of the absorption and
emission spectra upon deprotonation (Fig. 1.1). rEsponse of the dye is described by
a typical sigmoidal dependence and the p#lue is estimated to be 11.8. This value is
rather high and indicates potential suitability @PPs for design of highly sensitive
carbon dioxide sensors. Since the electron-withohgweffect of the sulfonamide
groups is stronger than that of the sulfonate thenmett substituent constants are 0.65
(p) and 0.51 1) for SOGNMe, and 0.35 for S§)°° the pk, value for2 is expected to be
lower compared t@. For4 bearing two sulfonamide groups in the proximitytted DPP
core even lower pKvalues can be expected. The @yeontaining a single sulfonamide

group is likely to occupy intermediate position.
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Figure 1.1. A: Absorption (solid lines) and emission (dashedd)nspectra for the
neutral (black lines) and deprotonated (red linés)ms of 1 in aqueous bufferB:

titration curve for dyel and the scheme illustrating the protonation/depnaition
equilibrium.

Photophysical Properties of the Sulfonamides.

As expected the synthetic modification renderghal dyes soluble in organic solvents.
The dyes bearing two sulfonamide groupsa(id4) are excellently soluble in common
organic solvents such as toluene, chloroform, hgtteofuran etc. The solubility a3
(which bears only one sulfonamide group) in tolueneorse than foR and4 but is
good in more polar solvents such as tetrahydrofdfiddF) or ethanol. The highly
lipophilic alkyl chains render all the dyes insdiin water. The absorption and
emission spectra of the indicat@rin THF are shown in Fig. 1.2 and for the other
indicators as well as for the unmodified pigm&RP — in Fig.S1.1 of the supporting
information. Note that due to low solubility of tiegter in THF the dye was dissolved
in dimethylsulfoxide (DMSO) and the values obtaimedtch those reported by Lunak
et af*®. The photophysical properties of the new dyessaremarized in Table 1.1. As
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can be seen, the neutral form of the indicatororssin the blue-green part of the

spectrum.

Table 1.1.Photophysical properties of all the DPP dyes imaieydrofuran: absorption
maxima [fapy, Molar absorption coefficientse)( emission maxima i) and
fluorescence quantum yield®)(for neutral and deprotonated forms. For companiso
the respective data are shown also for Irgazin B&tar(DPP) dissolved in
dimethylsulfoxide.

Neutral form Deprotonated form
Aabs(e- 10°) Aem o) Aabs(e: 10°) Aem | @
Dye [nm (Mem™)] [nm] [nm (Mecm™)] | [nm]
497(42.8); 533(50.1)| 552;594| 1 633(25.6) 673| 0.09
495(20.8); 532(22.0)| 577;612| 0.68 633(19.2) 660| 0.07
4 491(29.8); 528(36.9)| 543; 583 1 655(23.0) 708 0.11
DPP | 472(26.3); 506(35.0)| 519;556| 0.72 587(16.8) 634| 0.34

* The displayed fluorescence quantum yield® (epresent an average of three
independent measurements and are determined vathrtbertainty of 10%.

The absorption of the deprotonated form is bathmuiizally shifted by about 100 nm
and is located in the red part of the spectruneréstingly, the neutral form of the
mono-substituted sulfonamid8 absorbs at longer wavelengths than the double-
substituted4, but the absorption of both dyes is bathochronyicgthifted compared to
the parent pigment Irgazin Scarlet despite higludargy of DMSO compared to THF.
On the other hand, the deprotonated forn3 absorbs at shorter wavelengths than
its basic form. Molar absorption coefficients aagher different for all the DPP dyes
and vary from about 20000 to 50000 ‘&in™. Interestingly, thee values are
significantly lower for the mono-substituted suléonide 3 compared to the
symmetrical double-substituted derivat&/and the non-modified pigmeBt{PP. As can
be observed? absorbs more efficiently thahand4. For all the dyes, the values for
the deprotonated form are lower than those fornigtral form. This correlates well
with significantly broader absorption of this folfWHM: ~120 nm for2 and3 and
~100 nm for4) compared to the absorption of the neutral forWKkKi: ~70 nm for2
and 3 and ~60 nm fod). Both the neutral and the deprotonated formshef new

indicator are fluorescent (Fig. 1.2). The emissiérthe neutral form is located in the
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yellow-orange part of the spectrum and is veryrgjron fact, the fluorescence quantum
yields @ for the symmetrical double-substituted sulfonara@and4 are close to unity.
The fluorescence of the neutral form3ois less efficient® = 0.68). The Stokes” shifts
are rather small for symmetrical and4 (19 nm and 15 nm, respectively) and are
slightly larger for3 (35 nm). However, this is of less relevance foe #ensing
applications since very efficient excitation in thecond band (located about 30 nm
shorter than the most intense absorption band)ossiple for all the indicators. In
solutions the fluorescence of the deprotonated frrmuch weaker than that of the
neutral form ¢ = 0.07-0.11, Table 1.1).

Norm. Absorbance
& Emission

0.0 T 7 i
400 500 600 700 800

Wavelength (nm)

Figure 1.2. Absorption (solid lines) and emission (dashedd)repectra for the neutral
(black lines) and deprotonated (red lines) form& of tetrahydrofuran.

Photostability.

Photobleaching experiments were carried out forftHE& solutions of the dyes. A high
power blue LED arrayNmax 458 nm) was used for the excitation of the nedtmah. 8-
hydroxy-pyrene-1,3,6-trisulfonate in its lipophilitetraoctylammonium ion pair
(HPTS(TOA)) which is the most common state-of-the-art indicdor plastic carbon
dioxide sensors was used for comparison. The pbgtadation profiles are displayed
in fig. S1.2. All DPP dyes showed significantly teetphotostability than HPTS(TO4)
The photostability of the doubly-substituted sudiondes?2 and4 was much higher than
for the mono-substitute® which correlates well both to the amount of eleatr

withdrawing sulfonamide groups and the fluoresceqntum yields. Therefore, it can
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not be concluded whether lower photostability3afompared to that fd2 and4 is due

to higher probability of photooxidation processedag to higher electron density on the
DPP core) or the photodegradation pathways invghtime formation of the triplet
states.

Carbon Dioxide Sensors.

The indicators along with tetraoctylammonium hyddex were embedded in ethyl
cellulose to obtain plastic carbon dioxide sensGisarly, the sensors respond to carbon
dioxide in altering their color (blue in the abseraf CQ and pink in the presence of
C0O,) which enables colorimetric detection of carbooxdie (Fig. 1.3).

Figure 1.3. Photographic images of the planar optode based2an EC49 under
ambient air and a flux of 5 kPa carbon dioxid&) under ambient light{B) in the
darkness under UV light (365 nm).

Distinct changes in the fluorescence color (frorepdeed to orange) are also evident.
Fig. 1.4 and Fig. S1.3 show the absorption andetinéssion spectra of the sensing
materials based o&4. Although the major trends established for THFu8ohs are
preserved also in the solid state sensors it isleeni that the absorption of the
deprotonated form becomes narrower compared tosohgions. A shoulder in the
absorption spectrum at about 560 nm is also cleasile. The presence of several
isosbestic points indicates that only two formsanofindicator are present in the acid-
base equilibrium.

Importantly, the fluorescence quantum yields ofdeprotonated form nearly double in
ethyl cellulose (Table 1.2) and rea€B.2 which enables sufficient signal for the
ratiometric measurements. For all the sensorsltloeelscence emission intensities for

63



Chapter 1 S. Schutting

both the neutral and the deprotonated form weree@sing with CQ concentration
(Fig. 1.4, Fig S1.3). The increase in the intensityhe deprotonated form is explained
by more efficient absorption of the neutral formtleg excitation wavelength (e.Nexc
505 nm for2) and rather efficient Forster Resonance Energy TeafSRET) at this
dye concentration (0.4% w/w fd). This is due to very good overlap between the
emission of the neutral form and the absorptiothef deprotonated form. FRET may
also be the reason for lower quantum yields detezthin ethyl cellulose for the neutral

form of the dyes compared to the solution measunés{@ables 1.1 and 1.2).

Table 1.2.Photophysical properties of all the DPP dyes imyecellulose film (EC49):
absorption maximaify,y, molar absorption coefficients)( emission maximald,) and
fluorescence quantum yield®) for the neutral and deprotonated forms.

Neutral form Deprotonated form
Aabs Aem () Aabs Aem ()
Dye [nm] [nm] [nm] [nm]
2 505; 541 565 0.64 606 653 0.19
3 516; 550 587 0.64 597 641 0.18
4 496; 534 564 1 615 682 0.17

As can be seen (Fig. S1.4) dye concentration baffédgts the colorimetric read-out but
is crucial for the emission measurements due toTFRE fact, in case of high dye
concentration (1.2% w/w) the emission spectrunomidated by the deprotonated form
at pCQ below 5 kPa. On the other hand, in case of low ay&entration the neutral
form clearly dominates the emission at this p(fg. S1.4). Thus, the dynamic range
of the sensing materials using emission read-out loa tuned by adjusting the
concentration of the indicators. Fig. 1.4 also shake respective calibration plots for
the sensors based @M. Despite rather different structure 2find3 the sensors show
comparable sensitivity. Both sensors operate indyreamic range from 0 to 10 kPa
CO, and retain dynamics at atmospheric pGD 0.04 kPa. At lower carbon dioxide
levels it is very difficult to ensure that the st (flow through cell, gas mixing device,
connectors etc.) is completely decarbonated arnslgbme contamination with G@an
be observed. In fact, the experimental values ay Vew pCQ, deviate from the
expected linear dependence (Fig. S1.5). Therefde¢ermination of the Limit of
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Detection (LOD) was not possible. On the other hdahd effect of contamination is
negligible in case of much less sensitive senseedan....(dynamic range 1-100 kPa
CO,, LOD =0.07 kPa, Fig. S1.6)

Since the electron-withdrawing sulfonamide grougsexpected to lower the pkalue

of the indicator (and consequently the sensitigityhe sensor) it is likely that the effect
of two distant groups (ir2) is roughly equal to that of one group locatedciose
proximity to the DPP core (iB). Importantly,4 bearing two sulfonamide groups close
to the diketo-pyrrolo-pyrrole shows much lower sevisy. Thus, the highly sensitive
sensors based dhand3 can be promising for application in marine resleand the
one based o4 is adequate for the food packaging applicationsrepCQ is typically
rather high. On the other hand, all three materc@s be suitable for monitoring
physiologically relevant pCf in breath-by-breath measurements. It should be
mentioned here that the sensitivity of the sensarsalso be fine-tuned by substituting
the polymer matrix and/or the quaternary ammoniwaseb’’ In fact, by employing
ethyl cellulose with lower content of the ethoxylogps (46% instead of 49%) the
sensitivity can be reduced by roughly 2-fold. A®mr\ethyl cellulose was used as a
model matrix one should also give consideratioth®possibility of using other matrix
systems. The less bulky tetrabutyl ammonium base &asimilar effect on the
sensitivity. As in the case of all optical carboioxide sensors the sensitivity
significantly reduces at higher temperature andrawgs at lower (Fig. S1.7). This is
due to better solubility of carbon dioxide in polgra at lower temperature. Substitution
of ethyl cellulose for other matrices (polymer ai-gel) may help to minimize the

temperature cross-talk.
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Figure 1.4. Absorption(A) and emission(D) spectra for the carbon dioxide sensor
based on2 (25 °C) Calibration curves for the sensors based »#: the ratio of
absorption(B and C)and fluorescence intensifif and F) in the Anax of the absorption
and emission spectraldyc 505 nm for2, 510 nm for3 and 495 nm fo#), respectively,
of the neutral and deprotonated forms of the ingics (25 °C).

Comparison of the Optical and Sensing Properties wh State-of-the-art Sensors.
Since HPTS is one of the most frequently used éscent pH indicators for GO
sensors a comparison between the sensors basddsomdicator and the new DPP
indicators is interesting. Generally, the new iatiics and HPTS show comparable
molar absorption coefficients. The fluorescencentwa yields of the neutral form of
the DPP indicators are comparable tod¢héor HPTS but the deprotonated forms of the
former possess lower Dbrightness. The 2-wavelengtbsoration/reflectance
measurements are possible for both indicator dadsé for DPPs the wavelength is
significantly longer. In fact, the absorption maxim of the protonated form of HPTS is
located in the UV region (395 nm). The DPPs aresheuwtly suitable for ratiometric
emission measurements under blue excitation, whkeremly unreferenced

measurements of fluorescence intensity are posdimeHPTS under the same

66



Chapter 1 S. Schutting

conditions (Fig. S1.8). Therefore, the additioraafeference dye is required in case of
HPTS. Although HPTS and DPP-based sensors showralgneimilar spectral
response to carbon dioxide (bathochromically stiiitbsorption and emission from the
deprotonated form) the neutral form of DPPs is monciie analytically useful than for
HPTS. Thus, the fluorescence from the neutral fofrthe new indicators increases in
the presence of carbon dioxide (Fig. 1.4). Impdlyarihe relative signal changes at
lower pCQ are very high (Fig. 1.5) since virtually no fluscence from the neutral
form is observed in the absence of £On the contrary, the HPTS-based sensors show
maximum fluorescence for the deprotonated form w@atative signal changes at low
pCQO, are about 2 orders of magnitude lower. Thus, tbe mlyes 2 and 3) are
particularly promising for monitoring low pCQOwith high resolution. On the other
hand, at high pC&the resolution of HPTS sensors is better thanethased o2 and3,

but as was shown aboveis excellently suitable for measurements in thysaic

range.
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Figure 1.5. Comparison of C@ sensors containing HPTS ang respectively.
Decreasing emission intensities for HPTS (at 505 black squares) and increasing
emission intensities f& (at 565 nm, red circles) with increasing p&£O
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Sensor Response Times and Reproducibility.

The dynamic response was estimated by abruptlygtharihe pCQ from 0.25 kPa to
4.91 kPa and back f@& and3 and from 4.91 kPa to 98.13 kPa and back4foFhe ¢
time (time needed for 90% of the signal changectug was estimated to be about 90 s
and about 40 s for the response and recovery, cegply. Evidently, the response and
recovery times are influenced by the thicknesshefgensing layer and the thickness of
the silicon layer. The thicknesses of both can d@uced to enable faster response,
however higher concentration of the indicator Wil necessary to ensure sufficient S/N
ratio. The dynamic range of the material is exptveshift due to more efficient FRET
at higher dye concentration albeit only for theofietscence measurements. Evidently,
increasing the dye concentration will not signifitg influence the dynamic range upon
colorimetric measurement. To demonstrate the remibdity of the sensors we
performed prolong measurements with alternating pGéing 450 nm LED for the
excitation and detecting fluorescence in 2 channg#2-582 nm for isolating the
emission of the neutral form and >630 nm for theib&rm, respectively. The ratio of
the intensities in the two channels served as atytical parameter. All the sensors
show highly reproducible response without a nob¢ealrift (Fig. 1.6, Fig. S1.9 and
S1.10). Importantly, the sensors based2oand 3 show excellent photostability (no
degradation of fluorescence intensity for the reduand deprotonated forms) even
within several hours of continuous excitation. kse of4 a very minor drift due to
photobleaching is observed after 5 h of continuowsad-out. Importantly,
photobleaching of the indicator reduces its corre¢ion and therefore FRET efficiency
which can result in the drift of calibration plotdowever it should be mentioned here
that we used continuous irradiation in order toeascthe photostability. Typically, a
short pulse of 100 ms is more than sufficient toeas the fluorescence intensity in both
channels and the acquisition will be performed onteseveral seconds. Thus, the
operating lifetime of the sensors can be extendgdsdveral orders of magnitude.
Comparison with the sensors based on HPTS(E@&)eal rather strong drift due to
significantly faster photobleaching of the dyedentical conditions (Fig. S1.11).
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Figure 1.6.Above:Fluorescence intensity for the neutral (black Jiaed deprotonated
(red line) forms of2 (up) andBelow: calculated ratio deutrafldeprot (down) for pCQ
alternating between 0.25 kPa and 4.91 kPa undeticoous excitation with 450 nm
LED (25 °C). The optical windows correspond to thas Fig. 1.4D. Note that the
curves do not reflect the dynamic response tinreesa set-up ensuring 100% humidity
was used which significantly slows complete gashaxge in the measurement
chamber.

Conclusions

In conclusion, we synthesized and characterizedva c¢lass of pH sensitive indicator
dyes for optical C@sensors. A simple two-step-synthesis was presestéeting from
low-cost diketo-pyrrolo-pyrrole pigments. Chemicabdification led to the lipophilic
dyes highly soluble in organic solvents and in pwdys. The prepared sensors show
characteristic absorption and emission bands fntutral and the deprotonated forms
and are suitable for absorption/reflectance measemés and for ratiometric 2-

wavelength emission measurements under blue eraitathe sensors can also be used
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for colorimetric semi-quantitative measurements #&ordimaging of carbon dioxide
distribution on surfaces. The sensors feature wephotostability and large relative
signal change at low pGOThe sensitivity could be tuned over a wide rahgeausing
sulfonamide substituents differing in position aqeantity. The new dyes represent a
promising alternative to the state-of-the-art iatlics such as absorption-based
triphenylmethane dyes and fluorescent 8-hydroxyéit@sulfonate.
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Supporting Information

to Diketo-Pyrrolo-Pyrrole Dyes as New Colorimetric aRlliorescent pH Indicators for
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Table S1.1.Elementary analysis for the starting pigments higaRuby and Irgazin
Scarlet, as well as for the fluorescence standamg®ogen Orange and Lumogen Red.
The analysis indicates high purity of the used @&respigments.

| Irgazin Ruby %N %C %H
found 6,31 81,35 4,53
calculated 6,36 81,80 4,58

Irgazin Scarlet %N %C %H
found 9,71 74,70 4,09
calculated 9,72 74,99 4,20

| Lumogen Orange %N %C %H
found 3,92 80,59 5,94
calculated 3,94 81,10 5,96

Lumogen Red %N %C %H
found 2,61 79,87 5,34
calculated 2,60 80,13 5,42
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Chapter 2

Scope of this chapter

In the previous chapter a new indicator class basedliketo-pyrrolo-pyrroles was
presented. It was shown, that this class is a @miognialternative to known state-of-the-
art indicators, such as HPTS. It was also showat, ttiere are still demands to meet,
such as high quantum vyields for the deprotonateticamor forms or even higher
sensitivity.

In chapter 2, an enhancement of this indicatorscleil be presented. The pkalue of
the new indicator was even more increased due listitution with electron-donating
groups. Thus, the presented carbon dioxide sefesatgred extremely high sensitivity.
Furthermore, the spectral properties were tunedn&ich the color channels of a
commercially available red/green/blue (RGB) camemabling read-out via imaging.
Additionally, the quantum yields for both, the pmoated and the deprotonated form, are
very high.
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New Highly Fluorescent pH Indicator for Ratiometric RGB Imaging of
pCO;

This chapter was published Mhethods and Applications in Fluorescence2014 2, 1-
8; doi: 10.1088/2050-6120/2/2/024001

Authors: Susanne Schutting, Ingo Klimant, Dirk de Beer Sedjey M. Borisov

A new diketo-pyrrolo-pyrrole (DPP) indicator dyer faptical sensing of carbon dioxide
is prepared via a simple 1 step synthesis from centially available low cost
“Pigment Orange 73”. The pigment is modified vigkyhtion of one of the lactam
nitrogens with a tert-butylbenzyl group. The indaradye is highly soluble in organic
solvents and in polymers and shows pH-dependemtratiosn ¢max 501 and 572 nm
for the protonated and deprotonated form, respebtivand emission spectranfax
524 and 605 nm for the protonated and deprotonditeth, respectively). Both the
protonated and the deprotonated form show highréscence quantum yieldghgrot
0.86; @deprot 0.66). Hence, colorimetric read-out and oatetric fluorescence
intensity measurements are possible. The emisdidheotwo forms of the indicator
excellently matches the response of the green landetd channel of an RGB camera.
This enables imaging of carbon dioxide distributwith simple and low cost optical
set-up. The sensor based on the new DPP dye shemyshigh sensitivity and is

particularly promising for monitoring of atmospheievels of carbon dioxide.

Introduction

Carbon dioxide is one of the most important paransefor environmental monitoring,
marine research and oceanography. The increasalwdrc dioxide concentration in the
oceans causes acidification, which severely affémsflora and fauna therefri*°°
98138 The analytical tools for detection of dissolvedbea dioxide are limited to only a
few such as the Severinghaus electfbde IR analyzers. The former suffers from
electromagnetic interferences and has slow respdRsanalyzers are faSt,but are
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mostly suitable for measurements in gaseous ph¥sence water causes a significant
interference. Several new concepts of carbon dexitemosensors were published in
recent year$!® 118139490 ever so called ‘plastic type’ sensors remaia thost
common oned™® These materials contain a pH-sensitive dye andase most
commonly a quaternary ammonium base) dissolved polgmer matrix. The pH
indicator responds to the analyte by altering g8aal properties, mostly the absorption
or emission characteristics. In case of the flumees sensors referencing of the
fluorescence intensity is required to enable rédiabeasurements. This can be achieved
by adding a second analyte-insensitive dye whichsgon spectrum is clearly
separated from that of the indicator (ratiometead-out) or which luminescence decay
time is significantly different from the lifetime fothe indicator (dual lifetime
referencing schemé}**3In both schemes photobleaching (indicator, refezedye or
both) causes a dramatic change of the emissiom otihe indicator and the reference
dye. Therefore, self-referencing indicator dyestaghly desirable; however only a few
such dyes have been reportéti**’ Spectral compatibility with commercially available
red/green/blue (RGB) cameras is also of greatasteihe read-out with RGB cameras
is a simple and low cost technique for imaging ediéht parameters such as G
pH 152 or oxygent>***°to name only a few. Recently, we presented a rass of
pH-sensitive indicator dyes based on diketo-pyrmiooles (DPPs}**'*>’ DPPs are
usually insoluble in organic solvents and are nyairded as pigments? The soluble
derivatives (mainly N-alkylated dye8}**®*®*are also of much practical interest and
are applied e.g. in photovoltait¥:**° So far only a few applications of DPPs as
fluorescent probes are found in the literatiffé?®*°*1%*The new DPP-based pH
indicators were shown to be highly promising foplagation in optical pH and carbon
dioxide sensor§?**’ Particularly, dual emission from the protonated deprotonated
forms enabled ratiometric read-out, but the emrs$tom the deprotonated form was
much weaker than that of the protonated forfP,d =~ 1 and Pgepror = 0.1).
Unfortunately, these dually emitting dyes were fudlly compatible with the green and
red channels of the digital camef&5In this study, we present a new DPP-based pH
indicator which overcomes these drawbacks. It Wil shown that the new dye
possesses high fluorescence quantum vyields for kbéh protonated and the
deprotonated form and is excellently suitable foe# RGB read-out. The GGensor
shows very high sensitivity and is particularly fusdéor monitoring atmospheric levels

of the analyte.
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Experimental Details

Materials

1,4-diketo-3,6-bis(4-tert-butyl-phenyl)-2,5-dihydro pyrrolo[3,4-c]pyrrole  (Pigment
Orange 73), 1,6,7,12-tetraphenoxy-N,N"-bis(2,6egiropylphenyl)-perylene-3,4:9,10-
tertracarboxylic bisimide (Lumogen-Red) and N,N${Bi6-diisopropylphenyl)-
perylene-3,4:9,10-tertracarboxylic bisimide (Lumog@range) were purchased from
Kremer Pigments (Germany, www.kremer-pigmente.cdatiyl cellulose 49 (ECA49,
ethoxyl content 49%), sodium sulfate (anhydrousjdiem tert-butoxide, 4-tert-
butylbenzyl bromide, tetraoctylammonium hydroxideluton (TOAOH, 20% in
methanol) and anhydrous dimethylformamide were inbth from Sigma-Aldrich
(www.sigmaaldrich.com). All other solvents were ghased from VWR (Austria,
www.vwr.com). The silicone components: vinyl teratiéd polydimethylsiloxane
(viscosity 1000 cSt.), (25-35% methylhydrosiloxadepethylsiloxane copolymer
(viscosity 25-35 cSt.), 1,3,5,7-tetravinyl-1,3,%¢Tramethylcyclotetrasiloxane and the
platinum-divinyltetramethyldisiloxane complex weneceived from ABCR (Germany,
www.abcr.de). Ultrafine hydrophobic titanium diogidP170 was purchased from
Kemira (www.kemira.com). High purity nitrogen, 5%rbon dioxide in nitrogen, 0.2%
carbon dioxide in nitrogen and carbon dioxide wargined from Air Liquide (Austria,
www.airliquide.at). Poly(ethylene terephthalate)ETR support Melinex 505 was
obtained from Ptz (Germany, www.puetz-folien.coiilica-gel was received from
Roth (www.carlroth.com). Synthesis of BiPh-DiSA  G3yis[4 -bis(2-
ethylhexyl)sulfonylamide-1,1"-biphenyl-4-yl]-2,5kdidropyrrolo[3,4-c]pyrrole-1,4-
dione) and MoPh-DiSA (3,6-bis[4-bis(2-ethylhexylfsnylamide-phenyl]-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione) was desetbbefore”’

Synthesis of 2-hydro-5-tert-butylbenzyl-3,6-bis(44rt-butyl-phenyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione (DPPtBU)

Pigment Orange 73 (2 g, 4.9 mmol) and sodium tetdwbde (0.96 g, 10 mmol) were
dissolved in anhydrous dimethylformamide (80 mijert-butylbenzyl bromide (1.1 ml,
6.0 mmol) was added dropwise. After stirring foh &t 60 °C the mixture was diluted
with deionized water. The dye was extracted witthidiromethane and hydrochloric

acid and sodium chloride were added to facilitéte phase separation. The organic
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phase was collected, dried over anhydrous sodidfatsuand evaporated to dryness
under reduced pressure. The crude product wadeulxifa column chromatography on
silica gel using dichloromethane/tetrahydrofuraB:29. The product was dissolved in
dichloromethane and precipitated with hexane te gin orange powder (0.23 g, 8.3%
of theoretical yield of DPPtB DI-EI-TOF: m/z of [MH] found 546.3259, calculated
546.3246H NMR (300MHz, CDCI3)s 9.38 (s, 1H), 8.28 (d, 2H), 7.77 (d, 2H), 7.53
(d, 2H), 7.50 (d, 2H), 7.34 (d, 2H), 7.16 (d, 28)04 (s, 2H), 1.35 (s, 18H), 1.30 (s,
9H). Analysis for G;H42N20O, found: C81.12, H7.59, N5.12, calculated: C81.28,74,
N5.12.

Preparation of the Planar Optodes

“Cocktail 1” containing X mg of the dye and 100thé tetraoctylammonium hydroxide
solution (20% TOAOH in methanol) was purged withiboan dioxide gas. X was 3.0
mg and 0.5 mg for the absorption and emission nmeasants, respectively. “Cocktail
2" containing 200 mg ethyl cellulose (EC49) dissalun 3800 mg of a toluene:ethanol
mixture (6:4 w/w) was added to the “cocktail 1”. elhesulting solution was knife-
coated on a dust-free PET or glass support. A sgrigm of ~7.5 um thickness was
obtained after evaporation of the solvent. The isgnBlm was covered with a gas-
permeable ~22 um-thick silicone layer by knife-aogt‘cocktail 3" consisting of 800
mg vinyl terminated polydimethylsiloxane, 32 pl {25% methylhydrosiloxane)-
dimethylsiloxane copolymer, 2 pl 1,3,5,7-tetravidyB,5,7-
tetramethylcyclotetrasiloxane and 4 pl platinumitytetramethyldisiloxane complex
dissolved in 1600 mg hexane. For emission measuntsnaesimilar layer was prepared
but 200 mg of titanium dioxide were dispersed iacktail 3”. The sensors were kept in

an oven (60 °C) for 10-15 min to complete polymatian of the silicone rubber.

Methods

'H NMR spectra were recorded on a 300 MHz instrunf@niker) in CDC} with TMS
as standard. Absorption spectra were recorded@arya 50 UV-Vis spectrophotometer
(www.varianinc.com). Determination of the molar atpgion coefficients was carried
out as an average of 3 independent measuremerabRFaching experiments were
performed by irradiating the samples (2.5 ml) with light of a high-power 10 W LED
array Qmax 458 nm, 3 LEDs, www.led-tech.de) operated at 6rijsui power. A lens
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(Edmund optics, www.edmundoptics.de) was used ¢addhe light of the LED array
on the glass cuvette (photon flux4000 pmoB M as determined with a Li-250A
light meter from Li-COR, www.licor.com). The photegladation profiles were
obtained by monitoring the absorption spectra @& thspective dye dissolved in
tetrahydrofuran and represented an average froee timdependent experiments. The
solutions were homogenized by shaking after edomihation period. Fluorescence
spectra were recorded on a Hitachi F-7000 fluoresze spectrometer
(www.hitachi.com) equipped with a red-sensitive tohaultiplier R928 from
Hamamatsu (www.hamamatsu.com). Relative fluorescegoantum vyields were
determined according to Demas and Cro$Bifhe solutions of Lumogen-Orang® ¢

1) and Lumogen-Redd ~ 0.96}*°**!in chloroform were used as standards for the
protonated and the deprotonated form, respectividlyee independent measurements
were performed for determination of the relativamum yields and the average value
obtained was used. In case of the sensing matendysthe absolute quantum yields
were determined. These measurements were perfoomedFluorolog3 fluorescence
spectrometer (www.horiba.com) equipped with a NéRsstive photomultiplier R2658
from Hamamatsu (300-1050 nm) and an integratinggptHoriba).

Gas calibration mixtures were obtained using a gasing device from MKS
(www.mksinst.com). The gas mixture was humidifiedabout 85% relative humidity
(saturated KCI solution) prior entering the calttma chamber. Temperature was
controlled by a cryostat ThermoHaake DC50. Phofagraimages were acquired with
a Canon 5D camera equipped with a Canon 24-105kctbe and two layers of a LEE
plastic filter “spring yellow”. The same high-pow#® W LED array Xmax 458 nm, 3
LEDs, www.led-tech.de) as for the photodegradagaperiments combined with a

short-pass BG-12 filter served as an excitatiomeou

Results and Discussion

Synthesis
The DPP chromophores possess planar structure r@ngomrly soluble in organic
solvents** Low solubility prevents the dyes from applicatias indicators in optical

sensors. We previously demonstrated that the dyesp#l-sensitive due to the
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deprotonation of the lactam nitrogE:*>” Modification of the phenyl rings with bulky
substituents rendered the pigments soluble in acgaotvents and polymers and the pH
sensitivity was preserved. On the other hand, atioh of both lactam nitrogens is
another simple way to greatly enhance the solybilit DPPs=* Evidently such
modification renders the DPPs pH-insensitive. Mdhatkylation of the commercially
availablePigment Orange 78cheme 2.1) with a tert-butylbenzyl-group pressrpgH
sensitivity and dramatically improves the solukilif the dye in such common solvents
as toluene, tetrahydrofuran (THF), dichloromethartdproform, etc. Thus, the dye
becomes suitable for application in optical plasadoon dioxide sensors.

Pigment Orange 73 r@X

o (CH5)sCONa, Cy;H,sBr
—_——
60°C, 6h

DMF

DPPtBu’

Scheme 2.1Synthesis of DPPtBustarting from Pigment Orange 73.

Photophysical Properties

Absorption and emission spectra for DPPtBissolved in THF are shown in figure 2.1.
The protonated form of the dye absorbs in the lalug emits in the green part of the
electromagnetic spectrum. Absorption and emisspettsa for the deprotonated form
are bathochromically shifted by ~70 nm comparethéprotonated form. This is about
50 nm less than in case of previously reported B MoPh-DiSA (3,6-bis[4-bis(2-
ethylhexyl)sulfonylamide-phenyl]-2,5-dihydropyrr¢8y4-c]pyrrole-1,4-dione, table
2.1)*" The mono-alkylated dye shows spectral maxima @ttshwavelengths than not
alkylated MoPh-DiSA. The molar absorption coeffitie are typical for the DPP dyes
(table 2.1). The fluorescence quantum yields atieerahigh and are comparable for
both forms of DPPtBl(table 2.1). On the contrary, the emission of diegrotonated
form of MoPh-DiSA is much weaker than the emisbthe protonated form.

92



Chapter 2 S. Schutting

>
‘»m
§ § protonated Ind
8= . L%
— Q ‘N
oo o
8 % o |
< o H O
.0
£ 2 .
)
z 3 o A
¥ 400 500 600 700 800

Wavelength (nm)

Norm. Absorbance
& Fluorescence Intensity

400 500 600 700 800
Wavelength (nm)

Figure 2.1. Absorption (solid lines) and emissiol 430nm, dashed lines) spectra of
the protonated fornfA) and the deprotonated for(B) of DPPtB( in THF.

Table 2.1.Comparison of the photophysical properties of CBtPtand the DPP dye
MoPh-DiSA in tetrahydrofuran (THF) at 25 °C.

Protonated form Deprotonated form
Dye Aabs (8- 10°) Aem (O} Aabs (- 10°) Aem (]
[nm (M *cm™)] [nm] [nm (M*ecm™)] | [nm]
DPPtBY | 472(25.2); 501(26.8) 524 | 0.86 572(17.6) 605 | 0.6p
MoPh-DiSA | 491(29.8); 528(36.9) 543;583 1 655(23.0)] 708 0.11

DPPtBU is highly soluble in organic solvents, but is sotuble in water. Therefore,
determination of the pKin aqueous buffers is not possible. The, pKlue in a mixture
of tetrahydrofuran and aqueous buffer (1:1 v/v) wsmated to be rather high (~12.7;
supporting information, figure S2.1). It should beted that this is very rough
estimation because of the high content of orgaoiesit and the alkali error of the pH
electrode at high pH. The pKalue for DPPtBUis likely to be higher than that for the
recently presented DPP dye (3,6-bis[4(3")-disdlfb=-biphenyl-4-yl]-2,5-
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dihydropyrrolo[3,4-c]pyrrole-1,4-dione dipotassiusalt)>” which showed a pK of
~11.8 since electron-donating tert-butyl groupEPtBY are expected to elevate the

dissociation constant.

Carbon Dioxide Sensors
DPPtBU and the base tetraoctylammonium hydroxide (TOA®@id}e non-covalently
entrapped in an ethyl cellulose (EC49) matrix tdaob plastic type carbon dioxide

sensors. The response of the sensor can be dekbyjlike following equation:
INdTOA"™ + CO, + H,O « IndH + TOA'HCOs

It is essential that the carbon dioxide sensorskapé humid during the measurements
to enable reversible and reliable response (supgomformation, figure S2.3). The
sensors respond to increasing pG@th a color change from pink in the absence of
CO; to yellow in the presence of GOThis corresponds to the change in the absorption
spectra of the sensing material (figure 2.2A). bess$ic points (IP) at 430 nm and 522
nm are clearly visible which indicates that onlytWrms of the dye are present in the
acid-base equilibrium. The sensor shows red flummse at low pC®and green
fluorescence at high pGQfigure 2.2B). For emission measurements commigrcia
available intense LEDs emitting at wavelengths keetw 430 nm and 470 nm are
suitable as excitation sources. As can be seerntingsion intensity of the deprotonated
form decreases, whereas the intensity of the pabéoihform increases with increasing
pCGO; (figure 2.2C). Importantly, virtually no fluoresoee of the protonated form fax
529 nm) is detectable in the absence of carbonidkpxso that the relative signal
changes are very high at low p&@omparison of the absorption and emission spectra
(figure 2.2A and 2.2B) indicates the effect of Rérsesonance energy transfer (FRET)
from the protonated form of the indicator to itpd#onated form. Indeed, the emission
spectrum of the former and the absorption specwbitihe latter show almost perfect
overlap (figure 2.1). The dye concentration dracadlty affects the emission due to
FRET (supporting information, figure S2.4). For ewde, in case of high dye
concentration (1.5% w/w) the emission spectrunoimitiated by the deprotonated form
at pCQ below 5 kPa. Hence, the dynamic range of the sgnsiaterials relying on

fluorescence intensity read-out can be tuned bystidg the concentration of the
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indicator dye. Highly sensitive fluorescent sensarnes obtained only for relatively low

dye concentrations.
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Figure 2.2 Absorption(A) and emissior{B) spectra fexc 430 nm) of the COsensor
based on DPPtBlin ethyl cellulose 49 and TOAOH as base including spectral
sensitivity for the green and the red detectionncieds of the RGB camera (green and
red dotted lines, B)C) the fluorescence intensity changes for the prathdorm (at
529 nm, black curve) and the deprotonated form 80 nm, blue curve) with
increasing pCQ, the fit is performed according to the exponengiawth/decay model,
respectively; high relative signal changes at |0@(p values (red box and exclamation
mark) are indicated.
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Compared to the solution the spectral propertiethefindicator are mostly preserved
(figure 2.1 and figure 2.2). The fluorescence quanyields are highd§ ~ 1.0 and 0.63)
for the protonated form and the deprotonated foespectively. Carbon dioxide sensors
based on DPPtBuare highly sensitive to pGQt 25°C (red box and exclamation mark
in figure 2.2C). Due to better solubility of G@t lower temperatures, the sensitivity is
even higher at 5°C (figure 2.3). It should be mamed that rather strong temperature
dependence is common for thistic typecarbon dioxide sensofSbut development
of the materials with lower temperature cross-talls beyond the scope of this study.
Low levels of pCQ need to be measured in a completely decarbongttens — from
gas lines, gas mixing device and humidifier toftoe-through cell — which is difficult
to achieve in practice. Particularly, precise calilon at the atmospheric level of 0.04
kPa pCQ and lower is challenging. The exchange of PETtbijas-impermeable glass
support improved the linearity at low pgObut did not solve the contamination
problem entirely. This is well observable in thesatption measurements where such
contamination results in larger deviation than wlgrifluorescence measurements
influenced by FRET (figure 2.3B and 2.3D, respedtiy. Determination of the limit of
detection (LOD) was therefore not possible. Newaess, it can be concluded that the
sensor shows excellent response at atmospheris I@@Q 0.04 kPa= 400 ppm in the
gas phase 11.6 pmol/L in water at 298.15 K) of carbon dicxignd therefore is highly

promising for e.g. oceanographic applications.
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Figure 2.3. Absorption(A, B) and emissioi{C, D) calibration curves of carbon dioxide
sensor based on DPPtBior the full dynamic range from 0 to 4.9 kPa pd®, C) at
5°C (red dots) and 25°C (black squares) and forrimpective low range sectio(d,
D). A linear fit(B, D), polynomial 2 fifA) and exponential growth f{C) were used.

Photostability

The sulfonamide-based DPP indicators reported pusWy possessed adequate
photostability for practical applications. Electraithdrawing groups often improve the
photostability of the fluorescent dyes and theteteécdonating groups have an opposite
effect® Thus, photostability of DPPtBubearing two electron-donating tert-butyl
groups may be significantly lower than that for twefonamide-based indicators such
as BiPh-DiSA™’ However, photobleaching experiments carried out tfee THF
solutions of DPPtBliand BiPh-DiSA and an optical G&ensor based on DPP{Bu
(using a high power blue LED arragmax = 458 nm, for the excitation of the
protonated form of the dye; photon flux4000 umoB'm?) revealed that the
photostability of both dyes is very similar. Bothyed showed about 50%
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photodegradation in solution after 27 min of contins irradiation. Photostability of the
optical sensor based on DPPiBuas very similar to that of the solution of theitator
(40 min for 50% photodegradation; supporting infation, figure S2.2). Thus, the new
dye is suitable for practical applications. Thétigntensities necessary for the read-out
of the sensors are typically much lower (10-10@¥@lnd only a pulse of short duration
(20-50 ms) is required to obtain a measurementtpblawever, photobleaching can
become more critical if very high light intensitiase used such as in microscopy. In the
absence of photobleaching the response of the isendly reversible during prolong

measurements (figure 2.4).

0.6-
4.9 kPa pCQ 1.0 kPa pCQ
[~
8 05 N
c
@
o)
S 0.4-
0
o)
<
0.3 >
0.25 kPa pCQ
02 T T T T T T T T T 1
0 200 400 600 800 1000
Time (min)

Figure 2.4. Absorption of the protonated formytx 505 nm) at alternating pCfQat
25°C.

RGB Imaging

The emission of the protonated and deprotonateu fufr the sensing material shows
excellent compatibility with the green and red atels, respectively, of a color camera
(figure 2.2B). Importantly, both forms of the dyeaie comparable fluorescence
guantum yields. Fluorescence imaging was perforos#og a consumer digital camera
(Canon 5D). The change in the emission color caeasfly distinguished with naked
eye (figure 2.5). The intensity in the red chars@s not change significantly (0%)

in the entire pC@range. On the other hand the sensor shows dramat&ase of the
signal in the green channel. Thus, referencedmainc imaging of pC@with a simple

set-up and using a single indicator dye becomesilpedor the first time.
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Figure 2.5. Photographic images of the planar optode basedD#PtBU under
illumination with a 458-nm LED array acquired witth Canon 5D digital camera
equipped with a long-pass “spring yellow” filter €efilters) (A) and the respective
calibration plot for the ratio of fluorescence intgties for the red and green channel
(B). The insert shows the curve for low pa@nge.

Conclusions

A new pH-sensitive indicator dye based on a dikstelo-pyrrole chromophore is
presented. A low cost starting pigment was cheryicalodified in one step via N-
alkylation. The resulting dye is well soluble inganic solvents and polymers and is
highly promising for preparation of carbon dioxigensors. The features include high
fluorescence quantum vyields for the protonated theddeprotonated form of the dye
and excellent compatibility of both emissions witle green and red channels of an
RGB camera. These properties enable self-referemratiennetric imaging of pCoOwith

a single indicator. The optode shows excellent igeitg at atmospheric levels of
carbon dioxide. This makes the sensor a promisimajytical tool for application in
environmental monitoring, marine research and oogl@aphy, for example for

monitoring of ocean acidification.
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Figure S2.2.Photodegradation profiles for DPPtBand BiPh-DiSA dissolved in air-
saturated tetrahydrofuran (red dots and black s@sarespectively) and for DPPtBu
embedded in ethyl cellulose (blue triangles) oladifrom the absorption spectra of the

protonated form. The data points represent an ayer&alue from 3 independent
experiments.
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Figure S2.3.Absorption of the protonated form (505 nm) at ral#ting levels of pC®
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Chapter 3

Scope of this chapter

Optical chemosensors operating in the near-infréd&) region of the spectrum are
under investigation because of several advantaggslow light scattering, dramatically
reduced autofluorescence and availability of lowtcoptical components (excitation
sources, photodetectors, filters). As RfRelated tetraarylazadipyrromethenes — aza-
BODIPYs — were found out to be promising pH-sewmsiindicators in the NIR region,
they were further investigated and developed fa& #pplication in optical carbon
dioxide sensors.

In chapter 3 a new pH-sensitive indicator classhe dli-OH-aza-BODIPY class —
suitable for optical C@sensors is presented. These colorimetric andreselfencing
dyes feature extremely high photostability, highlamoabsorption coefficients and
tuneable sensitivity depending on their substitupattern. Luminescence based read-
out was enabled by making use of the inner-filtezae.

Further development of this class could possibiléo luminescent indicators, which

would make luminescence based read-out easierrarilexefore highly desireable.
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NIR Optical Carbon Dioxide Sensors Based on HighlyPhotostable
Dihydroxy-aza-BODIPY Dyes

This chapter was published Materials Chemistry C, 2015 3, 5474-5483, doi:
10.1039/c5tc00346f

Authors: Susanne Schutting, Tijana Jokic, Martin Strobkg8g¢ M. Borisov, Dirk de
Beer and Ingo Klimant

A new class of pH-sensitive indicator dyes foragitcarbon dioxide sensors based on
di-OH-aza-BODIPYs is presented. These colorimeindicators show absorption
maxima in the near infrared rangéfax 670-700 nm for the neutral formyax 725-760
nm for the mono-anionic formmax 785-830 nm for the di-anionic form), high molar
absorption coefficients up to 77000*8r* and unmatched photostability. Depending
on the electron-withdrawing or electron-donatingeet of the substituents the pK
values are tunable (8.7-10.7). Therefore, opticabon dioxide sensors based on the
presented dyes cover diverse dynamic ranges (ROKHa; 0.18-20 kPa and 0.2-100
kPa), which enables different applications varyifgbm marine science and
environmental monitoring to food packaging. Thesses are outstandingly photostable
in absence and presence of carbon dioxide and eare&d out via absorption or via
luminescence-based ratiometric scheme using abearptodulated inner-filter effect.
Monitoring of the carbon dioxide production/consuimp of a Hebe plant is

demonstrated.

Introduction

Carbon dioxide is one of the most important paransein many scientific and
industrial fields, such as mediciffe'®"**®*marine scienc&**¥1%°fgod packaging?

bio processing'®* or environmental and industrial monitorifJ.Routine techniques of
CO, quantification like infrared (IR) spectroscopy,sgehromatography (GC) or the

Severinghaus electrode are well established, Higrsiiom different drawback&"™*
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For instance IR spectroscopy is mainly used for smmple$>® because of strong
interferences of water and the Severinghaus eleti® strongly affected by osmotic
effects. A promising alternative are carbon dioxatemosensoft;16-118139.140.172.173
where so calleglastic typesensors are the most common oté326:89111-113.174 e
core of this type of sensor is a pH-sensitive iathic dye. It is embedded in a polymer
matrix together with a base (mainly a quaternarynamum base) and responds to
carbon dioxide by changing its spectral properéiesording to degree of protonation.
Read-out of these sensors can be carried out s@atiion or luminescence intensity. In
case of a fluorescent indicator dye referencintheffluorescence intensity is necessary
to achieve reliable results. This can be realizedding an analyte-insensitive reference
dye with different spectral properties to the imdar, either a different emission
spectrum or a different luminescence decay timé¢hddigh necessary in many cases,
the addition of reference materials can cause drameatio changes when
photobleaching of one dye (reference or indicator)ooth occurs. Therefore, self-
referencing indicator dyes are highly desired firometric read-out. However, only a
few self-referencing dyes (absorption and fluoraseeintensity) where published so

/1144714715117 ptical carbon dioxide sensors are also of gmtarést in biological

far
applications.

Here, indicators with absorption/fluorescence istgnmaxima in the infrared (IR) or
near-infrared (NIR) region are preferred, becausseweral advantages, e.g. low light
scattering, dramatically reduced autofluorescemckawailability of low-cost excitation
sources and photodetectors. Recently our groupepies pH-sensitive BFchelated
tetraarylazadipyrromethene indicators (aza-BODIPY3his indicator class represents
an interesting alternative to state-of-the-art dpediological applications like SNARF
indicator§® or cyanine dye®’® The aza-BODIPYs showed absorption/fluorescence
intensity spectra in the near-infrared region amadenhighly photostable. Although pH-
sensitive, these dyes could not be used for optiadbon dioxide sensors. Here, the
formation of the ion pair was irreversible and thdicator could not be protonated
anymore, even at 100% GOIn this study we present a new class of pH-sessit
indicator dyes suitable for optical carbon dioxislensors, the di-OH-aza-BODIPYs
containing two de-/protonatable hydroxyl groupswili be shown, that the pKvalues

of the di-OH-aza-BODIPYs can be tuned by usingedédht substituents with either
electron-withdrawing or electron-donating effeainhinescence-based ratiometric read-

out can be realized via absorption-modulated iffitter- effect!91"*"®An application
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example demonstrating the carbon dioxide produtt@mrsumption of a Hebe plant will
also be presented.

Experimental

Materials

Ethyl cellulose (EC49, ethoxyl content 49%), thyrbhle (A.C.S. reagent)n-cresol-
purple (indicator grade), poly(styrege-divinylbenzene) microspheres (8 um mean
particle size; PS-microparticles), 3"-chloro-4"-hydyacetophenone, ammonium
acetate, benzaldehyde\,N-diisopropylethylamine (DIPEA), dry dichloromethane
boron trifluoride diethyl etherate, MOPS buffertsalodium sulfate (anhydrous) and
tetraoctylammonium hydroxide solution (TOAOH, 20% methanol) were obtained
from Sigma-Aldrich (www.sigmaaldrich.com). Deutedtdimethyl sulfoxide (DMSO-
ds) was purchased from Euriso-top (www.eurisotop.coRgrfluorodecalin (98%gis
and trans), 1l-butanol (99%, BuOH) and nitromethane were iv@eck from ABCR
(Germany, www.abcr.de), Hyflon AD 60 from Solvayww.solvay.com). Nitrogen,
2% oxygen in nitrogen, 5% carbon dioxide in nitnog®.2% carbon dioxide in
nitrogen, argon and carbon dioxide (all of 99.99pu6ity) were obtained from Air
Liquide (Austria,www.airliquide.at). Toluene, ethanol (EtOH), tetrahydrofuran (THF),
hydrochloric acid (37%), dichloromethane (DCM) anmelxane were purchased from
VWR (Austria, WWW.VWr.com). 3’-methyl-4-hydroxyaogthenone, 4’-
butoxyacetophenone and 2-fluoro-4-hydroxyacetophenawvere from TCI Europe
(www.tcichemicals.com). Poly(ethylene terephthgldRET) support Melinex 505 was
obtained from Putz (Germany, www.puetz-folien.co®ytassium chloride, potassium
carbonate (pro analysi), potassium hydroxide ahcasgel 60 (0.063-0.200 mm) were
received from Merck (www.merck.at). Sodium hydrexi@thyl acetate, the buffer salts
CHES, MES and CAPS were purchased from Roth (wwivath.com). De-ionized
water was filteredvia a Barnstead NANOpure ultrapure water system. 1-(4-
hydroxyphenyl)-4-nitro-3-phenylbutan-1-one  (compdunlb) was synthesized
according to Jokic et &l Silanized Egyptian Blue particles were preparezbeting to
the literature proceduf@.
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Synthesis of 3,7-bis(4-butoxyphenyl)-5,5-difluoro-9-diphenyl-5H-42.% 5,
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 (poond a): 4'-
butoxyacetophenone (1 eq, 2.00 g, 15.5 mmol) wssotlied in absolute ethanol (15
ml). Benzaldehyde (1 eq, 158Q, 15.5 mmol) and potassium hydroxide (3 eq, 2.61 g
46.4 mmol in 5 ml HO) were added to the solution and the reactionstiagd at room
temperature for 12 h. Then, the reaction solutisgension was acidified with 0.1 M
HCI and the resulting precipitate was collectediligation and was washed with water
three times (3 x 100 ml). The precipitate was doadh rotary evaporator and was used
for the next step without further purification (3.8, 89.2 %).1-(4-butoxyphenyl)-4-
nitro-3-phenylbutan-1-one (compoung): A solution of E)-1-(4-butoxyphenyl)-3-
phenylprop-2-en-1-one (1 eq, 3.87 g, 13.8 mmolyomethane (20 eq, 14.8 ml, 276
mmol) and KOH (0.3 eq, 0.232 g, 4.1 mmol) in 30 abkolute ethanol was heated
under reflux for 12 h. After cooling to room tematrre the solvent was removed on a
rotary evaporator. The resulting oily residue wagliied with 0.1 M HCI and was
partitioned with ethyl acetate and water in a sajoag funnel. The organic layer was
separated, dried over sodium sulfate and the sbhesnoved under reduced pressure
(4.035 g, 85.7 %)(52)-5-(4-butoxyphenyl)-N-(5-(4-butoxyphenyl)-34pyle2H-pyrrol-
2-ylidene)-3-phenyl-1H-pyrrol-2-amine)( Compoundb (1 eq, 2.5 g, 7.33 mmol) and
ammonium acetate (35 eq, 19.77 g, 256 mmol) wessotied in 50 ml 1-butanol and
the reaction solution was heated under reflux #oh2The reaction was cooled to room
temperature and the solvent removed under reducessyre. Then, the solid was
redissolved in DCM and washed with water three $ir@x 100 ml). The crude solid
was purified by column chromatography on silica gleiting with DCM/cyclohexane
(1:1 v/v). The product was recrystallized from xdree/THF mixture to give metallic
blue crystals (983 mg, 45.4%H NMR (300 MHz, CDCJ) & 8.06 (d,J =7.1 Hz, 4 H),
7.88-7.83 (m, 4 H), 7.44-7.31 (m, 6 H), 7.11 ($§)27.02 (dJ = 8.8 Hz, 4 H), 4.06 (t,
J=6.5Hz,4H),191-1.72 (4,= 8.5 Hz, 4 H), 1.6-1.48 (m, 4 H), 1.01Jt 7.4 Hz, 6
H). 3,7-bis(4-butoxyphenyl)-5,5-difluoro-1,9-diphenyl-81* 52*-dipyrrolo[1,2-c:2',1'-
f1[1,3,5,2]triazaborinine: Compoundc (1 eq, 300 mg, 0.51 mmol) was dissolved in
200 ml dry DCM.N,N-Diisopropylethylamine (DIPEA, 10 eq, 83&, 5.06 mmol) and
boron trifluoride diethyl etherate (15 eq, 9h8, 7.58 mmol) were added and the

reaction solution was stirred under nitrogen forhilZl'he green solution was washed
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with water three times (3 x 200 ml) and dried oaehydrous sodium sulfate. The crude
product was purified by column chromatography oricaigel eluting with
DCM/cyclohexane (1:1 v/v). The product was rectigeed from a hexane/THF
mixture to give metallic red needles (179 mg, 55244 NMR (300 MHz, CDC)) &
8.09 - 8.05 (m, 8 H), 7.49 - 7.38 (m, 6 H), 7.08.98 (m, 6 H), 4.07 — 4.02 1,= 6.4
Hz, 4 H), 1.58 — 1.45 (g} = 14.4 Hz, 4 H), 1.62 — 1.42 (m, 4 H), 1.02 — 092 = 7.4
Hz, 6 H). Electron impact-direct insertion-time flight (DI-EI-TOF): m/z of [M]’
found 641.3007, calc. 641.3032.

Synthesis  of  4,4'-(5,5-difluoro-1,9-diphenyl-B-4.% 50*dipyrrolo[1,2- ¢:2',1'-
fl[1,3,5,2]triazaborinine-3,7-diyl)bis(2-chlorophend) (di-Cl-di-OH-complex)
1-(3-chloro-4-hydroxyphenyl)-3-phenylpropenone  (poond 1a): 3’-chloro-4’-
hydroxyacetophenone (1 eq, 2 g, 11.7 mmol) and didakyde (1 eq, 1.24 g, 11.7
mmol) were dissolved in 10 ml ethanol absoluteml @f aqueous potassium hydroxide
solution (3 eq, 1.96 g, 35.1 mmol) were added dispwThe resulting solution was
stirred for 8-12 h, during which the product pré@afed as the potassium salt. The
solution/suspension was poured into 10 ml hydraahlacid (1 M) and further
concentrated hydrochloric acid was added untildbleition was acidic. The obtained
yellow solid was washed with water and used fothierr synthesis without purification
(2.33 g, 77%).1-(3-chloro-4-hydroxyphenyl)-4-nitro-3-phenylbutarmne (compound
1b): A solution of compounda (1 eq, 2 g, 7.7 mmol), nitromethane (20 eq, 8.35 m
154.7 mmol) and potassium hydroxide (1.2 eq, 0,3228 mmol) in 10 ml ethanol was
heated at 60°C under reflux for 12 h. After coolingoom temperature, the solvent was
removed in vacuo and the oily residue obtained agdified with hydrochloric acid (4
M) and partitioned between ethyl acetate (50 mb de-ionized water (50 ml). The
organic layer was separated, dried over anhydrodisis sulfate and evaporated under
reduced pressure. The obtained product was usedfuftiner synthesis without
purification (2.4g, 97.2%)5-(3-chloro-4-hydroxyphenyl)-3-phenyl-1H-pyrroly#-[5-
(3-chloro-4-hydroxyphenyl)-3-phenylpyrrol-2-ylidg¢amine (compound 10):
Compoundlb (1 eq, 2.02 g, 8.76 mmol) and ammonium acetatee(B519.03 g, 307
mmol) in 50 ml 1-butanol were heated under refloixZ4 h. The reaction was cooled to
room temperature, salt was removed by extractidh de-ionized water/DCM and the

product was purified by column chromatography ditaigel eluting with 5% ethyl
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acetate/DCM (after eluting impurities with hexar#)% DCM/hexane, 1% ethyl
acetate/DCM and 2% ethyl acetate/DCM) to yiktcas a blue-black solid. The product
was recrystallized from a hexane/THF mixture toegmetallic green crystals (0.097 g,
5.77%).*H NMR (300 MHz, DMSOds)  8.09 (d,J = 7.6 Hz, 6H), 7.90 (d] = 8.5 Hz,
2H), 7.62 (s, 2H), 7.54 — 7.32 (m, 6H), 7.19J¢&; 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:4,514-
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,-diyl)bis(2-chlorophenol)  (di-CI-di-
OH-complex) CompoundLc (0.017 g, 0.07 mmol) was dissolved in 50 ml of BIgM,
treated with DIPEA (10 eq, 0.053 ml, 0.32 mmol) dadon trifluoride diethyletherate
(15 eq, 0.061 ml, 0.48 mmol) and stirred under argo 24 h. Purification was carried
out via column chromatography on silica gel eluting witt Z2thanol/DCM (after
eluting impurities with DCM). Recrystallization fro hexane/THF gave the final
product di-Cl-di-OH-complex as a metallic red sof®@008 g, 44%)H NMR (300
MHz, DMSO-dg) 6 8.29 (s, 2H), 8.16 (dl = 7.0 Hz, 4H), 8.03 (d] = 8.7 Hz, 2H), 7.65
(s, 2H), 7.60 — 7.41 (m, 6H), 7.13 @ = 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-B-4)* 5.*-dipyrrolo[1,2- ¢:2',1*-
fl[1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophend) (di-F-di-OH-complex)

The synthesis was performed analogously to thali-6fl-di-OH-complex, but starting
from 2’-fluoro-4"-hydroxyacetophenone (728 mg). pfSte and 2 vyielded 1.033 ¢
(90.2%) and 1.28 g (99.4%) of the crude produdpeetively. After synthesis step 3,
the crude product was purified by column chromaipgy on silica gel eluting with 4%
THF/DCM to vyield [5-(2-fluoro-4-hydroxyphenyl)-3-gmyl-1H-pyrrol-2-yl]-[5-(2-
fluoro-4-hydroxyphenyl)-3-phenylpyrrol-2-ylidene]ame 2c as a blue-black solid. The
product was recrystallized from a hexane/THF mitto give metallic green crystals
(0.23 g, 20.9%)*H NMR (300 MHz, DMSO¢) & 8.04-8.06 (d,) = 7.0 Hz, 6H), 7.35-
7.47 (m, 8H), 6.78-6.86 (m, 4H). DI-EI-TOF: m/z f¥]]" found 517.1626, calc.
517.1602. 4,4'-(5,5-difluoro-1,9-diphenyl-5H74,54-dipyrrolo[1,2-c:2',1'-
f1[1,3,5,2]triazaborinine-3,7-diyl)bis(3-fluorophet)  (di-F-di-OH-complex) was
synthesized using the same procedure. Purificai@s carried outvia column
chromatography on silica gel eluting with 4% THFMC Recrystallization from
hexane/THF gave the final product di-F-di-OH-comps a metallic red solid (0.044 g,
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19.6%).'"H NMR (300 MHz, DMSO#s) 5 8.12 (d,J = 7.0 Hz, 4H), 7.82 (] = 8.7 Hz,
2H), 7.56-7.48 (gJ = 9.4, 7.9 Hz, 6H), 7.31 (d,= 3.4 Hz, 2H), 6.77 (d] = 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-B-4)% 5.*dipyrrolo[1,2- ¢:2',1*-
fl[1,3,5,2]triazaborinine-3,7-diyl)diphenol (di-OH-complex)

Compound3a 1-(4-hydroxyphenyl)-3-phenylpropenone was comnadisciavailable.
Further synthesis steps were performed analogaodiye synthesis steps of the di-Cl-
di-OH-complex. Synthesis of compoudt gave 2.06 g (80%) of the crude product,
starting from 2.02 g of 4’-hydroxychalcone. The d@u3c was purified by column
chromatography on silica gel eluting with 4% THFMCto yield [5-(4-
hydroxyphenyl)-3-phenyl-H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2
ylidene]amine as a blue-black solid. The producs verystallized from a hexane/THF
mixture to give metallic green crystals (0.41 g,528). ‘H NMR (300 MHz, DMSO-
ds), 5 8.09 (d,J = 7.3 Hz, 4H), 7.93 (d] = 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-diphenyl3-41* 5.*-dipyrrolo[1,2-c:2',1'-
f1[1,3,5,2]triazaborinine-3,7-diyl)diphenol was ded outvia column chromatography
on silica gel eluting with DCM/ethyl acetate (4:Recrystallization from hexane/THF
gave the final product di-OH-complex as a metatid solid (0.26 g, 57.8%jH NMR
(300 MHz, DMSO€) 6 8.13 (dd,J = 18.6, 8.0 Hz, 8H), 7.65 — 7.39 (m, 8H), 6.95Xd,
= 8.8 Hz, 4H). EI-DI-TOF: m/z [MH]found 529.1771, calc. 529.1779.

Synthesis of the 4,4'-(5,5-difluoro-1,9-diphenyl#3-4.% 5:*dipyrrolo[1,2-c:2',1'-
fl[1,3,5,2]triazaborinine-3,7-diyl)bis(2-methylphend) (di-CH 3-di-OH-complex)

The synthesis was carried out analogously to thadi-«Cl-di-OH-complex, starting
from 3"-methyl-4"-hydroxyacetophenone (1.88 g).pSteand 2 yielded 2.77 g (93%)
and 1.84 g (53%) of the crude product, respectiv&fter synthesis step 3, the crude
product was purified by column chromatography ditaigel eluting with 5% ethyl
acetate/DCM (after eluting impurities with hexan€fd 1:1, DCM) to yield [5-(3-
methyl-4-hydroxyphenyl)-3-phenylH-pyrrol-2-yl]-[5-(3-methyl-4-hydroxyphenyl)-3-
phenylpyrrol-2-ylidene]amindc as a blue-black solid. The product was recrygedli
from a hexane/THF mixture to give metallic greepstals (0.091 g, 5.8%fH NMR
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(300 MHz, DMSO¢) & 8.10 (d,J = 7.3 Hz, 4H), 7.91 — 7.75 (m, 4H), 7.57 — 7.33 (m
8H), 7.00 (dJ = 8.4 Hz, 2H), 2.29 (s, 6H). EI-DI-TOF: m/z [MHfound 509.2086,
calc. 509.2103. Purification  of  4,4'-(5,5-difluotg9-diphenyl-5i-41* 5.
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3¢iyl)bis(2-methylphenol) was carried
out via column chromatography on silica gel eluting wiéh gthyl acetate/DCM (after
eluting impurities with DCM, 1% ethyl acetate/DCMida2% ethyl acetate/DCM).
Recrystallization from hexane/THF gave the finaddurct di-CH-di-OH-complex as a
metallic red solid (0.04 g, 40%) NMR (300 MHz, DMSOds) 5 8.16 (d,J = 7.2 Hz,
4H), 8.08 — 7.90 (m, 4H), 7.52 (m, 8H), 6.95 Jd; 8.5 Hz, 2H), 2.22 (s, 6H). EI-DI-
TOF: m/z [MHT found 557.2082, calc. 557.2092.

Staining of PS-Microparticles

0.50 g PS-particles were dispersed in a solutios wig (1% w/w in respect to the PS-
particles) di-butoxy-complex in 10 ml tetrahydradar(THF) and stirred for 1.5 h. Then
8 ml of de-ionized water were added dropwise. Ati@rmin of stirring the dispersion
was transferred rapidly into a beaker with 50 midefionized water. The dispersion
was again stirred for 10 min. Then the particlesenfdtered through a cellulose filter
and rewashed with 20 ml ethanol. Afterwards thetiglas were transferred into a
milling cup and were overlaid with a mixture of atiol/de-ionized water (1:1) to
diminish friction and to enhance heat dissipatianrdy grinding in the planet mill. The

particles were washed with ethanol and dried inothen at 70°C.

Sensor Preparation

Absorption: a “cocktail” containing 100 mg ethylllcéose and 1 mg dye (1% w/w in
respect to the polymer) dissolved in a tolueneamdh mixture (6:4 v/v, 1.9 g) was
purged with carbon dioxide. Afterwards 100 pl tettglammonium hydroxide solution
(20% w/w TOAOH in MeOH) were added. The “cocktaias knife-coated on a dust-
free PET support. A sensing film of ~7 um thickness obtained after evaporation of
the solvent. For luminescence-based measuremesesand layer was added to the
absorption-based sensing foils. To prepare thektedt for the second layer, 0.180 g
Hyflon AD 60 were dissolved in 2.820 g perfluorodi, which was washed prior to
use with 1 mol T potassium carbonate solution. Then 0.360 g EgyBiae powder
(200% wi/w with respect to the polymer) and 0.0%gtagned PS-particles (30% w/w in
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respect to the polymer) were dispersed homogengonsthe Hyflon solution. The
thickness of this layer after evaporation of thiveot was estimated to be ~4.5 um.

Methods

'H NMR spectra were recorded on a 300 MHz instrungBntiker) in DMSOds with
TMS as standard. Absorption spectra were recordad ao Cary 50 UV-Vis
spectrophotometer (Varian). The determination efrtiolar absorption coefficients was
carried out as an average of three independentureasnts. Fluorescence spectra were
recorded on a Fluorolog3 fluorescence spectromgteriba) equipped with a NIR-
sensitive photomultiplier R2658 from Hamamatsu (3060 nm). Photobleaching
experiments were performed by irradiating the sef@ts in a glass cuvette with the
light of a high-power 10 W LED arrayjufax 458 nm, 3 LEDs, www.LED-TECH.de)
operated at 6 W input power. A lens (Edmund Optiea$ used to focus the light of the
LED array on the glass cuvette (photon flux: ~3@®00l s' m? as determined with a
Li-250A light meter from Li-COR). The photodegraidat profiles were obtained by
monitoring the absorption spectra of a sensor lated on the respective dye. The
cuvette was flushed with either carbon dioxide fgaighe mono-anionic form, or with
nitrogen for the di-anionic form and sealed. Thwhblle andm-cresol-purple were
used for comparison. In case of the anionic fornthgfnol-blue,m-cresol-purple, the
di-OH-complex and the di-C#di-OH-complex (di-anionic forms) sodium hydroxide
was placed at the bottom of the cuvette to captarkon dioxide traces. Gas calibration
mixtures were obtained using a gas mixing deviomfMKS (www.mksinst.com). The
gas mixture was humidified to about 85% relativenidity, using silica gel soaked with
a saturated potassium chloride solution, prior nberng the calibration chamber.
Temperature was controlled by a cryostat ThermoEldak50. Dyed particles were
filtered through cellulose filters type 113A fromofR (www.carlroth.com). Particle
milling was carried out using an 80 ml milling cugprconia spheres (@ 5 mm) and a
Pulverisette 6 planet mill from Fritsch (www.fritede). For the determination of the
pKa values titration curves in aqueous buffer/ethaninttures (1:1) were measured and
the average value of the point of inflection ob¢ain was used. For the
production/consumption measurements of carbon déoxwo Firesting-Mini devices
and an oxygen trace sensor from PyroScience (wwwaxpgience.com) were used.

lllumination of the sample was performed with 3 coercially available halogen bulb
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lamps with an averaged photon flux of ~217 umblns? per lamp. The plant was
positioned in a glass desiccator, which was flushigd a gas mixture of 2% oxygen in

nitrogen.

Results and Discussion

Synthesis

As reported by Jokic et &l there are two ways for the preparation of
azadipyrromethenes to obtain either asymmetfitar symmetricdf® chromophores.
The previously published asymmetrical dyes beaoing hydroxyl group were proved
to be promising pH indicatofs. Unfortunately, they were found to be unsuitable fo
optical carbon dioxide sensors. The ion pair bogtween the hydroxyl group and the
tetraoctylammonium base was comparatively strongnEafter exposure of the sensors
to pure carbon dioxide, the amount of £@as not enough to achieve re-protonation of
the indicators and only after exposure to strond aapors (e.g. hydrochloric acid) the
indicators were irreversibly re-protonatable.

Dissociation of both hydroxyl groups in symmetrieabdipyrromethenes was expected
to be more difficult compared to the mono-hydroxyidatives since two ion pairs with
bulky cations would be built upon deprotonation.efidfore, this new class of pH
indicators potentially suitable for G&ensing was investigated. The starting point of
our synthesis were diarglf§-unsaturated ketones (chalcones) either commeyciall
available or readily made by an aldol condensatibthe corresponding aldehyde and
acetophenone (Scheme 3.1). The Michael additionitodbmethane to the chalcones,
with KOH as base, yields the 1,3-diaryl-4-nitrobutones in essentially quantitative
yields. Their condensation with ammonium acetaterafiuxing butanol gave the
azadipyrromethenes. Finally, the azadipyrromethemesre converted to the
corresponding Bfchelates via reaction with Bfetherate using diisopropylethylamine

as a base at room temperature for 24 h, givinglyigdnging from 20-70%.
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CH,COONH,

dry DCM, Argon
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BF, chelate

di-OH-complexR! = R = H
di-F-di-OH-complexR* =H, R = F
di-Cl-di-OH-complexR* = Cl, R = H
di-CH,-di-OH-complexR' = CH,, R = H

Scheme 3.14-step-synthesis of the di-OH-aza-BODIPY chelates.

Photophysical Properties

Dissolved in an ethanol/aqueous buffer mixture )(lall di-OH-aza-BODIPY dyes

showed absorption spectra corresponding to thepiwtonation steps of the hydroxyl

groups (figure 3.1). The neutral forms showed maxah 670-700 nm and the mono-
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anionic forms at 725-760 nm. The di-anionic formexyevagain bathochromically shifted
for approximately 60 nmifax 785-830 nm). Generally, the di-Gidi-OH-complex
bearing electron-donating methyl groups showed ratism maxima shifted to higher
wavelengths compared to the non-substituted di-Otdptex (table 3.1). In contrast,
complexes bearing electron-withdrawing groups digpdl absorption maxima at shorter

wavelengths.

4 60 AL, © 0.4

5 0/ A = 03] B

"~ 40 _g ' pKa, at\ 1,»"/

\2, 301 S 02 818 | pKa, atA,

?_ 20 @

o L 0.1; /
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w =T e o L e —
600 700 800 900 6 7 8 9 10 11 12 13
Wavelength (nm) pH

Figure 3.1. (A) Absorption spectra for the neutral (black line, @#), the mono-
anionic (red line, pH 9.3) and the di-anionic (blliee, pH 12.8) forms of the di-OH-
complex dissolved in ethanol/aqueous buffer mix¢lrg) at 25°C andB) the titration
curves for pk; determined at 745 nm (red) and ptat 805 nm (blue), respectively.

An overview for the spectroscopic properties of pnesented dyes is given in table 1.
Molar absorption coefficients are rather high: 5537000 M'cm™. pK, determination
was carried out in a mixture of ethanol/aqueouseoolution (1:1). For all di-OH-aza-
BODIPY dyes two protonation steps can be observaiolg 3.1). Here, the complex
with electron-donating methyl groups antho-position to the hydroxyl groups showed
the highest pK values, followed by the non-substituted di-OH-ctewp Electron-
withdrawing chlorine atoms located in proximity tiie hydroxyl groups oftho-
position) have the strongest impact on thg y&ues, whereas the electron-withdrawing

effect of fluorine atoms in th@etaposition is significantly lower.
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Table 3.1.Absorption maxima, molar absorption coefficierfsand pk; values of the
di-OH-aza-BODIPY-complexes dissolved in ethanokags buffer mixture (1:1), as
well as the absorption maxima for optical £€&€ensors (EC49) based on the respective
aza-BODIPY-complexes.

Chelate neutral form mono-anionic form di-anionic form
}\-max (8*10_3) pKal }\-max (8*10_3) }\-max pKaZ }\-max (8*10_3) )\'max
EtOH/ EtOH/ EtOH/ EC49| EtOH/ EtOH/ EC49
ag. buffer 1:1| aq. | aq. buffer 1:1 ag. | ag. buffer 1:1
buffe buffe
11 11
[nm (M*cm™)] [nm (M*cm®)] | [nm] [nm (M*emiY)] | [nm]
. . 701 762 827
di-CH:-di-OH | 76 84+1.0) | 840 | (e55+04) | /7°| 1068 (7074+06) | 208
. 692 745 805
di-OH 59.9+20) | 8| 13+12) | 77?2 | 1034 555415 | 876
. . 669 725 784
di-F-di-OH | 51 1420) | 732| (a67224) | 90| 935 (528408 | 860
. . 688 752 808
di-Cl-di-OH 1 61 44 25) | 592 | sop+22) | 81| 872) (579407) | 80

Carbon Dioxide Sensors

The pH-sensitive di-OH-aza-BODIPY dyes were embdddean ethyl cellulose matrix
(EC49) along with tetraoctylammonium hydroxide assd to obtain optical carbon
dioxide sensors. Clearly, the sensors showed welkrvable spectral changes in the
near infrared (NIR) range according to the protmmadf the di-anionic form giving the
mono-anionic form (figure 3.2). The neutral formistbe di-OH-complexes showed
slight fluorescence in solution, and the sensosedan the indicators did not show
detectable fluorescence, neither for the mono-amioor for the di-anionic form.
Compared to the measurements in solution the €¥Dsors based on the di-OH-aza-
BODIPY dyes showed significantly bathochromicalhifed absorption spectra with
maxima at 760-780 nm for their mono-anionic formsl anaxima at 860-910 nm for
their di-anionic forms. Generally, a similar trefud the absorption maxima of the €O
sensors based on the respective complexes wasvelisgable 3.1). Here, the shift
between the mono-anionic and the di-anionic forns ealarged to over 100 nm. This

fact is advantageous for optical sensors, becaemsle geparation becomes easier.
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Figure 3.2. Absorption spectra of optical carbon dioxide seadmased or{A) the di-
Cl-di-OH-complex and(B) the di-CH-di-OH-complex in EC49 (base: TOAOH) at
25°C at various pC@values.

Despite that all di-OH-aza-BODIPY dyes showed twot@nation steps in agueous
solution, only one protonation step was observeaptical sensors based on these
indicators. In fact, in absence of carbon dioxiadghbhydroxyl groups build ion pairs
with the quaternary ammonium base and the speotrahie di-anionic forms are
observable. The mono-anionic form is built in preseof carbon dioxide and is stable
even at 100% CO Spectra for the neutral forms are not observablgmore (figure
3.2). Therefore, the pK values measured in solution are most relevantofurcal
carbon dioxide sensors based on the di-OH-aza-B®Dljrs. Indeed, these values
correlate very well with the sensitivities of thptical CG sensors (table 3.1, figure
3.3). The sensitivity increases in the followingler. di-Cl-di-OH < di-F-di-OH < di-
OH < di-CHs-di-OH. Notably, for the most sensitive sensor dasa di-CH-di-OH
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about 25% of the overall signal change is obsealsghdy at atmospheric pG@hich

is, to the best of our knowledge, one of the higkessitivities reported so far. Di-F-di-
OH and di-Cl-di-OH complexes bearing electron-widhwling groups displayed
diminished pK_ values of 9.35 and 8.72, respectively, and enafleasurements up to
100% CQ. These great differences in sensitivity lead tor@ad range of applications,
varying from food packaging and capnography forFdlOH and di-Cl-di-OH
complexes to environmental monitoring for di-OH alCHs-di-OH complexes.

Figure 3.3 shows the increasing absorption of tlk@avanionic form in relation to the
absorption at 0 kPa (Abs-Ad)scarbon dioxide (see figure 3.2 B). The higher the
sensitivity of the sensor, the steeper the respeclibration curves in figure 3.3 and
the lower the amount of carbon dioxide necessafyllp protonate the sensor. Sensors
based on the di-Cl-di-OH-complex and the di-F-di-Cbinplex showed limits of
detection (LOD) of 0.19 kPa and 0.18 kPa, respelstivHowever, determining the
LOD value for very sensitive sensors can be venllehging. For measurements of low
levels of carbon dioxide the measuring system (gixer, gas lines, flow cell, etc.) has
to be completely decarbonized, which is very diffico achieve in reality. Especially
for atmospheric levels of pG@0.04 kPa= 400 patm in the gas phasd 1.6 umol 1 in
water at 298.15 K) and below, traces of environmeoarbon dioxide disturbed the
measurements for sensors based on the gidtH-complex and the di-OH-complex.
Hence, the determined LODs for these two complé@ékl1 kPa for di-OH and 0.007

kPa for di-CH-di-OH) were only rough estimations.
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Figure 3.3. (A) Calibration curves (absorption — absorption at Bakof the mono-
anionic form) for the carbon dioxide sensors basaddi-OH-complex (black) and di-
CHzs-di-OH-complex (green) andB) di-Cl-di-OH-complex (blue) and di-F-di-OH-
complex (red) 25°C under humid conditions with tbgpective “zoom-in” sectionfC
and D).

Photodegradation profiles of the carbon dioxidessen were obtained from the
absorption spectra after illuminating the sensds fwith a high-power LED arrayfax
458 nm). For comparison, state-of-the-art indicatiges such asm-cresol-purple,
thymol-blue and HPTS were used (supporting inforomat figure S3.1). The
photostability of both the mono-anionic and theadienic form were investigated.
Therefore, the cuvette was filled either with paegbon dioxide (mono-anionic form)
or with pure nitrogen (di-anionic form). Clearlyl] af the di-OH-aza-BODIPY dyes
showed outstanding photostability, much better ttmenreference indicators embedded
in the same ethyl cellulose matrix. After 1.5 hilddmination the presented dyes
showed hardly any photobleaching effects for bdi mono-anionic and di-anionic
form, whereaam-cresol-purple (neutral form), thymol-blue (neutfafm) and HPTS
(only anionic form) were degraded to less than 80%e anionic forms ofm-cresol-
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purple and thymol-blue were even less photostdiaa there neutral forms (supporting

information, figure S3.1).

Luminescence-based Ratiometric Read-out using IFBn(ner-Filter Effect) based
Sensors

Read-out of the planar optodes and fiber-optic aesnisased on colorimetric systems is
significantly more challenging than that of the lnescent systems. The inner-filter
effect (IFE) was made use of in order to enabld-@# via luminescence. Additionally
to the first layer containing the absorption-bagedicator dye along with TOAOH in
ethyl cellulose, a second layer containing the seapy emitters was useff It
included the pH-insensitive di-butoxy-complex epprad in PS-particles as fluorophore
and Egyptian blue (EB) as phosphor, both embeddétyflon AD 60. The absorption
spectra of the di-OH-complex and the emission speat the secondary emitters are
shown in figure 3.4 A. Here, the broad emissiondbahthe phosphor (EB) overlaps
with the absorption spectrum of the di-anionic foothe indicator and the emission
band of the fluorophore (di-butoxy-aza-BODIPY-cos¥)loverlaps with the absorption
spectrum of the mono-anionic form of the indicaiine isosbestic point of the di-OH-
indicator is located at 610 nm and represents aal ivavelength for exciting the
secondary emitters matching the maxima of the D4 available (605, 617 nm). The
fluorescence spectra of the sensor based on thbication of EB, di-butoxy-complex
and the non-substituted di-OH indicator are showifigure 3.4 B. Emission peaks in
the absenceifax 913 nm) and presencéqfx 738 nm) of carbon dioxide were well
observable. Hence, luminescence-based ratiometd:out becomes possible. This can
be realized either by using two emission filterslaing the respective components or
by measuring the luminescence phase shift. In thet,phase shift for luminescent
Egyptian Blue is 55.8° at 2000 Hz and the phas# shithe fluorophore is 0 at this

modulation frequency.
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Figure 3.4.(A) Emission spectraifx: 610 nm) for Egyptian Blue (EB; blue dashed line;
“Emission Phosphor”) and the di-butoxy-complex €tived in tetrahydrofuran;
magenta dashed line; “Emission Fluorophore™); abption spectra of the sensor based
on the di-OH-complex in absence (black line) andorasence (red line) of carbon
dioxide at 25°C(B) Emission spectraifxc 610 nm) for a carbon dioxide sensor based
on di-OH complex and inner-filter effect read-oti2&°C and humidified conditions.

Carbon Dioxide Production/Consumption of a Hebe Plat

The applicability of the presented carbon dioxidesors is demonstrated by showing
the respiration of a Hebe plant. The Hebe plaisbih a carbon dioxide sensor based on
the di-CH-di-OH-complex and an oxygen trace sensor wereeplat a desiccator. The
desiccator was purged for 15 min with a gas mixaire% oxygen in nitrogen (in order
to achieve better dynamics when measuring withita oxygen sensor compared to
air saturation) and then closed tightly. During theasurement the setup was alternately
kept in darkness and illuminated for 30 min usingeé halogen lamps. According to
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this illumination sequences the production/consuonpdf carbon dioxide was observed
(figure 3.5). In darkness an increase of carborxide® occurred due to respiration,
whereas during illumination the concentration of ;,C@ecreased. Over the whole
measurement more GQvas produced than consumed which may be due ¢gsstr
induced respiration of the Hebe plant. Correspontiethe applied light sequences also
the oxygen concentration was affected. Note that tdwe whole experiment the oxygen
concentration was increasing which can be explamedliow diffusion of oxygen into
the desiccator. Surprisingly, oxygen concentratd@hnot increase significantly during
the light phase, but it increased abruptly immedyagafter the light was switched off,
reaching a plateau after about 30 min (figure 3Ih)s effect may be attributed to the
storage of generated oxygen in the plant and lease in the beginning of the dark
phase. After this time the equilibrium between atygonsumption during respiration
and oxygen diffusion from outside is reached. As loa seen, the same phenomenon is
observed if the light and dark cycles are extendef0 min each (see hour 2 to 4 in
figure 3.5). The above plant behavior is beyond sbepe of the paper and calls for

more detailed investigation.
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Figure 3.5.(A) Experimental set-up an@) carbon dioxide and oxygen dynamics in a
desiccator containing a Hebe plant during illumiioex (yellow zones) and in darkness
(grey zones).
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Conclusion

A new class of colorimetric pH-sensitive indicatdie carbon dioxide sensors is
presented. The di-OH-aza-BODIPY dyes show chariatiteCO,-dependent absorption
spectra in the near-infrared region. In additiorthte remarkable photostability of the
indicators and the high molar absorption coeffitsethe dynamic ranges of the sensors
can be tuned via electron-donating and electrohdrgwing substituents. This enables
a broad range of applications from environmentahitooing to food packaging or
capnography. The sensors based on di-GiHFDH-aza-BODIPY belong to the most
sensitive ever reported and resolve well below apheric CQ levels. Absorption-
modulated inner-filter effect was used to enabléers:mced luminescence-based
ratiometric read-out. As an example the productionsumption of carbon dioxide of a

Hebe plant was demonstrated.
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Supporting Information

to NIR Optical Carbon Dioxide Sensors Based on HigPyptostable Dihydroxy-aza-
BODIPY Dyes
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Figure S3.1. Photodegradation profiles for carbon dioxide sess¢EC49; base:
TOAOH; T=25°C) based on the di-OH-aza-BODIPY dys#aok), m-cresol-purple (red
triangles), thymol-blue (green dots) obtained frahe absorption spectra of the
respective neutral form and the absorption speofr¢éhe deprotonated forms of the di-
Cl-di-OH-complex (cyan) and HPTS(TQAblue stars).
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Figure S3.2 EI-DI Mass spectrum of 3,7-bis(4-butoxyphenyh-&ifluoro-1,9-
diphenyl-5H-4% 52*-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine (dbutoxy-
complex).
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Figure S3.3 'H NMR of 3,7-bis(4-butoxyphenyl)-5,5-difluoro-1 j@tenyl-5H-4* 5:*
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine (dbutoxy-complex).
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Figure S3.4. EI-DI Mass spectrum of 4,4'-(5,5-difluoro-1,9-dastyl-5H-4* 51%
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,-tiyl)diphenol (di-OH-complex).

128



Chapter 3

S. Schutting

OO ERIRRERTIERILERE
nnnnnnnnnnnnnnnnnnnnn
e -
{l
N { JM ﬂl ; J L A \
— e
3 g =
g g
15 8.0 75 70 6.5 6.0 5.5 50 45 4.0 35 30 25 2.0 15 1.0 0.5 0.0
1 (ppm)

17000

16000

15000

14000

13000

11000

10000

BEEEEEEEEE

Figure S3.5 H NMR of 4,4'-(5,5-difluoro-1,9-diphenyl-5H%451*-dipyrrolo[1,2-

c:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)diphendti-OH-complex).
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Figure S3.6 DI-EI Mass spectrum of 4,4'-(5,5-difluoro-1,9-denyl-5H-4° 5%
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,-diyl)bis(3-fluorophenol)  (di-F-di-
OH-complex).

130



Chapter 3 S. Schutting
S NEARAEANES xE
iFRataaasEs 37
DrMSO Fasco
I ) Lso
3000
2500
H20 2000
\! - E530
THE | EHE L ioca
- I =
LA V)
_I__j.__l' | _r\- - - 2
A - :I* 3 _f'. E)
L E-] 15 £l (%1 (1] 5.5 5.0 48 40 5 -1 0 0.5 0.0

Figure S3.7.'H NMR of 4,4'-(5,5-difluoro-1,9-diphenyl-5H-45:*dipyrrolo[1,2-
c:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)bis(3florophenol) (di-F-di-OH-complex).
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Figure S3.8 EI-DI Mass spectrum of 4,4'-(5,5-difluoro-1,9-denyl-5H-4* 5%

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,-diyl)bis(2-chlorophenol)  (di-CI-di-
OH-complex).
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Figure S3.9. 'H NMR of 4,4'-(5,5-difluoro-1,9-diphenyl-5H%51*-dipyrrolo[1,2-
c:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-¢brophenol) (di-Cl-di-OH-complex).
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Figure S3.10 EI-DI Mass spectrum of 4,4'-(5,5-difluoro-1,9-demyl-5H-4% 51*
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-3,-tiyl)bis(2-methylphenol) (di-Cidi-
OH-complex).
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Figure S3.11.'H NMR of 4,4'-(5,5-difluoro-1,9-diphenyl-5H%54*-dipyrrolo[1,2-
c:2',1'-f][1,3,5,2]triazaborinine-3,7-diyl)bis(2-ntleylphenol) (di-CH-di-OH-complex).
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Chapter 4

Scope of this chapter

In chapter 4 a possible application of optical ocarbdioxide sensors in marine
environments is presented. The device was consttuot especially meet the demands
of field experiments in marine science, where tistaff, and equipment are limited. It
should give as much simultaneous information assiptes concerning spatial and
temporal distribution of the analyte concentratidimus, one hundred optical fiber
sensors for carbon dioxide with one collective &t@mn source and imaging read-out
were attached to the housing containing the RGB ecamand the electronics.
Characterization of the device was first carrietunder lab conditions.

Afterwards, the prototype was tested under realitimms off Panarea Island (Sicily,
Italy). Panarea Island is located in the southeymhEnian Sea north of Sicily and is
known to be in a volcanically active area, as fwample in 2002 a huge underwater
outbreak of carbon dioxide occurred and still cardmxide is outgasing there from the
seafloor. It is not yet definitely known if the G®@eaches the seawater either
continuously and point-by-point via bubbles, orcdistinuously via tidally affected
pore-water dynamics. To answer this question, thdiforanched sensor device was
applied off Panarea Island (Sicily, Italy).
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Multi-Branched Optical Carbon Dioxide Sensors for Marine
Applications

The distribution of C@in natural waters can vary significantly within alihareas due

to physical, chemical and biological processes. abhieve more information about
these systems, simultaneous detection of €@@centration at many different positions
is highly desired. In this contribution a multi-rehed optical carbon dioxide sensor
system is presented. The ends of 100 optical fineescoated with optical carbon
dioxide sensing foils, which — after excitationmitelight in either the red or the green
part of the spectrum according to the ambient pClhese ends are freely moveable,
whereas the opposite ends are reunited in a pdiiditeer head building a 10 x 10
matrix of fiber spots. This fiber head is positidrie front of a commercially available
red/green/blue (RGB) camera, which enables readwatimaging. Images are then
divided in their color channels, which contain thealytical information. Here, the
intensity in the red and green channel is useddre¢d/green). The system was tested
off Panarea Island (Sicily, Italy), which is locdtegn the Tyrrhenian Sea in a
volcanically active area, where carbon dioxide istgasing from the seafloor. A
significant effect of tides, but no correlation kvpphotosynthesis was observed via the

measured C@dynamics.

Introduction

It is known that increasing carbon dioxide concaidns in the atmosphere cause
elevated CQlevels in the oceans. Marine scientists are ingashg this phenomenon -
also known as ocean acidification - and its strefigcts on the marine ecosyst&ii’~
186 Therefore, an appropriate detection method is ssery. Especially for field
experiments where time, equipment and staff argdamit is important that the method
is easily adaptable to the respective conditionghefexperiment and that it gives as
much simultaneous information as possible concgrapatial and temporal distribution

of the analyte concentration.
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d.r'lg—118,139,140

Optical chemosens are ascending and promising detection tools for

p}43,150,152,187—189 r}55,190—193 or carbon

analytes such as oxyge
dioxide®192111.13216717L19% e most common ones for carbon dioxide are stectal
plastic typesensord-°>608911211%ith 3 pH-sensitive indicator dye as core-componen
of the sensing film. The indicator shows changipgcsral properties — absorption
and/or luminescence properties — due to its degfegrotonation. If an experiment
requires a certain mobility of the sensor, to meagusmall volumes, to be non-invasiv
or to overcome a certain distance, the applicatbrfiber optode¥> % becomes
preferable. Here, optical fibers, either made @fsglor polymer, guide the excitation
light to the sensing element (foil or coated tip)dathe emitted light back. If
simultaneous detection at more than one measurepoémit is required, those optical
fibers can also be used in so called multi-fibeays™%%2%

In 2012 Fischer and Koop-Jakobsen publishedntidtiple fiber optode (MuFQ)a
novel system for simultaneous analysis of multiiiler optic oxygen sensof&' The
device was based on simultaneous lifetime imagfraptical sensing foils, which were
based on the principle of oxygen quenching of ar#iacent indicator dye enabling
measurements at 100 positions at the same timethédsused principle was not
applicable for carbon dioxide, the read-out methad to be adapted for optical €O
sensors, which are based on a pH-sensitive indiclh®. Here, an enhancement of the
previous device, enabling simultaneous interrogatsd one hundred optical carbon

dioxide fiber optodes based on imaging read-oyiresented.

Experimental

Materials

Ethyl cellulose (EC49, ethoxyl content 49%), thyrbhle (A.C.S. reagent)n-cresol-
purple (indicator grade) and tetraoctylammoniumrbydale solution (TOAOH, 20% in
methanol) were obtained from Sigma-Aldrich (wwwmsagldrich.com). Nitrogen, 5%
carbon dioxide in nitrogen, 0.2% carbon dioxidenititogen, argon and carbon dioxide
(all of 99.9990% purity) were obtained from Air uigle (Austria, www.airliquide.at).
Toluene, ethanol (EtOH), sodium chloride, sodiuncabdbonate and hexane were

purchased from VWR (Austria, www.vwr.com). Poly(dtéme terephthalate) (PET)
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support Melinex 505 was obtained from Pitz (Germanyw.puetz-folien.com). The
buffer salts di-sodium phosphate 99%, p.a.) and monopotassium phosphate (p.a.)
were purchased from ROTH (www.carlroth.com) and MER (www.merck.at),
respectively. The silicone components vinyl terrtedapolydimethylsiloxane (viscosity
1000 cSt.), (25-35% methylhydrosiloxane)-dimetHgbsane copolymer (viscosity 25-
35 cSt.), 1,3,5,7-tetravinyl-1,3,5,7-tetramethyloyetrasiloxanen and the platinum-
divinyltetramethyldisiloxane complex were receiveftom ABCR (Germany,
www.abcr.de). The pigments brick-red and lemoneyelivere purchased from Kremer
Pigments (Germany, www.kremer-pigmente.com). Blsiikone-rubber ELASTOSIL
N189 was obtained from Wacker (www.wacker.com).i@@ezed water was filtered via
a Barnstead NANOpure ultrapure water system. Thieaplastic fibers LUMINOUS
(type C-1000; @ 2.2 mm) from Asahi Chemical Japa&menordered via Sojitz Europe
plc. (www.sojitz.de). The material for the meta¢esles, a stainless steel pipe (inner
@2.2 mm; type 1.4571), was purchased from SW-Stahw.sw-stahl.de). The RGB
camera (type EOS 1000D, internal infrared filtenoxed) and the objective (type EF-S
60 mm) were from Canon (www.canon.at). A SDHC céd GB) from Sandisk
(www.sandisk.de) was used for image-storage duttiegmeasurements. LEDs (type
LUXEON Rebel LXML PBO0O1 0030, blue 470 nm, 75| mginLED star board) were
purchased from LUMITRONIX LED-Technik GmbH (www.lgdle) and the respective
LED driver from PCB components (www.pcb-componet@s. Optical filter DT-Blue
and the NIR blocking filter Calflex X were obtaindcbm Qioptiq (www.gioptig-
shop.com). A 500 nm long pass filter from Schotiviwschott.com) and a LEE plastic
filter (medium yellow; www.leefilters.com) were wken front of the camera. The
material for the housing and the fiber head ERTABETPOM C, Polyoxymethylen)
was purchased from ARTHUR KRUGER GmbH (www.arthudger.de). The cutting
pliers Rennsteig 600 001 3 was obtained from (wemnsteig.com/de). Electronics:
USB/ LAN converter (4x) was received from Sharkdemvw.sharkoon.com) and the
LAN switch (FS105 5 Port 10/100MBit) from Netgearvww.netgear.at). Accumulator
packs 4x 16Ah 3.2C cells (Headway 40160SE) wereniobtl from Lipopower

(www.lipopower.de).
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Sensing Chemistry

The sensing foils consist of three layers, whichreMenife-coated on a PET support
(figure 4.1):

The first layer contained the pH-sensitive indicattye and tetraoctylammonium
hydroxide (TOAOH) as base, embedded in an ethyuloske matrix (EC49) with an
ethoxyl content of 49%. Here, 1.5 mg of the indicadye (thymol-blue om-cresol-
purple; 1.5%w/w with respect to the polymer) an@ g EC49 were first dissolved in
1900 mg of a mixture of toluene/ethanol (6:4), tH&® pl TOAOH solution (20% in
methanol) were added. After knife-coating and evapon of the solvents a film
thickness of ~13 um was achieved.

The second layer contained the pigmemtsk-red and lemon-yellowdispersed in a
four-component-silicone layer: 50 mg ofick-red and lemon-yellow respectively,
dispersed in a silicone solution consisting of 808g vinyl terminated
polydimethylsiloxane, 32 ul (25-35% methylhydrogame)-dimethylsiloxane
copolymer, 2 ul 1,3,5,7-tetravinyl-1,3,5,7-tetrahydtyclotetrasiloxane and 4 pl
platinum-divinyltetramethyldisiloxane complex disssd in 1600 mg hexane. After
knife-coating and evaporation of the organic soveeriilm thickness of ~40 pum was
achieved.

A commercially available black silicone-rubber wesed as third layer (film thickness

~30 um) for protection against ambient light anctchamical damages.

Metal sleeve

—r Y 0]

- Layer 3
——Layer 2

Sensor foil

Fibre tip

CO, + H,0 + Ind TOA* — Hind + HCO, TOA"

Figure 4.1. Left: Sensing foil with dye layer 1, silicone layer withrick-red” and
“lemon-yellow” (layer 2), protective black silicorebber layer 3 and
protonation/deprotonation principle of the pH-sdiva indicator in the dye layer
(below). Right: Sensing foils stamped out and fixed on the opfiitedrs by using
custom-made metal sleeves.

142



Chapter 4 S. Schutting

Methods

Characterization of the sensing chemistry: Absormpspectra were recorded on a Cary
50 UV-vis spectrophotometer (www.varianinc.com)ofbleaching experiments were
performed by irradiating the sensor foils in a glasvette with light of a high-power 10
W LED array fmax 458 nm, 3 LEDs, LED-TECH.de) operated at 6 W inpoiver. A
lens (Edmund Optics) was used to focus the lighthefLED array on the glass cuvette
(photon flux: ~3900 pmolsm? as determined with a Li-250A light meter from Li-
COR). The photodegradation profiles were obtaingdniopnitoring the absorption
spectra of a sensor foil based on the respectiee Tye cuvette was flushed with either
carbon dioxide gas for the protonated form, or waitnogen for the deprotonated form
and sealed with Parafilm. Fluorescence intensitgsueements of the sensing foils were
recorded on a Hitachi F-7000 Fluorescence spectanfeww.hitachi.com) equipped
with a red-sensitive photomultiplier R928 from Hanssu (www.hamamatsu.com).
Gas calibration mixtures were obtained using a gasing device from MKS
(www.mksinst.com). The gas mixture was humidifiedabout 85% relative humidity
(saturated KCI solution) prior entering the calttma chamber. Temperature was
controlled by a cryostat ThermoHaake DC50. The phate buffer solution (~700 mM)
was composed of 13.60 g di-sodium phosphate, O.F@mppotassium phosphate and
35.06 g sodium chloride dissolved in 1000 ml ofialdzed water and showed a pH
value of 7.7-7.8. Calibration measurements werdezhiout by flushing the phosphate
buffer solution first with pure nitrogen gas urdilplateau was reached. Afterwards a
solution of 1.59 g sodium bicarbonate dissolveB0dml of de-ionized water was added

stepwise to give increasing levels of carbon diexadncentration.

The multi-branched optical carbon dioxide sensimyick was built similar to the

MuFO device from Fischer and Koop-Jakob&8nexcept for the read-out via RGB
camera and the sensing chemistry: The electronstesy the RGB camera (EOS
1000D, internal infrared filter removed) and thecigation sources (3 LEDS, 470 nm)
were positioned in a cylindrical housing made ofMPO’he camera was equipped with
a macro objective (type EF-S 60 mm), a Calflex ¥efj a LEE plastic filter (medium-

yellow) and a 500 nm long pass filter in front bétobjective to avoid excitation light
and wavelengths >500 nm. The 3 LEDs (470 nm) faitatton were positioned on a
metal ring in equal distance/angle to each otheurad the objective of the RGB camera

and filtered through a optical DT-Blue filter. Theyere focused on the 10 x 10 matrix
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of the fiber head (photon flux: 22.7 pmdi &% determined with a Li-250A light meter
from Li-COR, www.licor.com). A custom-made triggeource was used to trigger and
synchronize camera and LED excitation. One endrefyewaveguiding fiber (cut to 5.5
m length) was stripped (~4 cm) and positioned anfther head in the pre-drilled 10 x
10 matrix (within an area of 15 x 15 mm). Fixatwas performed by gluing. The fiber
head and the integrated fibers were polished ghktteer using commercially available
polishing materials. The moveable ends of the §ibeere cut with cutting pliers for
polymer optical fibers to ensure a plain cut swgfathe sensing foils were stamped out
and fixed on the optical fibers by using custom-enatktal sleeves (length 2 cm; inner
@2.2 mm; stainless steel type 1.4571). Analysishef color channels of the images

were carried out using a home-made matlab scrget ¢apporting information).

Results and Discussion

Principle

The device consists of three main parts (figure:42) the housing, containing the
electronic assembly, the collective excitation seuand the RGB camera; (2) the
waveguiding fibers and the fiber head; (3) the sgn®ils on the freely moveable end
of every fiber (figure 4.1).

As mentioned before, the system is based on tmeipke of a pH-sensitive indicator
dye, which is protonated/ deprotonated in preseraldence of carbon dioxide
according to the following principle:

CO; + H,O + INdTOA" « IndH + TOAHCOs

The indicator dye (Ind IndH) is embedded in a polymer matrix togethethva base

(TOA"). This sensing foil is fixed on the freely moveal@nd of each of the optical
fibers. The fibers guide the excitation light frédnLEDs to the sensing foils and the
emitted light back to the fiber head, which is piosied in front of the housing. The
RGB camera takes images of the fiber head. Theagamare then divided in their
color channels, which contain the analytical infation. For this device the blue

channel was used for excitation and the ratio efréd and the green channel was used
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for analysis of the pCQevel. The analysis of the images was carriedusutg a home-
made matlab script (see supporting information).

Custom made housing
Metal
sleeves Excitation
. filt
& sensing et Custom made
chemistry microcontroller board
| "_,.»—"'—‘. '
\ l PWR Power LAN Ethernet
‘ : — down communicator
—— RGB camera PWR
” L Trigger
Focal Em‘1~§‘s10n filter 1n Trigger source
Fiber plane with timer
head
Excitation
s;urces LED
(LEDS) current BATTERY
source

Figure 4.2. Above:Principle of the multi-branched optical carbon gide sensing
device and electronical systeBelow: Scheme of the 10 x 10 matr{®) fixation of the
fiber head to th€B) housing with camera and excitation LEDs inside.

Sensing Chemistry
The self-referencing colorimetric triphenylmethadges thymol-blue andn-cresol-

purple were used as pH-sensitive indicators. Thuodieators are well known and often
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used for optical carbon dioxide senstr¥ Both dyes show similar absorption maxima,
but generally, sensors based on thymol-blue dispigher sensitivity than sensors
based om-cresol-purple, due to the slightly higher pkalue of thymol-blue (table 1V).
Hence, sensors based on both indicators were igaesi to demonstrate the
adaptability of the system to applications withfeliént requirements concerning p£0O
ranges.

To realize a fluorescence based ratiometric reddaotnin the red and green color
channel of the RGB caméfi the pigmentdrick-red andlemon-yellowwere used as
secondary emitters in the silicone layer to enavenner-filter effect based system.
The emission oflemon-yellow overlaps only slightly with the absorption of the
protonated form of the indicator, but the emissibthe pigmenbrick-red matches the
absorption of the deprotonated form of the indicand furthermore, causes a big
change of the final emission spectra of the senBois overall signal of the sensing
foils matched the corresponding color channeldhefdamera, were only small changes
in the green channel were observed, but rather tiginges occured in the red color

channel (figure 4.3).

e
e

emission of A
secondary emitteys

1.2{ GREEN .--RED B

o
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1
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%
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o

Norm. Fluorescence Intensity
Norm. Absorbance
Norm. Fluorescence Intensity

400 500 600 700 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4.3.(A) Overlap of the emission spectra of the mixturthefsecondary emitters
(1:1; brick-red and lemon-yellow) and the absorptispectra of the protonated and
deprotonated form of thymol-blue (embedded in EGAH TOAOH as base)B)
Emission spectra of the sensing foil based on thate in absence (“no C®) and
presence (“CQ") of carbon dioxide at 25°Clgxc 470 nm) under humid conditions and
red (red dashed line) and green (green dashed lbo&r channels of a commercially
available RGB camera.

Photobleaching experiments were carried out fosisgrfoils based on thymol-blue and
m-cresol-purple. A high power blue LED arrayn{x = 458 nm) was used for the
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excitation of the neutral forms of the indicato&sHydroxy-pyrene-1,3,6-trisulfonate
(HPTS), which is the most common state-of-the-adidator®>"®*%>®"for plastic
carbon dioxide sensors, was used for comparisarteSinly the deprotonated form of
HPTS is absorbing at 458 nm, only the photodegiauigirofiles of this form are used
for comparison. For thymol-blue anm-cresol-purple both, the protonated and the
deprotonated form are absorbing light at 458 nnot&tegradation profils are displayed
in figure 4.4. Generally the protonated form of thdicator is more photostable than
the deprotonated form, but-cresol-purple showed slightly better photostapititan
thymol-blue — protonated as well as deprotonatdek photostability of both thymol-
blue andm-cresol-purple (protonated and deprotonated foamh}ewas higher than the
deprotonated form of HPTS.

1001 _
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% : |

) ] (O

>

0 60 _
50 e
40 ) 80
Time (min)

Figure 4.4. Photodegradation profiles for carbon dioxide sassqdEC49; base:
TOAOH; T = 25°C) based orfA) m-cresol-purple (protonated form, red filled
triangles), (B) thymol-blue (protonated form, green dotq)Z) m-cresol-purple
(deprotonated form, magenta triangle§ld) thymol-blue (deprotonated form, orange
circles) and(E) HPTS (deprotonated form, blue stars) obtained ftbe absorption
spectra of the respective form of the respectivewhder humid conditions.

Calibration and Temperature Dependence

The calibration was carried out in a phosphate dvusblution (S = 35; ~700 mM),
which was first decarbonated (flushing with nitroggas) until the sensors reached a
plateau. Afterwards, a sodium hydrogen carbonatetisn (0.36 mol/l) was added
stepwise to reach GQroncentrations from ~150 to 46520 patm (~3 to B#tol/l).
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Sensing foils based on thymol-blue showed slighilgher sensitivity than sensors

based om-cresol-purple (figure 4.5).
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Figure 4.5.Calibration curves for sensing foils based on thisbiue (A) and m-cresol-
purple (B) at 25°C in a phosphate buffer solution (S = 35087mM); read-out via
imaging using a commercially available RGB camera.

It is well known, that all optical carbon dioxidersors show temperature dependent
sensitivity, which is increasing with decreasingpperature and vice versa. Using other
matrix materials instead of ethyl cellulose may idish this temperature cross-talk, as
the reason for the dependence is a better solulilit carbon dioxide at lower
temperatures. Nevertheless, for the calibratiorsesfsing foils based on thymol-blue
(and m-cresol-purple) in ethyl cellulose the temperatwas kept constantly at 25°C
during lab experiments. In case of different terapees expected for the following
field experiment the temperatures were adjustedrdowly for every deployment.

The metal sleeves were additionally sealed withckblailicone rubber to prevent
entering of seawater into the sensing foils frore ttackend of the sleeves. This
technique was tested prior with a sensing chemisised on the di-OH-aza-BODIPY
dyes presented in chapter 3. The optodes wereraim before and after storage in
H3PO, (0.1 mmol/l) for 14 h. Calibration curves showenhitar behavior before and
after the storage, respectively. Thus, no invasiérthe aqueos medium occurred

(supporting information, figure S4.1).
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LOD and Response Time

The determination of the limit of detection (LOD)asv also carried out using a
phosphate buffer solution, which was flushed witinepnitrogen gas. Sensors based on
thymol-blue and omm-cresol-purple showed LOD values of 51 patm and 1aén,
respectively.

For the determination of the response time the f#els coated with sensing foil were
immerged alternately in phosphate buffer solutiotwo graduated cylinders. One was
treated with pure nitrogen gas and the other ortle pure carbon dioxide gas. Thg t
time (time needed for 90% of the signal to occum) $ensing foils based on both
thymol-blue andn-cresol-purple was about 19 seconds. ObviouslyrédBponse time is
affected by the thickness of the sensing layersrdfbre, one could reduce thgtime

by using thinner sensing layers, but has to detll decreased signal intensity dynamics
caused by a thinner dye layer.

Improvement of the system could be realized usingréscent pH-sensitive indicator
dyes, which match also the color channels of theBRfamera, e.g. the recently
presented diketo-pyrrolo-pyrrole dyes (chapter d arof this thesis)>"*"° This could
also reduce the response/ recovery times because sEduced number of layers, as
only one dye layer and a protective layer wouldnkeessary. Additionally, it would

decrease the sensor thickness.

Carbon Dioxide Dynamics at Panarea Island (Sicilyltaly)

In 2013 the multi-branched optical carbon dioxidasor device was taken to Panarea
Island (Sicily, Italy) for a scientific cruise to easure pC@ under real conditions.
Panarea Island is located in the north of Sicilthie Tyrrhenian Sea and is known to be
located in a volcanically active area. Carbon diexis outgasing there from the
seafloor. It is not yet definitely known if the G®@eaches the seawater either
continuously and point-by-point via bubbles, orcdistinuously via tidally affected
pore-water dynamics. The multi-branched sensorcgewias applied off Panarea Island
to answer this question.

The sensors were combined in 5 bundles of 20 sereawh, distributed along a pole
(length 2 m), that was placed flat out on the seaflnear seeps, crossing seagrass

patches and active seepage (figure 4.6).
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Figure 4.6 MuFO device at the sea ground with fiber bundlesitomed over sea
grass and sand. (image © HYDRA)

The system was deployed 6 times at three diffesamipling sites, once during the night
and once during the day, respectively. The first@ag siteGrey Minusfeatured grey
colored sediment and no obvious outgasing (bubpfirmgn the seafloor. Hence, it was
chosen aseference siteThe second sit€rey Plusalso showed grey colored sediment,
but slight bubbling, whereas the third sRed Plusshowed red colored sediment and
moderate to strong bubbling (figure 4.7).

At the reference sitdboth measurements, day time and night time, displayather
typical pCQ levels of 350 to 400 patm, which correlates welhwihe atmospheric
carbon dioxide level.

At the Grey Plussite the pC@resembled the level @&rey Minusduring the day time
measurement, but showed small fluctuations. Dutiveg night excursions up to 700
patm were observed.

At the Red Plussite the pCQ@level was similar t@&srey MinusandGrey Plusduring the
day time measurement. During the night time measeng, all sensors showed strong
simultaneous excursions, especially during the #rdiours of the measurement. The
excursions were much faster than the tidal dynamnck had an amplitude up to 3000
patm. Afterwards a sudden decrease to levels ~40@ was observable (figure 4.7).

150



Chapter 4 S. Schutting
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Figure 4.7. AboveScheme of the fiber bundle positioning along the:dmindle 1 and
2 over seagrass; bundle 3, 4 and 5 over sedint@eibw: Carbon dioxide dynamics
during 6 deployments of the multi-branched sen8osampling sites “Grey Minus*
(1.line), “Grey Plus” (2.line) and “Red Plus” (3.ie), measured during day time (left
column) and during night time (right column), respeely. Displayed are 5 signals per
graph representing the mean value of one sensadlbubundle 1 (black) and bundle 2
(red) were positioned over seagrass; bundle 3 (grebundle 4 (blue) and bundle 5

(magenta) were positioned over sediment.
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Despite the heterogeneous habitats (seagrass patnbeseeps) we found no evidence
of horizontal heterogeneity. The dynamics were shee in all channels. The €O
levels did vary significantly with tide at all theesampling sites. This confirmed the
observations with loggers from a previous cruis€®2, where low tides correlated
with elevated carbon dioxide levels, lowered pHuesal and decreased redox potential.
Furthermore, we found no effect of photosynthesishe CQ signals. Bundle 1 and 2
showed similar pC®values than bundle 3, 4 and 5, respectively.

The simultaneous behavior of all sensors and theeledion with tides indicated, that
the elevated pCOvalues are the result of tidally affected poreewatlynamics. A
detailed comparison of all data loggers during figkl experiment, giving information
about temperature, pressure, etc, will be discussedfinal publication debating this

issue.

Conclusion and Outlook

A multi-branched optical carbon dioxide sensor weesented. The device features 100
freely positionable optical COsensors, which are excited and read out colldgtive
the opposite end of the waveguiding optical fibdisis enables measurements with a
high spatial resolution. The dynamic range of tessrs can be adjusted to different
dynamic ranges from “normal” atmospheric level apvery high pCQ values, e.g. at
CO, seeps. Read-out was carried out via imaging witoramercially available RGB
camera. As an example the marine carbon dioxidamies at Panarea Island (Sicily,
Italy) were demonstrated. From the obtained dataaveconclude that the G@evels
around seeps are controlled by tides, but are nfitenced by even strong
photosynthesis. As additionally all sensors shoveadultaneous dynamics, it is
concluded, that the carbon dioxide level is afféctey tidally driven pore-water
dynamics, which is enriched with GQOrather than by bubbling. More detailed
comparison of data giving information about tempe®s pressure, redox potential, etc.
from the same field experiment will be providedairfinal publication combining all

information to corroborate this ecological question
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Supporting Information

to Multi-branched optical carbon dioxide sensors farine applications
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Figure S4.1.Calibration curves of four sealed optodes befdrack squares) and after
(red dots) storage in $P0O, (0.1 mmol/l) for 14 hours.

Matlab script for analysis of the color channelstioé images (written by Gunter
Mistlberger):

%% Script for processing MuFO data
% USAGE: navigate to the folder containing the data and run the script

0/
0

% Version 0.1 (2014-01-16)

0

(¢) G. Mistlberger & S. Schutting
h Working for evaluation.
0/

b Version 0.2 (2015-02-16) (c) G. Mistlberger & S. Schutting

% Minor improvements and code clean—up

% house keeping
clear

close all

% defining variables

darkimage_filename = ~DARKIMAGE. CR2"; % file name of the darkimage
roisize = 50; % size of the region of interest

scaling_factor = 4; % scaling factor
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GM = GM_load_standard_settings; % loading standard settings
GM_colormap = jet(256); % defining a colormap for later

% save evaluation figures true or false
% save_figures = true;
save_figures = false;

% Find all raw image files with the pattern IMG*.CR2) in the current directory
files = dir (" IMG*. CR2");
if isempty(files) % if no files were found throw an error and exit

error " No *’ IMG*.CR2’’ image files found in this directory! Will quit here.’)
end

% calculate number of files
no_files = numel (files);

% extract file names
fnames = cell (no_files, 1); % preallocating space for the filenames
date_time = fnames; % preallocating space for date_time
for fc = lino_files
fnames {fc, 1} = files(fc). name;
date_time {fc, 1} = files(fc). date;
end

% check if there is a special dark image to be subtracted from all images
if isempty( dir( darkimage_filename ) )

fprintf ( Dark image %s not found. Assuming alternating dark and bright images.’, darkimage_ filename)

is_calibration = 0;
else
darkimage = imread(darkimage_filename) ;
fprintf ( Dark image %s found. Running in calibration mode.’, darkimage_ filename)
is_calibration = 2;
end

%%

% open one image for roi selection
hfl = figure;

if is_calibration

temp_image = imread (fnames {round(no_files/2)}); % choose some image in the middle

else % otherwise use the 10th image
temp_image = imread(fnames{10});
end

% show the temporary image
imshow (temp_image) ;

% select the rectangle around
hpoly = impoly;
t_pos = wait (hpoly) ;

% hide the polygone after transmission of positions
set (hpoly, ' Visible’, Off")

% get x and y positions of the 4 points
xt = t_pos(:, 1);
yt = t_pos(:,2);

% define the number of spots in x and y direction and the spot size
% (diameter)

answer = inputdlg({ Spots in X-direction?’,’ Spots in Y-direction?”,’ Spot diameter (px)’}, Define Spot

numbers in X and Y direction’, 1, {{ 10", 5, num2str (roisize)});
nx = str2double (answer {1}) ;

ny = str2double (answer {2}) ;

roisize = str2double (answer{3}) ;
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% calculate the number of spots
no_spots = nx*ny;

% interpolating x and y positions of the spot centers in the first and
% last column

x_firstcolumn = linspace(xt (1), xt(4),ny);

x_lastcolumn = linspace(xt(2), xt(3),ny);

y_firstcolumn = linspace(yt(1), yt(4), ny);

y_lastcolumn = linspace(yt(2),yt(3),ny);

% pre—allocating space for xv, yv
xv = zeros (ny, nx) ;
yV = XV;

% calculating the centers of all selected spots
for yc = 1l:ny;
xv(yc, :) = linspace(x_firstcolumn(yc), x_lastcolumn(yc), nx);
yv(ye, 1) = linspace (y_firstcolumn(yc), y_lastcolumn(yc), nx);
end

% allocate space for BW_mask image and hcirc
BW_mask_image_temp = zeros(size (temp_image(:, :,1)));
hecire = cell (numel (xv), 1) ;

BW_mask = cell (numel (xv), 1) ;

% for each spot, generate a circular BW mask
for spotcounter = l:numel (xv) % for each spot

% plot circles to show where data is taken

viscircles ([xv (spotcounter) yv(spotcounter)], roisize/2, EdgeColor’,’w’, LineWidth',1);

hold on

% label the spots

text (xv (spotcounter), yv (spotcounter), sprintf ( %d’, spotcounter), FontSize ,roisize/scaling_factor, Color’,

w,  HorizontalAlignment’,’ center’);

% generate an ellipse for the current spot to get vertices

>

hcirc {spotcounter} = imellipse(gca, [xv(spotcounter)-roisize/2 yv(spotcounter)-roisize/2 roisize

roisize]);
api=iptgetapi (hcire {spotcounter}) ;
vert=api. getVertices();
set (hcirc {spotcounter},’ Visible , Off")

% generate Black/White mask using the vertices
BW_mask {spotcounter} =

poly2mask (vert (i, 1), vert (:, 2), size (temp_image (:, :, 1), 1), size (temp_image (i, :, 1), 2)) ;

BW_mask_image_temp = BW_mask_image_temp + BW_mask {spotcounter} ;
end

% wait one second
pause (1) ;

set (gef, inverthardcopy’, off’)
saveas (hfl,  spot_numbering. pdf’)
close (hfl);

%% Mathematical calculations

% progress calculation (for long calculations)
progress = ones (size (BW_mask_image_temp)) ;

% full screen figure
h_temp_figure = figure( units’, normalized’, outerposition’, [0 0 1 1]);

% wait shortly
pause (0. 01) ;
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if is_calibration

% initializing the time vector
time_vector = zeros(no_files, 1);

% preallocating space
Ratio = zeros(no_files, no_spots);
hp = zeros(size(Ratio, 2),1);

for fc = 1ino_files % for each file

% calculating the progress of the calculation
progress (i, 1:ceil (fc/no_files*size (progress, 2))) = 0;

% generate the time vector by calculating the difference to the
% starting point (in seconds)
time_vector (fc, 1) = (datenum(date_time {fc})-datenum(date_time{1}))*24%3600;

% get current image and dark image
curr_image = imread(fnames{fc});
curr_dark_image = darkimage;

% subtracting the dark image
im_corr = curr_image — darkimage;
% calculating R/G ratio

im_ratio = double (im_corr (:, :,1))./double (im_corr (:, :,2));

% replace INF and NaN values by zero
im_ratio(isinf (im_ratio)) = 0;
im_ratio(isnan(im_ratio)) = 0;

% ratio image for plotting (replace zero by NaN)
im_ratio_plot = im_ratio.*BW_mask_image_temp;
im_ratio_plot(im_ratio_plot == 0) = NaN;

% calculation of average ratios in all spots
for spot_count = 1:no_spots
curr_average_ratio =
sum (sum(im_ratio. *double (BW_mask {spot_count}))). /double (sum(sum (BW_mask {spot_count}))) ;

% print result for information
fprintf C R(av) in Spot#%d (fileft: %d): %0.4f ¥n', spot_count, fc, curr_average_ratio)

% save result in 'Ratio’ array

Ratio(fc, spot_count) = curr_average_ratio;
end
% make figure 'h_temp_figure’ the current figure
figure(h_temp_figure);

% generate 3x3 subplot and show current image in the first subplot
subplot (3,3, 1), imshow(curr_image)

hold on

% draw spot circles in the image
for spotcounter=1:numel (xv)
viscircles ([xv(spotcounter) yv(spotcounter)], roisize/2,” EdgeColor’, w’,  LineWidth',1);
end
hold off

% title
title (sprintf ( Current image (%s)’, fnames{fc}), Interpreter’, none’ );

% show dark image in subplot 2
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subplot (3, 3, 2), imshow(darkimage), title(sprintf(’ Dark image
(%s)”, darkimage_filename), Interpreter’, none’);

% show image — dark image in subplot 3
subplot (3, 3,3), imshow(im_corr), title( Image — Dark Image’);

% show dark image corrected red channel in subplot 4
subplot (3, 3,4), imshow(im_corr(:,:,1)), title(’Red Channel’);
% show dark image corrected green channel in subplot 5
subplot (3, 3,5), imshow(im_corr(:,:,2)), title( Green Channel’);

% show ratio image in subplot 6
subplot (3, 3,6), imshow(im_ratio_plot)
colormap (jet), title(CR/G image );

% plot calibration in subplot 7
subplot (3,3, 7)

hp = zeros(size(Ratio, 2),1);
for pc = l:size(Ratio, 2)

% get current colorbar index
cidx = ceil (pc/size (Ratio, 2)*size (GM_colormap, 1)) ;

% plot
hp(pc) = plot( ...
1:size (Ratio, 1), Ratio(:, pc), -
"Marker’,’ o, ...
"Color’, GM_colormap(cidx, :));
hold on
end
hold off
x1im([0 size(Ratio, 1)+1])
title( Ratio vs. Time in each spot’);
xlabel (" Frame’) ;
ylabel ( R/G Ratio’);

% plot the progress of the evaluation
subplot (3,3,9), imshow(progress), title(’ Progress’);
% export current figure if the option was chosen in the preamble
if save_figures
fig _name = sprintf( Fig %s. jpg’, strrep(fnames{fc},” . CR2",”7));
set (gef,  inverthardcopy’, off’)
saveas (h_temp_figure, fig name)
else
drawnow
end
end

else % if measurement, NOT calibration

% check if the file number is even
if mod(no_files,2) "= 0

error ( 0dd number of image files (%d) detected. Check your files.’,no_files)
end

% initializing the time vector
time_vector = zeros(no_files/2,1);

% preallocating space

Ratio((fc+1) /2, spot_count) = zeros(no_files/2, no_spots);
hp = zeros(size (Ratio, 2),1);

for fc = 1:2:no_files

% calculating the progress of the calculation
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progress (i, 1:ceil (fc/no_files*size (progress, 2))) = 0;

% time vector for export

time_vector ((fc+1)/2,1) = (datenum(date_time{fc})-datenum(date_time{1}))*24%3600;
% subtracting the dark image
curr_image = imread(fnames{fc+1});
curr_dark_image = imread(fnames{fc});

im_corr = curr_image — curr_dark_image;

% calculating R/G ratio

im_ratio = double (im_corr (:, :,1))./double (im_corr (:, :,2));
im_ratio(isinf (im_ratio)) = 0;

im_ratio (isnan(im_ratio)) = 0;

% ratio image for plotting (replace zero by NaN)
im_ratio_plot = im_ratio.*BW_mask_image_temp;
im_ratio_plot(im_ratio_plot == 0) = NaN;

for spot_count = 1:no_spots
curr_average_ratio =
sum (sum(im_ratio. *double (BW_mask {spot_count}))). /double (sum(sum (BW_mask {spot_count}))) ;
fprintf C R(av) in Spot#%d (fileft: %d): %0.4f ¥n', spot_count, fc, curr_average_ratio)
Ratio((fc+1)/2, spot_count) = curr_average_ratio;
end

% debugging information
figure (h_temp_figure);

subplot (3,3, 1), imshow(curr_image)
hold on
for spotcounter=1:numel (xv)
viscircles ([xv(spotcounter) yv(spotcounter)], roisize/2, EdgeColor’, w’,’ LineWidth',1);
end
hold off
title (sprintf ( Current image (%s)’, fnames{fc+1}), Interpreter , none );
subplot (3, 3, 2), imshow(curr_dark_image), title(sprintf( Current dark image
(%s)”, fnames{fc}), Interpreter’, none’);
subplot (3, 3,3), imshow(im_corr), title( Image — Dark Image’);
subplot (3, 3,4), imshow(im_corr(:,:, 1)), title( Red Channel’);
subplot (3, 3,5), imshow(im_corr(:,:,2)), title( Green Channel’);
subplot (3, 3,6), imshow(im_ratio_plot), set(gca, ' CLim’, [min(min(Ratio)), max (max(Ratio))]),
colormap (jet), title(C R/G image’);
subplot (3,3, 7)
for pc = l:size(Ratio, 2)
cidx = ceil (pc/size (Ratio, 2)*size (GM_colormap, 1)) ;
hp (pc) = plot(l:size(Ratio, 1),Ratio(:,pc), =, Marker’, o, Color’,GM_colormap(cidx, :));
hold on
end
hold off
x1im ([0 size (Ratio, 1)+1])
title( Ratio vs. Time in each spot’);
xlabel ( Frame ) ;
ylabel C R/G Ratio’);

subplot (3,3,9), imshow(progress), title(’ Progress’);
% export current figure if the option was chosen in the preamble
if save_figures
fig name = sprintf( Fig %s. jpg’, strrep(fnames{fc+1}, .CR2", " ));
set (gef,  inverthardcopy’, off’)
saveas (h_temp_figure, fig name)
end
end

end
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%% Genarate array containing the time vector with the respective ratios
Ratio_final = [time_vector Ratio];
%% Data and Figure export

% preallocating data of legend array
legend_array = cell (no_spots, 1) ;

hf_plot = figure(Cunits’, normalized ,’ outerposition’, [0 0 1 1]);

% plot ratio trends vs image number in each spot
for pc = 1:no_spots
cidx = ceil (pc/size (Ratio, 2)*size (GM_colormap, 1)) ;
hp(pc) = plot(l:size(Ratio, 1), Ratio(:,pc), =, Marker’, o, Color’,GM_colormap(cidx, :));
hold on
grid on
legend_array{pc} = sprintf( spot %d’,pc);
end
hold off
title(sprintf( Ratio plot’));
legend (legend_array,  Location’, E0")
saveas (gcf, sprintf (" %s_Ratio_plot. pdf’, datestr (datenum(date), 29)))

% export data

ratio_data_filename = sprintf( %s_ratio_data.csv’,datestr(datenum(date), 29)) ;
csvwrite(ratio_data_filename, Ratio_final);
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Conclusion and Outlook

A new pH-sensitive indicator class based on dikstwelo-pyrroles (DPPs) was
introduced (chapter 1 and 2). The new indicatorseve®nvenient to synthesize from
low-cost starting materials and feature high saitybin organic solvents and polymers,
good photostability, high quantum vyields and tueakénsitivity (pk values) due to
their substitution pattern. Even very high sengitiwas achieved by introducing
electron-donating groups. The indicators show fHrencing (dual-emitting)
absorption and fluorescence spectra in the visélge after excitation in the blue range
of the spectrum. They are usable for imaging appbas after tuning their spectral
properties to meet the color channels of commadyc#alailable RGB cameras (chapter
2). The presented indicator class represents aigirgnalternative to state-of-the-art
indicators, e.g. HPTS.

Here, different starting materials and substituemtaild lead to a broader range of
possible indicator dyes. Thus, photostability amgrqum yields of the deprotonated
forms could maybe improved. The DPP indicator adpter 2 may be combined with
the multi-branched optical carbon dioxide sensdnagpter 4). The dual-emitting
properties of this dye fit perfectly to the coldrannels of the RGB camera and would
lead to less layers of the sensing foils (no irfiiEr effect system needed) and

therefore to thinner layers and faster responsestim

Furthermore, a second class of pH-sensitive indisabased on di-OH-aza-BODIPYs
was introduced (chapter 3). Using these indicatorsptical carbon dioxide sensors
enables measurements in the near infrared (NIRpmeavhere background signals are
diminished, light scattering is low and low-costcigation sources can be used. The
dyes feature very high and tunable jp¥alues (high/tunable sensitivity), excellent
photostability and absorption maxima in the NIRioeg Luminescence based read-out
can be realized by making use of the inner-filtézas.

This class could also be expanded by using moferdift substituents. This could lead
to optimized spectral properties for low-cost mialsy e.g. excitations sources (LEDS),
detectors or filters. Achieving fluorescent indmadlyes in the NIR region would enable

luminescence based read-out without needing anr-iitex effect based multi-layer
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system. This would combine the advantages of the mdgion with luminescence based

read-out techniques.

In the end, a multi-branched optical carbon dioxsg@sor was presented, possessing
not one, but 100 freely positionable optical fibesth one collective excitation source
and imaging read-out via the color channels of @BRamera (chapter 4). This enables
measurements with a very high spatial resolutidre &pplicability was demonstrated
by measuring the subsea £dynamics off Panarea Island (Sicily, Italy).

Of course, this device is only a prototype and d¢hare several improvement
possibilities: A housing made of titanium wouldrbere stable against pressure. Hence,
the device would be applicable for deep sea meammts. As titanium is rather
expensive, the size of the device should be dimeéds Thus, the spatial demands
within the housing (excitation, electronical sysferamera, etc.) have to be minimized
and optimized. Data download should be enableadalde connection to save time and
to avoid the refocusing of the camera. Up to ndw, ¢amera was fixed with only one
screw and was displaced sideways when the device hitaby greater impacts.
Therefore, the camera fixation should be extendeght(at least) two-point fixation. As
already mentioned, the combination with self-rafieneg and fluorescent indicator dyes

would lead to less layers of the sensing foils tedefore, to thinner and faster sensors.

Both of the presented indicator classes and thei-tmainched optical carbon dioxide
sensor are promising alternatives to their respediate-of-the-art materials/devices.
Nevertheless, one should spend respect to thethHattthere are still difficulties to

overcome when it comes to practical applications:

Poisoning The pH-sensitive indicator dyes used in thisihehow changing spectral
properties according to their degree of protonatibdoes not matter if the protons are
released because of the reaction mechanism witlocatioxide or by the reaction of
e.g. weak volatile acids entering the matrix. Theslatile acids can enter the protection
layer and the matrix because they are not char@édrwards, they dissociate and
protonate the indicator. As the remaining specrescharged they can not leave the
sensor again. Hence, the indicator dye stays patddn This so called poisoning causes

an increasing signal as consequence of an inceeat@gree of protonation of the
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indicator. In marine science,H represents the most widespread example of a weak

volatile acid causing this problem. Protection tayfer this issue are highly desired.

Adhesion of layersAs mentioned in the introduction the sensing asemshould stick
to the support and should withstand chemical, thérmamd mechanical stress. In the
majority of cases the sensing chemistry consist®nly of one, but two or more layers.
The requirements for adhesion are even more difftoumeet with increasing number
of layers, especially when they display differembgerties concerning water uptake or
their temperature dependent expansion coeffici€misexample, if a multi layer system
is exposed to altering or extreme temperaturessitngle layers expand different and
thus, lose their adhesion. This makes the develapmfeprotection layers even more
complicated, but not negligible.

Stability. Sensors should feature chemical, thermal and amecdl stability. During
practical applications conditions can be harsh,gl@asting and show extreme

fluctuations.

Response timeSensors should response fast and reversible. dnnen science for
example divers are performing transect measuremehere the sensor is moved over
a certain path over the seafloor. If the sensossvsioo long response times these kind

of measurements are not feasible.

Cross-talks Optical chemical sensors can measure variousneess, but this means
on the other hand that these parameters can ictuttie sensor. One should know the
possible influences of temperature, viscosity ectebchemical properties of the sensor

system and should plan experiments with respeitiaee influences.

Biofouling. If sensors are applied in marine environmentsyeoiganisms tend to build
biofilms on the devices. Microelectrodes are Idéscted. When such a biofilm is built
on the sensor-sample interface, e.g. a membrananooptode, it can falsify the
measurement results, e.g. oxygen consumption obibiEm in front of an oxygen
sensor. Biofilms can lead to an increase of thpaese time, to possible cross-talks to
substances produced by the films or to poisoninthefsensor. Most widely discussed
strategies to prevent the building of biofouling @opper meshes covering the part to

be protected or silver ions. A solution for thisiplem is highly desired.
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Protection layersThe protection layers should meet several demarttsy should act
as ion barrier to prevent cross-talks to the sasplé or other ionic species. Ambient
light should be excluded from the measurement. Example during sediment
measurements light scattering caused by the setlica@noccur. This can change the
signal ratio and thus, the measurement resultallydeorotection layers should stop
species like KBS (see above). They should be as thin as possddpgnse times!), but
stable against mechanical stress — ideally, evere @m® the layers below. They should
withstand scratching or impacts as e.g. in caseneésurements in the sediment.
Additionally, they should feature good adhesiontiie layer below and/or to the
support, similar expansion coefficients and simvater uptake. If the protection layer
is prepared with organic solvents, one has to p@nion that those are not dissolving
the upper part of the covered layer. Additionathe indicator dye — if not covalently
coupled - should not be forced to migrate intogheection layer.

Protection layers are a significant part of opteahsing systems. Hence, one should not
underestimate the importance of this part of tmsseand should investigate great care

into the development.
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