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CHAPTER 1 — Introduction 1

1. Introduction

1.1. Motivation

The oceans play an important role in the globalaggoal system. Covering more than two
thirds of the earths surface, ca. 46 % of the nmehgry production occurs in marine
environment?. Mainly phytoplankton (e. g., diatoms, cyanobda)ein surface seawater
produces organic compounds and oxygen from inocgaarbon dioxide and water via
photosynthesis. Autotrophic organisms are the firgt in the marine food web feeding
directly and indirectly heterotrophs such as bampdsnkton, zooplankton or fish. Dead
organisms and biogenic particles descent throughwvtiter column towards the seafloor. This
"fall-out” of particulate organic carbon also fudlenthic life. Ca. 1 - 5 % of the surface net
primary production of the open ocean reaches thep dea sedimeritsin coastal regions
about 25 - 50 % of the organic matter is depoditetie sediment b&dwhere the major part
is remineralised under oxygen consumption to caboxide and other inorganic compounds
(e.g., NQ, PQ¥ etc.y. Coastal sediments are the most important soufceavganic
nutrients to the overlying water column. The seawatsediment interface in such areas is
characterised by steep gradients of various phlyaith chemical parameters within a narrow
zone of < 0.5 mm to a few millimetfeSsreflecting the multiple biogeochemical reactionsl a
fluxes of reactants or products between the ouaglyvater and the sediment. Oxygen, carbon
dioxide and pH are key parameters involved in thBsgeochemical processes. Respiration,
benthic photosynthesis (in shallow regions), charaeophic activity, nitrification or
oxidation of reduced species diffusing from anagerad®ediment areas to the oxygenated
sediment surface are all coupled to one or motbase parameters.

Ca. 0.17 - 0.26 % of the annual marine net prinpaiogduction is permanently buried.
Thus, on a geological time-scale £8 removed from the atmosphere via the biological
pump and stored in permanent deposits in marinémsed$®. For the last 200 years,
however, the fraction of anthropogenic carbon dlexin the atmosphere has increased
rapidly (from ca. 280 ppm in preindustrial timesda. 370 ppm today) due to burning of
fossil fuels and deforestation and signs for a glatimate change become appat&mbout
half of the anthropogenic carbon dioxide releasedhe atmosphere is estimated to be
absorbed by the surface seawater of the oceansoddens are a huge reservoir of LO

Dissolved inorganic carbon (DIC) present in theawatolumn includes carbon dioxide as
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well as bicarbonate and carbonate ions. In maregdingents large deposits of calcium
carbonate are found. The oceans can thereforeo#ittas source and sink of the greenhouse
gas CQ.

A thorough understanding of the biogeochemical ggees in marine ecosystems has
become increasingly important to refine modelshefglobal budget of various elements such
as oxygen, nitrogen and especially carbon but tdsovestigate alterations within these
ecosystems in response to changes in environmamditions. Against this background, the
investigation of benthic distributions, fluxes aergchange rates of GOO, and pH has
achieved a high significance in marine biogeochamisin the last decad&s™
Microelectrodes and fibre optic microoptodes haeerbapplied to record profiles of these
parameterd™® However, due to the distinct spatial heteroggneithibited by surface
sediments, a calculation of fluxes based on theapgtation from a few microprofiles to
larger sediment areas is often problematic or éwveossiblé”*® A promising technique for
two-dimensional measurements combines luminesdanapoptodes with CCD technology.
In recent years, planar optical oxygen sensors len successfully applied to quantify
oxygen distributions at heterogeneous benthicfetes such as sediments, microbial mats or
biofilms with high spatial and temporal resolutidfi- The transfer of this technique to other
relevant biogeochemical variables is therefore ligigksirable.

The aim of this thesis was to synthesise and ctersae luminescent sensor materials
suitable for the two-dimensional determination bif and pCQ in marine systems. Emphasis
was put on the adaptation of the dynamic rangbefésulting sensor membranes to meet the
conditions in marine environment and on the opt@ts of the materials for the use in time-
resolved luminescence imaging applications. In tamldi to the development and
characterisation of single parameter optodes, ttiésis presents the development of planar
optical dual sensors for the mapping of pH/p&® well as pC&pO, and of a practical
measurement strategy for the time-resolved andngaally referenced detection of the
respective parameter couples with a fast-gated C&era.

1.2. The role of pH, Carbon Dioxide and Oxygen in Mrine Systems

pO, and pCQ in the upper surface seawater are mainly detedhyehe rapid gas exchange

with the atmosphere, the water temperature antitita in this area. In the euphotic zone of

the water column (depth of ca. 20 - 150 m) oxygemormed and C®is consumed upon
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photosynthesis activity of phytoplankton, while del this zone heterotrophic respiration
starts to become the dominant form of energy géioerdFig. 1.1, eq. 1.1). A further source
of CO, are calcifying organisms (e.g. coccolithophorifisiaminifera, shellfish, corals),
which precipitate CaCQin skeletal or protective tissues (eq. 1.2). Tredew of the deep
oceans (ca. 80 % of the total seawater) is supgligd oxygen and carbon dioxide from the
influx of down-welling cold surface seawater in @olregions which is saturated with
atmospheric gases. Less oxygen is consumed irege ska since food supply and population
of organisms are depleted. Therefore, the oxygeel l&f deep ocean waters is comparatively
high and the water is enriched with carbon dioxddd nutrients.

In agueous solution carbon dioxide adds water tenfoarbonic acid, which is in
equilibrium with hydrogen carbonate and carbonat®aling to egs. 1.3a - 13cThe pH of
seawater is kept constant within a relatively narn@ange between ca. pH 8.2 (surface
seawater) and pH 7.8 (deep-sea water) mainly bgahisonate buffer system (HGEZO5?)
of the oceans (borate also plays a minor role #iebsubstance). Thus, seawater pH and the
marine carbon cycle are strongly interrelated. At§2 and pH 7.8 the molar percentages of
the three dissolved inorganic carbon species @@ HCO; : CO” in seawater are 0.4 :
84.6:15.0and 1.1:92.4 : 6.5, respectively ¢ecentration of free carbonic acid is only ca.
0.1 % of the CQaq)concentration).

The pH, carbon dioxide and oxygen levels withie gediment bed depend on a
variety of factors such as flow conditions, orgacacbon input and usability and macro- and
micro-biota activity. In most sediments, transpprbcesses of dissolved substances (e.g.,
oxygen) between overlying water and sediment poateware driven by concentration
gradients & diffusion). Large coastal areas are covered byseograin (sandy) sediments,
where advection is the dominant transport modee légygenated seawater penetrates deeper
into the surface sediment layer and increases #geadation efficiency of buried organic
matter. In shallow, photic regions, photosynthesisvity of patches of benthic autotrophic
microorganisms can additionally increase the oxyggamial pressure in the respective surface
sediment areas, while G@s depleted. Within the first few millimetres dfet sediment the
pO, decreases to zero due to respiration and fermemtegactions in the course of organic
matter remineralisation. At the same time .C® formed and therefore the pH slightly
decreases. Below that region other chemical spso@s as sulfate, nitrate, iron(lll) oxides or
manganese(lV) oxide replace oxygen as oxidantsguhe anaerobic degradation of organic
matter. The majority of these processes is mediatedifferent populations of specialised

microorganisms present in the respective regiorige feduced chemical species slowly
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diffuse back upwards into the aerated zone whesy thre reoxidised under oxygen
consumption (e.g., egs. 1.4 - £B¥. This oxic-anoxic interface (= redox boundary Ryie
characterised by a steep pH decline. Burrowing alsirmplay a major role in the process and
rate of organic matter degradation in their ecasyst®’. They rework the sediment during
the building of burrows (= bioturbation) and activpump oxygenated bottom water through
their burrow system (= bioirrigation), thus, stiratshg bacterial activity and reoxidation of
reduced species in deeper sediment regions. pHb@Qd are also master variables involved

in the dissolution or precipitation of Cag@eposits in the sediméfit

(1.1)
photosynthesis
n CO, +n H,0 + AE — (CH,0),+n 0O,
respiration
2 HCO, + Ca?* == CaCO, + CO, 1.2)
K 1.3a
CO,@ + H,0 e H,CO, K,=2.6*10°3 ( )
K, s n4 4 (1.3b)
H2C03 — H*+ HCO3' Kl_ 1.7 * 104 mol L
1.3c
HCO, Ké H* + CO2 K,=4.7*10 mol L? ( )
H,S +20, == SO, + 2H* (1.4)
4 Fe?* + 0, +6 H,0 = 4 FeOOH + 8 H* (1.5)
2 Mn2* + O, + 2 H,0 === 2 MnO, + 4 H* (1.6)

Fig. 1.1.Examples of chemical equilibria in marine systems.

pH values occurring in marine sediments are predantly in the range between pH 7.2 and
pH 9.2. High pH values are found mainly in photdkgtically active areas where the pCO
can decline to < 0.03 hPa while pl@vels of > 600 hPa are reached. Upon high resgmirar

degradation rates, the pg®@ithin the sediment can increase to > 12 hPa.
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1.3. pH, pCQ and pO, Sensors — State of the Art

Besides the importance of pH, pGnd pCQ in environmental monitorif§>* the
determination of these parameters is of vital ggerin many other application fields. In
clinical diagnostics the monitoring of respiratigases or of pH, pOand pCQ levels in
tissue or body fluids constitutes an essential méanassessing the status of critically ill and
surgical patient§™*2 The food industry uses pH, p@nd/or pC@ as quality parameters
indicating the sterility of food and bevera§&¥. In biotechnology the monitoring of one or
more of the parameters is applied for process obimtbioreactor® ™%, Additionally, pH is an
important control factor in industrial waste wateratment*>® pCQ, and pQ determination

is used to control exhaust emission in the autohmolidustry*>’. Numerous sensing
methods for theses parameters have been developeddt the requirements of the various

application areas.

1.3.1. pH Sensors

The most widely used tool for pH detection is ti&sg electrode first described by Cremer
(1906), Maclnnes and Dole (1929} This potentiometric electrode usually consistsof
Ag’/AgCl working electrode immersed in an internal KiDfer solution with defined pH and
an Ag/AgCI reference electrode. It exploits the potdntidference establishing in the
proton-selective glass membrane separating thenadtbuffer solution and the external test
solution as a measure for the proton activity mghmple. lon-selective field effect transistors
(ISFETs) on the basis of metal oxide screen fiéfdce transistor (MOSFET) technolody
offer an alternative in fields where the risk oéaékage limits the use of glass electrodes (e. g.
quality control in food industry, in-vivo pH detem). Lately an iridium oxide-based
electrode has been reported with good stabilitynemestrongly alkaline solutions or samples
containing hydrofluoric acid, which normally causgors or irreversibly damage the ion-
selective membranes of glass electrodes, ISFETstler metal oxide electrodés pH
electrodes show a linear (Nernstian) response tsvagH allowing a fast two-point
calibration and they usually feature a wide workiagge (ca. pH 2 - pH 12).

However, there are also several drawbacks, whickenthe use of pH electrodes
difficult or even impossible for certain applicat®d Measurements with electrodes can

generally be biased by electromagnetic fields, ghmanflow velocity of the test solution or
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solutes such as heavy metals, proteins or hydregéide. ISFET and metal/metal oxide

electrodes are cross-sensitive towards redox ckamgethe sample. During long-term

measurements small variations of pH are difficalbbserve, since the electrode signal drifts
with time. The dependence of the liquid junctiontgmbial on the composition and

concentration of the sample can be a further soofcaror. pH detection in small sample

volumes or high resolution pH detection in hetermgris systems requires miniaturisation of
the working electrode and sometimes also the neterelectrode, which involves complex

fabrication procedures. Optical chemical pH sensercome many of these problems and
can therefore provide an alternative to electroghahpH sensors.

Optical sensors generally comprise a light souscg.,( xenon lamp, light emitting
diode (LED), laser diode, laser), a detector (ghgtodiode, photomultiplier tube (PMT),
CCD-chip) and the sensing element (= optode) resplen for the selective analyte
recognition and signal transduction. In case oficaptpH sensors this optode is usually
composed of an indicator dye immobilised in a prgpermeable polymer matrix by covalent
coupling, adsorption or entrapment. pH indicataes \eeak acids or bases, which reversibly
alter their optical properties (e.g., absorbancduoréscence intensity) upon
protonation/deprotonation. Non-bleeding pH tespses can be considered as a first type of
simple pH optodes for the rough determination of ydihg the eye as detector. In 1980
Peterson et al. published a fibre-optical pH sergmlying the absorbance dye phenol red
covalently bound to polyacrylamide microspheregldsindicatof?. The first fluorescence-
based pH sensors were as well fibre-optical senemsrted by Saari and Seitz (1982)
Fluoresceinamine covalently immobilised on con&@lpore glass and on cellulose were used
as sensing materials, respectively. Many absorbhased pH sensors employing indicators
such as phenol red, bromothymol blue and other Hmeen reportéd®® However, the
majority of pH optodes found in literature are flescence-based due to the higher sensitivity
of the resulting sensors, the low indicator conegins required and a less complex
measurement set-up (no light transmission through @nalyte necessary, excitation and
signal read-out from one side of the sensor mene)raro date the most frequently used
fluorescent pH indicators in pH optodes are 8-hygpyrene-1,3,6-trisulfonic acid sodium
salt (HPTS), fluorescein derivatives, seminaphtbddiluor (SNARF) dyes and
hydroxycoumarinéS”® whereat the criteria for the choice of the inticaare such as the
pKa value, quantum yields, photostability, Stokéstslifetime, excitation and emission

wavelengths.
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Since optical pH sensors measure the proton comtiemt and not the activity they
are cross-sensitive towards the ionic strengtthefdample, which has to be corrected. This
influence, however, can be minimised by the sadactf suitable indicator and sensor
polymer combinatiorf8. The polymer matrix has a strong impact on theattaristics of the
pH optode. The microenvironment in the polymer gatluce a shift of the apparent pKa
(pKa") of the indicator by stabilising its protoedtor deprotonated form. Optical pH sensors
composed of an pH indicator, which is electroséditycimmobilised on commercial ion-
exchangers”’ or entrapped in hydrophobic plasticised P¥@ave been reported. Sol-gel
glasses are a further intensively investigated pHssr matri<®. However, one of the
disadvantages of these approaches are slow respoger recovery times. Additionally,
plasticised PVC membranes are not stabile sinceldmsticiser leaches from the membrane
with time thereby changing the characteristicshef pH sensor. The preparation of intact sol-
gel membranes is time-consuming and difficult amdigel-based optodes show a poor
reproducibility. The most widely employed pH senpotymers are cellulose derivati&&°
and hydrogels such as polyureth®fé or PHEMA®, which possess an excellent
permeability for water and ions.

In contrast to electrochemical sensors pH optotles/sa sigmoidal response towards
pH and the dynamic range is usually limited topi€a’ + 1.5. Yet, the small dynamic range
results in a high signal change with pH and theeeio a high sensor resolution. Furthermore,
a sensor working range of ca. 3 pH units is sudfitifor many analytical problems. Within
the pH range of ca. pKa' + 0.5 the optode respangaasi-linear, which can be exploited for
a fast two-point calibration provided that only $inpdd changes are to be detected. A signal
drift like in the case of pH electrodes can be dediby applying referenced measurement

schemes instead of measuring the absorbance oesltence intensity (see chapter 1.5).

1.3.2. pCQ Sensors

One of the standard methods for the determinatibngaseous carbon dioxide (e.g.,
atmospheric Cg) respiratory gases) is infrared spectroscopy,(&iidorbance maxima: 2600
nm, 4300 nnf’® where carbon dioxide is directly detected. Mosnsers for the

measurement of dissolved carbon dioxide are mablifild sensors exploiting the fact that
carbon dioxide lowers the pH of an aqueous solut®everinghaus and Bradley introduced

an electrochemical pG@ensor in 1958. The Severinghaus-type electrode comprises a pH
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glass electrode immersed into a small volume otalknbicarbonate buffer solution, which is
then enclosed in a gas-permeable but ion-imperragabmbrane, such as teflon, silicone or
polytetrafluoroethylene (PTFE). The membrane pressarcross-sensitivity towards the pH of
the test solution. A different concept is followetth the potentiometric carbonate-selective
electrode reported by Choi et al. (2002) for theirect determination of carbon dioxide in
seawate¥. This electrode features a low cross-sensitivityards other anions, fast responses
times and a precision comparable to that of comveat Severinghaus-type electrodes. Yet,
important drawbacks are that the electrode is dichito measurements in slightly basic
samples were the equilibrium concentration of caab® is within the detection limit and that
the calculation of pC®from the measurement is only possible when thepthe sample is
known, which makes an in situ application in inhg®oeeous samples difficult.

In 1975 Lubbers and Opitz reported an optical p&énsor on the basis of the pCO
dependent fluorescence intensity change of 4-methlyklliferone in a bicarbonate buffer
solution covered with an PTFE membrihe@CQ, optodes can essentially be classified in
Severinghaus-type optodes (where the pH electredeeplaced by a pH-sensitive dye
dissolved in an aqueous bicarbonate buffer soltftionimmobilised in a solid support (e.g.
Hydrogel, Sephadex) soaked with a bicarbonate BGft§ and solid state optodes.
Severinghaus-type optical pGGensors (like the electrodes) usually suffer fréong
response times and a dependence on the osmotsupdsetween the internal buffer and the
sample solution. Some authors reported optical isgndevices with the possibility to
continuously renew the intrinsic indicator - buffeolution®® This technique allows for
calibration-free pC@detection over a long period of time even in sasplith high salinity
like seawater but it does not overcome the slowarse times of the sensor.

The first solid state pCbptode was reported by Raemer et al. in 1$9This sensor
type is composed of a pH indicator dye and a liglaphorganic buffer (e.g.
tetraoctylammonium hydroxidencorporated in a hydrophobic polymer, such as lethy
cellulose, silicone, polystyrene or sol-§&f® The polymer acts as ion barrier and therefore
reduces a cross-sensitivity towards the pH of #mpe. Sometimes a plasticiser (e.g. tributyl
phosphate) is added to facilitate the diffusionGfd, into the sensor membrane and to
enhance the response times of the séfiséFhus, response timesdt less then 1 s were
reported. This approach also minimises the proléunhfferent sample osmolarities because
the sensor contains no "wet" buffer.

The dynamic range of optical pG®ensors is determined by the apparent pKa of the

employed pH indicator (which especially in casetltd solid state membranes sometimes
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differs substantially from the real pKa) and then@entration of the HCQ ions of the
bicarbonate buffer (Severinghaus-type optodesheramount and nature of the lipophilic
buffer substance (solid state optodes), respegtiygL O, optodes as well as Severinghaus
electrodes are cross-sensitive towards neutral \aeis or bases such agSHor NH; which
can also permeate into the sensor. In generalsibisal change is reversible. Only$
irreversibly changes the reference potential ofSkeeringhaus electrode (formation of,Ag

in the AG/AgCI reference electrode). Gaseous anhydridesrohg acids such as NQr

SO, however, irreversibly poison the pg€ensors.

1.3.3. pQ Sensors

A wide variety of oxygen detection methods havenbestablished in answer to the specific
analytical problems. Paramagnetic analysers arenoémployed for the determination of
gaseous oxygen (e.g., atmospheric gas samPledPotentiometric high temperature
electrodes using oxygen ion conducting solid etdgties find extensive use for oxygen
detection in automobile exhaust gases. A standattiod for the determination of dissolved
oxygen (e.g., in natural waters) is the Winklewmtion™®”. The most frequently applied oxygen
sensors for dissolved oxygen are amperometric reldes such as the Clark electrode
introduced in 1958% It comprises a platinum (or gold) electrode andilaer reference
electrode both immersed in an internal KCI soluteomd separated by an oxygen permeable
membrane from the test solution. The electric curfdow between the two electrodes
(cathode reaction: % € + %2 HO — OH/, anode reaction: Ag + Ch AgClI + €) when
polarised with a potential between -0.6 and -0.§v8. Ag/AgCl) is proportional to the
oxygen partial pressure in the sample. The majawbacks of amperometric p@ensors are
the oxygen consumption in the cathode reactionchvbauses severe errors at the detection of
low pO, levels and their limited operational lifetime snt¢he anode reaction slowly
passivates the reference electrode.

The sensing reaction of most opticalE@nsors is based on the dynamic (collisional)
guenching of the excited state of a luminescenicatdr dye by oxygen and does therefore
not consume the analyte. The firstpaptode was described by Bergman in 1968 and was
composed of fluoranthene adsorbed on a porous glagmrt’®. More recent optical oxygen
sensors utilise indicator dyes immobilised in oxygermeable, non-polar polymers which

ideally provide a mechanically and chemically d&liptode matrix and increase the sensor
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selectivity in being impermeable to other quenchsueh as heavy metals or iodide.
Frequently applied matrix polymers fulfilling thesequirements are silicone rubbers,
polystyrene, PMMA, PVC or cellulose derivatives** Silicon rubber features an oxygen-
permeability about 2 orders of magnitudes highantbf other organic polymers, which leads
to high quenching efficienci&s. Sol-gel-based pOoptodes have proofed to be suitable for
gas phase measureméhtsWhen used for the detection of dissolved oxygegamwically
modified sol-gel matrices are superior, since trexjuce otherwise long response times and
indicator leachiny”.

Although oxygen is long known to be a notorious rgeer reducing the quantum
yields and lifetimes of many luminophot&s only for a limited number of dyes the
guenching efficiency and rate is large enough taarthem useful indicators for optical pO
sensing. Photostability, high quantum yield, londetime, high molar absorbance,
compatibility with low-priced excitation light sates (e.g., LEDs, diode lasers) and adequate
solubility in the sensor polymer are important &$pen the choice of the indicator. Among
the first employed indicators in pOoptodes were fluorescent polycyclic aromatic
hydrocarbons (PAH) (e.g., pyrene, pyrene derivativuoranthene, decacyclene or
anthracene derivativesy™*** Most of these dyes have a relatively long fluceese lifetime
around 200 ns but usually also display unfavourakt@tation wavelengths in the UV region.
The most widely used group of p@ndicators are ruthenium(ll)diimine complexes {wit
ligands such as 2,2 -bipyridyl, 1,10-phenanthrolie 4,7-diphenyl-1,10-phenanthroline),
which feature high quantum vyields, lifetimes in taage of 0.2 - 6 us, large Stokes shifts (ca.
150 nm) and excitation wavelengths around 450 nmat¢hing the emission of blue
LEDs)191%2124 These charged indicators are usually incorporaméd non-polar sensor
polymers in form of lipophilic ion pairs (with ame such as 3-(trimethylsilyl)-1-
propanesulfonate or tetraphenylborate) or adsoobegblar materials such as silica’gat?’
Phosphorescent platinum(ll)- and palladium(ll)-gomn derivatives are a third important
group of pQ indicators displaying high quantum yields andghtsensitivity towards oxygen
due to their extremely long lifetimes in the ramgfeca. 50 - 100 ps and ca. 0.5 - 1 ms,
respectively. Lipophilic Pt(ll) and Pd(ll) complexewith fluorinated ligands such as
tetrakis(pentafluorophenyl)-porphyrin possess d&néel photostability, are soluble in the
prevalent sensor polymers and have excitation bantie near UV and the visible range and
an emission band around 650 nm.

Since the lifetime of the excited state of the Inesicent indicator and the oxygen

permeability of the sensor polymer both determihe probability of the excited state
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deactivation by collisional quenching, the sengitivof pO, optodes can be tuned by the
choice of the indicator and the polymer used asrimiathe fact that the oxygen partial

pressure affects not only the quantum yield bub #t& decay time of the indicator enables
intrinsically referenced, lifetime-based measurermeresulting in a high sensor signal

stability and reproducibilit§?®.

1.4. Methods for biogeochemical studies in marineediments

Conventional techniques to study flux rates betwsetiment and overlying seawater (e.g.,
DIC, oxygen), to quantify benthic primary producti®@r remineralisation rates include
measurements in laboratory-incubated intact sediroeres or in-situ measurements using
benthic flux chamber landers. However, these methdm not probe into the sediment and
hence give only a limited understanding of the psses taking place at the sediment-water-
interface or within the sediment. Moreover, the glmg and recovery of sediment cores
often causes artefacts due to decompression, tamyptemperature increase, inhibition or

exclusion of marine benthos ét&.

1.4.1 Electrochemical and optical chemical microsesors

In the last decades microsensors have been deddiopthe in situ determination of a variety
of parameters in marine sediments with a high apagisolution®™. Microelectrodes for pH
detection are usually glass electrodes. LIX-badédnicroelectrodes (aduid ion-exchanger
incorporated in PVC acts as the proton selectivenbmane) have also been repottéd*?
They are easier to miniaturise and show fasteroresptimes (< 5 s, glass microelectrode: ca.
100 s) but also have very short lifetimes (a fewsjlaSeveringhaus-type and Clark-type
microelectrodes are the most common formats factrelehemical pC@ and pQ sensing,
respectively. Clark-type pOmicroelectrodes are the most widely used micrassn$or
marine applications and have excellent measurepreperties such as short response times
(< 1 s) and small stirring cross-sensitivity (1% pH, pCQ and pQ microelectrodes can
be fabricated with tip diameters < 20 {ffhA major limitation for their more frequent use is
however, that the construction of well-working noelectrodes is time consuming and

requires a significant amount of training. Commaligiavailable products are expensive and
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do not always feature optimal measurement proerBesides the drawbacks mentioned in
chapter 1.3., microelectrodes are extremely fragileich often leads to breakage in field
application and a high hydrostatic pressure in gggpmeasurements may cause damage.

Klimant et al. (1995) introduced the first microogés for the detection of oxygen in
marine systent&>. This sensor type has found increasing applicaticamuatic microbiology
since. Fibre optical microsensors benefit from Igwoduction costs and simple
miniaturisation procedures. The sensor chemistrdegosited onto the tip of the tapered
optical fibre. Typically microoptodes with tip diaters of 30 - 40 um are used since smaller
optodes display insufficient signal intensitiesliéstate and Severinghaus-type microoptodes
for pCO, measurements in marine environment have also testribed* The
development of suitable pH microoptodes is diffic@onsidering that the total pH range of
interest in marine systems is between 6.5 and diGhaat the dynamic range of pH optodes in
general covers only ca. 3 pH units, the optimum 'pifahe pH optode is near the pH of
seawater (ca. 8.2). Most fluorescent pH indicatmalable have dynamic ranges in the acidic
or neutral pH region, while indicators with a pKathe near basic region are rare. Therefore
mainly pH microoptodes incorporating colorimetridicators have been reported for the
application in marine systeri$'*® Compared to microelectrodes microoptodes can show
higher signal stability, are not cross-sensitiwgaads the stirring velocity and can be operated
under high hydrostatic pressures.

Microsensors allow the recording of profiles withspatial resolution < 50 um and
have strongly increased the understanding of mmuioenmental controls within microbial
communities. However, these sensors are limitedingle point measurements and are,
therefore, not suitable to resolve the strong apaieterogeneities within marine sediments
(e.g, due to patchy distribution of photosynthdlyjceactive phytobenthos, activity of

burrowing benthic fauna etc.).

1.4.2 Planar luminescent optical chemical sensor

Planar luminescent optodes where the sensing ctrgnsispread onto a transparent, inert foil
in combination with a CCD camera as detector ovecthese problems to some extent. Glud
et al. first applied this technique to record inmgéthe two-dimensional oxygen distribution

in marine sediments with a high temporal and spétia 26 pm per pixel) resolutibti

Since then planar oxygen optodes proofed to beetulu®ol in a variety of studies in marine
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system&®** Planar optical pH sensors for the two-dimensiatetection of pH marine
sediments have been reported by Hulth éf‘ahnd Zhu et a*> However, in both cases
HPTS served as pH indicator resulting in sensoth widynamic range between ca. pH 6.2
and 8.2, which covers only a small part of the nret#vant pH range in marine systems.
Benthic landers have been developed for the inmgasurements in marine sediments with

both, microsensors and planar optd&fe¥*

1.5. Referencing Methods for Measurements with Lunmiescent Optical pH, pCQ and

pO, Sensors

The sensing mechanism of a luminescent opticalosegesbased on an interaction between
indicator and target analyte, which leads to a mmedde change of the optical properties of
the indicator dye. Depending on the sensing reactiarious properties of the emitted
luminescence can be related to the analyte coratemtr(e.g., intensity, lifetime, spectral
distribution or polarisation). In contrast to themlinescence intensity, the luminescence
lifetime as an intrinsic parameter is virtually epkndent of the indicator concentration,
membrane thickness, light scattering or reflectomvariations in the opto-electronic system.
Lifetime-based sensing techniques are thereforentbthod of choice for optical oxygen
sensing. Furthermore, the decay times of most ip@icators are rather long (us-range),

which enables the use of less sophisticated, ¢bste@at measurement devices.

1.5.1 Time domain and frequency domain lifetime mesairements

The luminescence lifetimeis defined as the average time a luminescent ml@eemains in
the excited state before it returns to the groutates Considering a sample of many
luminescent molecules with their statistical dmition of individual lifetimes and provided
that a single exponential decay can be assum&dthe time after which 1/e of the initially
excited luminophores still exist in the excitedsta he luminescence intensity I(t) at a time t

after ad-shaped excitation pulse is then related to thaylemet by eq. 1.7
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=1, Eéxp(_Tt) (1.7)

where } is the luminescence intensity att = 0.

The lifetime can either be measured in the time-aaror the frequency domdifi. In
the time-domain or pulse method the sample is eddity short light pulses and the time-
dependent decay of the luminescence intensitycerded. In the frequency domain or phase
modulation method the luminophore is excited byusaidally modulated light. The
modulation frequency is adapted to the exciteceditgtime in a way that the lifetime causes
a time delay between the excitation light intensibd the luminescence emission intensity.
This leads to a phase shift between the modubatetation light and the likewise modulated
luminophore emission and to a decreased emissigolitade (intensity) relative to the

incident light, called demodulation m (Fig. 1.2).
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Fig. 1.2. Schematic of the phase modulation method; the
emission of the luminophore is demodulated (m) ahdse

shifted (P) relative to the excitation light.

The correlation between the phase sl#ftand the lifetimet for a single-exponential

luminescence decay is given by eq. 1.8

tan®

r=—— (1.8)
20r¥

where f,0q IS the modulation frequency of the excitation ligfihe resolution of a multi-

exponential decay behaviour is rather complex path time domain and frequency domain
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methods. Thus, the application of a "real" decayetias measurement parameter in optical
chemical sensing is not convenient. There are akvactors that cause the observed
luminescence decay of indicator molecules embedded polymer matrix to be multi-
exponential (e.g., matrix effects, light scatteritrgce contamination). As a consequence, the
weighted average lifetime over all luminophoresakdted from the phase shift measured at a
single frequency by means of eq. 1.8 is normalkyduas intrinsically referenced, analyte-
dependent parameter.

The luminescence decay time is influenced by dyoagmenching, energy transfer
from the exited state or excited state reactiomeesthe protonation or deprotonation of a pH
indicator is mostly a ground state reaction onlyrated number of lifetime-based optical pH
(or pCQ) sensors exist. Very few indicators such as awetdi and some SNARF and
SNAFL derivative$® display sufficiently different lifetimes in the @onated and the
deprotonated form to utilise the lifetime changegdhl detection. Other pH optodes have been
reported, which exploit the resonance energy teanbm an inert, ps-lifetime Ru(phegn)
complex (donor) to a colorimetric pH indicator (aptor)>2 Yet, these sensors display a high
cross-sensitivity towards temperature and haveadd photostability. Therefore, ratiometric
measurements are commonly applied as referenciclgnitpue in optical pH and pGO

sensing.

1.5.2 Referencing via Ratiometric Measurements

Provided that acidic and basic form of the pH iattc are fluorescent (e.g., HPTS, SNAFL
and SNARF dyes), the ratio of the emission intéesiof the two forms can be used as
measurement signal. Depending on the spectral deaistics of the indicator single
excitation/dual emission, dual excitation/singleission or dual excitation/dual emission
wavelength measurements are possible. This duatleagth method references alterations
in the indicator concentration and fluctuationsthe light-source intensity or the detector
sensitivity. However, light scatter and reflectimontribute to effects which are not
compensated. In case that only the protonatedeodéiprotonated form of the pH indicator is
fluorescent a second pH-independent dye can be wasedeference for ratiometric
measurements. Here an indicator/reference coupleegsired with either overlapping
excitation and different emission bands or vicesaeo enable the efficient separation of the

emission or excitation intensities.
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1.5.3 Frequency domain dual lifetime referencing
The frequency domain dual lifetime referencing fdR) scheme is a further ratiometric

measurement methtd*>* which exploits the difference in the lifetime tb fluorescent pH

indicator (ns lifetime) and a pH-independent refieeedye with a ps to ms lifetime (Fig. 1.3).
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Fig. 1.3. Phase shift of the indicatob{,), the referenced.;) and the overall luminescenc®.) in

absencdA) and presencgB) of the analyte.

Two luminophores with overlapping (ideally identjcaxcitation and emission spectra are
required to allow simultaneous excitation and digleection with a single light source and
detector systeniThe excitation light is modulated with a frequeradiapted to the lifetime of
the long-lived reference dye and the phase ghjftof the overall sensor signal is measured.
Provided that an inert reference standard (no quegdrom any potential interferent such as
oxygen) is utilised, the overall phase shift reffethe ratio of the pH-dependent indicator
fluorescence intensity & and the constant reference luminescence intersity (both
expressed as their amplitudes) (eq. 1.9). Theadirgear relation between the cotangent of the
phase shift and the fluorescence intensity of tHenglicator.

cotd  =cotd , +— 1 EA”" (1.9)
SIIqcDref A\ref
The presented referencing techniques employingcansedye as reference standard depend
strongly on a constant ratio of the indicator/refere concentrations. Therefore
photodecomposition and leaching of the indicataherreference dye are not compensated by
these methods.
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1.6. Time-Resolved Luminescence Imaging Methods Wg Planar Optodes

Luminescence imaging has become a well-establigl@dn chemo- and bioanalytics. Newly
developed methods in combination with the contilyuigcreasing number of commercially
available fluorescent labels and probes enableidoalise the tracing of biomolecules or
detection of various parameters (e.g. pHp,pC&™) in cells or tissuds®>™*®’ Within the last
ten years imaging techniques have been extendedptmal chemical sensing using
luminescent planar optodé%*®® This allows the two-dimensional detection of atel
distributions and gradients in heterogeneous sanheaging devices usually comprise a
CCD camera as detector, whereat the single phatisenpicture elements (=pixels) of the
CCD chip act like independent single point detextagcording the emission light of the
corresponding optode segment. As with single paiminescence measurement methods
several referencing schemes have been developddnmanescence imaging exploiting the
luminescence intensity, lifetime or spectral dimition of the indicator. Single intensity
imaging is extremely error-prone. Besides the tenalpeariations in the concentration of the
indicator or the opto-electronic devices also gpatariations influence the resulting image.
Fig. 1.4 (left) shows the surface plots of lumires® intensity images of an optical oxygen
sensor at 0 hPa p@nitrogen) and at 212 hPa p(iir).

Intensity AcmilAcm:
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Fig. 1.4.Surface plots of intensity imag€@eft) and image ratiogight) of an optical oxygen sensor at
0 hPa p@ (nitrogen) and at 212 hPa p@ir).

The image not only reflects any inhomogeneousidigion of the indicator dye but also the
inhomogeneous intensity of the excitation lightdidntensity imaging can be accomplished
with very simple and inexpensive instrumentatioret,Ya rather complicate pixel to pixel
calibration is inevitable and errors due to disptaent of camera and sensor foil during the

measurement are difficult to correct. Internallferenced measurements are therefore again
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preferable. The methods described in section Insircgrinciple be transferred to imaging
applications. However, frequency-domain imaging hods like phase shift or fd-DLR

measurements require the use of expensive imagasifiers which (in contrast to camera
shutters) can be sinusoidally moduldféd®® An alternative provide time-domain (or time-

gated) imaging techniques.

1.6.1 Rapid lifetime determination

The rapid lifetime determination (RLD) is a widakged time-domain method for lifetime-
based imaging which circumvents the measurement amalysis of complete decay
curves®®!? The optode is excited with a square wave-puliggd source and a CCD camera
is used to record the integrated intensity of tih&ission light in two consecutive time

intervals in the period after the excitation pulBey. 1.5).

l¢&—— LED on —»ll¢—— LED off —l

>

intensity

time
Fig. 1.5. Schematic of the rapid lifetime determination

method applied for time-resolved imaging of,pO

Provided that identical gate-widths were chosenasihgle-exponential luminescence decay
can be assumed the lifetimtecan be determined by means of the two intensitggnals

(= images) Am1and A according to eq. 1.10

t, -t
— A: (1.10)
Ln—=mt

m2
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where § and t are the times at which the second and first imtégn interval start,
respectively. For multi-exponential decays, thepapnt" lifetime determined by the RLD
method is again a weighted average of all lifetsamponents. The measurement is corrected
for spatial inhomogeneities of the excitation ligleld or indicator distribution (Fig. 1.4,
right). In case that the lifetime of the indicatenn the ps- to ms-range inexpensive devices
such as LEDs and fast gateable CCD cameras withtautsifier can be applied. Furthermore,
interfering short-lived background fluorescencetltd sample or optical components of the
measurement system such as filters can be exclogestarting the recording of the first
image after the background fluorescence has alrdadgyed (ca. 100 ns). In this work, the

RLD method was generally applied for imaging obpO

1.6.2 Time domain dual lifetime referencing

The time domain DLR (td-DLR) method was employed rieferenced two-dimensional pH
(and pCQ) measurements (Fig. 1.6).
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time
Fig. 1.6.Schematic of the dual lifetime referencing method.

The td-DLR scheme was described in detail by Likketcal'®. Like the fd-DLR method, it

makes use of the different lifetimes of an indicatderence dye couple with spectral
characteristics allowing the application of the sasxcitation light source, detector and
optical filter combination. In case of using a sguavave-gated LED light source coupled
with a gateable CCD detector, two individual lunscence images (during and after
excitation) are recorded. The first image &hich is recorded during the excitation, contains

the integrated intensities of the referengg.éand the pH indicator 4 together. The second
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image Anmis recorded with a time delay of at least 200anthe end of the excitation pulse
when the fluorescence of the pH indicator and dterglow of the LED is already decayed. It
contains only the integrated intensity of the ldivgd reference Arem The ratio of both

images results in a referenced image which is ieddent from the overall intensity of a

single pixel. The correlation between pH (or p@nd image ratio R is given in eq. 1.11.

R — A};X — And + Aef—ex (1.11)

A Aet -em
Thus, the td-DLR scheme like the RLD scheme oveesmhme problem of a complicated
single pixel correction. Negative effects like lbexgy of the indicator from the sensor
membrane, a heterogeneous distribution of indicamal reference standard which leads to a
varying ratio of the intensities of both dyes omombleaching of one of the luminophores,
however, are not referenced by this method and tealse minimised.

1.7. Luminescent dual sensors

The development of optical dual sensors is an afesctive research. Several dual optodes
have been reported to date mainly for the parametanbinations p@temperature
(temperature-compensated pressure sensitive pantb)pCQ/pO,. Whereat two different
concepts for the sensor membrane composition haga bsed so far. Firstly, double-layer
membrane€®*®’ where the sensor chemistry for each of the twady&es is immobilised in a
separate, suitable matrix polymer and the firstsswn layer is coated with the second.

Secondly, hybrid membrané&*"

(which are an integrated form of the dual sensdwgre
the sensor chemistry for both analytes is immadulign the same single-layer polymer matrix
(see chapter 4.3.1). One advantage of this latemionane type is the straightforward sensor
fabrication procedure. It was used for the dualseenin this work and its beneficial and
limiting effects on the sensor performance whevestigated.

Optical dual sensors are of special interest ferdétection and correlation of analytes
in inhomogeneous samples with a high spatial réieoluA drawback of this method is the
necessity to separate the signals for the two &emlfyom the overall measurement signal of
the dual sensor, which complicates the instrumiemtand/or evaluation of the measurement.
For some applications, where only a one-dimensiorfafrmation on different parameters is

required, adequately miniaturised fibre-optic maltialyte sensors (e.g., bundles of separately
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addressable fibre optodes) might therefore proaidgmpler alternative. Planar luminescent
dual optodes in combination with CCD technologywhuwer, represent a most powerful tool
for the mapping of gradients and distributions wb tparameters in heterogeneous systems
(e.g., metabolism studies in biofilms, plants @sties such as skin, tumours or engineered

tissues, wind-tunnel research, studies of biogenated processes in marine sediments).
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2. Instruments and Methods

2.1. pH Meter

The pH value of solutions was determined usinggitalipH538 multical pH meter with
internal temperature compensation from WTW. Therpeter was calibrated with standard
buffer solutions of pH 7.00 and pH 4.00 from CaoltiRat T = 20 + 2 °C.

2.2. Knife-coating device

Planar optodes were fabricated by spreading theoseolution (A) onto a dust-free polyester
(Mylar®) foil (B) using a knife-coating device from Codsfeand a custom-made coating
knife (Fig. 2.1). The coating-knife comprises ard&ss steel knife (C) fixed to a frame (D),
which allows the adjustment of a defined wet thiess of the sensor membrane layer. By
manipulating the micrometer screw the tilt angletteé frame is changed and the distance

between knife edge and polyester foil can be aegudE).

Fig. 2.1.Knife-coating devicgleft) and custom-made coating-kn{igght) .
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2.3. Absorbance measurements

Absorbance spectra were recorded with a two-chadwéV/IS scanning spectrophotometer
U-3000 equipped with a deuterium and a tungsteé&thmp as light sources from Hitachi
as shown in Fig. 2.2. Polystyrene or quartz cusetigh a cell length of 1 cm were used to
measure the spectra of solutions. The baselinedetessmined against the applied solvent,
which was also used as reference. A thermostatstbroumade flow cell was employed for
spectroscopic absorbance studies of sensor menshuairgy blank polyester foils for baseline

determination and in the reference optical path.

Fig. 2.2.U-3000 Hitachi UV/VIS scanning spectrophotometer.

2.4. Luminescence measurements

Luminescence excitation and emission spectra wageied on an Aminco Bowman Series 2
luminescence spectrophotometer from SLM-Aminco gigincontinuous wave 150-W xenon
lamp as light source (Fig. 2.3, left). For luminesce measurements with sensor membranes,
the excitation light was filtered by a monochromadod was focused on one branch of a
bifurcated fibre bundle (& 6 mm) of randomised glfisres. The fibre bundle was positioned
at the back of the sensor membrane mounted intarauwade flow cell as shown in Fig. 2.3
(right). The emitted light of the sensor film wagided back by the other branch of the fibre
bundle through a monochromator to the photomudiiplitube (PMT) of the

spectrophotometer.
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Fig. 2.3. Aminco Bowman Series 2 luminescence spectrophotrm@eft); schematic of the

instrumental set-up applied for luminescence memsents with sensor membrarfaght) .

2.5. Frequency-domain lifetime measurements

Frequency domain lifetime measurements were peddrwith a dual-phase lock-in amplifier
from Stanford Research Systems (Fig. 2.4). Sensambranes were fixed with silicone
grease on the distal end of a bifurcated glase tlandle (& 2 mm). One branch of the fibre
bundle was directed to a lamp LED from Nichia. Téwcitation light was sinusoidally
modulated by the lock-in amplifier. The second letaof the fibre bundle was connected to a
red-sensitive PMT from Hamamatsu Photonics Deusschto convert the modulated optical
emission signal into an electronic input signalribg the measurement the fibre bundle with

the sensor spot was immersed into test solutions.

optical fibre
bundle

v

emission
filter

LED sensor

membrane

lock-in
amplifier

excitation
filter

Fig. 2.4. Dual-phase lock-in amplifier and red-sensitive tohaultiplier tube(left); schematic of the
optical arrangement for frequency domain lifetimeasurementgight) .
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2.6. Chemical analysis of synthesised ion pairs amudicators

Melting points. Melting points given are uncorrected and were deitezd in open capillary
tubes with a SMP-20 melting point apparatus fronstBi

Elemental analysisA CHN-rapid analyser from Heraeus was used to flemental analysis
(C, H, N).

Mass spectraMass spectra were measured either with a FinnigAm Bb or a ThermoQuest
Finnigan TSQ 7000 mass spectrometer from Thermctitie.

Magnetic nuclear resonance spectraH-NMR spectra were recorded on an Avance 300

NMR spectrometer from Bruker BioSpin. TetrametHgisé was used as internal standard.

2.7. Time-resolved lifetime imaging

The imaging set-up used for 2D luminescence meamnts was described in detail by
Liebsch (2000) and Holst et al. (2061)In the following only a short overview is givenda

the modifications made for this work are presented.

2.7.1. System components and set-up

The imaging system comprises a fast gateable C@izi@a(modified SensiCam) from PCO
equipped with a 0.5 inch monochrome lens-on-chip&egnsor with 640 x 480 pixels and
12-bit resolution (Fig. 2.5). Binning (= groupingd meighbouring pixels to "superpixels") is
possible to increase the signal intensity of angendor example binning factor 2 reduces the
original 640 x 480 pixels to 320 x 240 pixels). T¢@mera is computer controlled by means
of a PCI board which corresponds with the cameaiaaviibre optic link (FOL). An additional
coax input at the backside of the camera allowsexernal activation/deactivation of the
CCD chip to define time gates of interest relativghe excitation pulse. The camera can be

gated with a minimum step width of 100 ns.
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Fig. 2.5.1: Imaging set-up comprising a fast gateable CCD caif#), a personal comput¢B), a
custom-made trigger devi¢€), a TTL signal amplifie(D) and excitation light source modulés);
F: emission filter slidejl: integrated light source moduldd; light source module composed of a
fast pulsable chip LEDG), a convex lengH), an optical filter(J) and a holographic diffus¢K); L:

coax connector for TTL signal transmissitft, power supply connectors.

A custom-made trigger device (B. Grunwald, MPI Besrn Germany) triggers the CCD
camera and the fast pulsable excitation light saufte lamp LED array which was formerly
used was replaced by integrated light source mededenprising a Luxedi V Star chip
LED, lambertian type from Lumileds equipped witlc@envex lens, a holographic diffuser
both from Edmund Industrie Optik and optical fiteiThe LED was driven at 7V and 1 A. A
coax connector enables the transmission of triggéses from the trigger device controlling
the light source activation/deactivation. Rise daday delay of the square shaped light pulses
is below 200 ns. A signal amplifier connected bemvdrigger device and light source
modules allows the simultaneous gating of up toghtisources. The newly built camera
support system is fixed to a rotating disk (adjoktan 90° steps) and a xyz-manipulator

which enables the exact positioning of the camera.
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2.7.2. Characterisation of the chip LED excitatiorlight sources

Various types of light sources emitting in the bisiand near UV range are available. Lasers
are of high brightness, can be pulsed in the ngeaut are still relatively expensive and
restricted to certain wavelengths. Low-prized alives are xenon lamps or LEDs.
However, the commonly available xenon lamps hapellae duration in the pus to ms range
and can suffer from a significant afterglow, whileDs can be pulsed in the ns-range with a
low decay delay after a square shaped light pideanwhile LEDs are fabricated with high
output power levels in the visible wavelength rangeus, Luxeon V Star lambertian type
chip LEDs (460 nm (blue), 505 nm (cyan) and 530 (gmeen)) were chosen as excitation
light sources in the imaging set-up due to theghhorightness. The LEDs were additionally
equipped with a plano-convex lens of 18 mm in di@mand a back focal length of 11.2 mm
to collimate the diverging LED emission (Fig. 2.8).least 90 % of the total luminous flux of
the LED are captured at a total included angle5f°1(23). A 5 mm distance between LED
chip and plano-convex lens was chosen as a comgeoifinus, the luminous flux emitted in a
total angle of 120° @ is collected, which is ca. 80 % of the total laous flux, according to

the radiation pattern given by the manufacturer.

\ | holographic
A A A A A A A diffuser

plano-convex
lens

LED

Fig. 2.6.Schematic of a lambertian type LED equipped withlaamo-convex lens and a holographic
diffuser; the radial emitted light is collimated the lens; at least 90 % of the total luminous fu
emitted within a total included angle of 150° ()2 ca. 80 % of the total luminous flux are captured

when a distance of 5 mm between lens and LED shghosen (2 = 120°).

Fig. 2.7 depicts the intensity contour plots ofiBgoeyscale images of the 505 nm LED light
field without (A) and with the plano-convex lens)(Bhe intensity of the light field in plot B
is significantly increased due to the collimatiohtloe excitation light but the light field is
very inhomogeneous. Although the lens does nobrkpre an image of the LED chip due to

the displacement from the focal point, capillanyekr structures of steep intensity gradients
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are visible. Therefore, a holographic diffuser waih diffusing angle of 10° was additionally
inserted in the excitation path. Compared to otiffusing materials, intensity losses due to
back scattering are kept low with this componenan@ition efficiency > 85 %) and a

homogeneous intensity of the light field is obtairiEig. 2.7, C).

Fig. 2.7.Intensity contour plots of 8-bit greyscale imagéshe 505 nm LED light field without any
optical componentgA), with the plano-convex lenB) and with the plano-convex lens and the
holographic diffuse(C).

The use of the plano-convex lens and the hologcagiffuser affects also the homogeneity of
the light field as to the dominant wavelengths. Tvevelength of the emission maximum
(rem) at different positions of the light field was dethined for the 460 nm LED and the
505 nm LED by recording the emission spectra ate@n positions distributed over the whole
light field with a multi-channel analyser (photomuulti-channel analyser PMA-11 C5966
(CCD version) from Hamamatsu Photonics Deutschlafid)e meani.n values and
maximum errors recorded with the 505 nm LED withthé optical components, with the
plano-convex lens and with lens and holographitusidr were 504.8 + 1.3 nm, 504.6 + 1 nm,
504.4 + 0.7 nm, respectively. Measurements withcthrapletely equipped 460 nm LED gave
459.2 £ 1 nm. A homogeneous wavelength distribuisoespecially important in ratiometric
measurement schemes where a second dye servdsrasae for the indicator (td-DLR and
td-DLR/RLD measurements), since the excitation speof the two dyes are usually not
identical. Thus, a shift in the excitation wavel#rgywithin the imaged area results in varying
emission intensity ratios of the two luminophoresiging errors in the measured analyte
concentration.

The size of the light field at the distance whdre sensor membranes were placed
during the measurements was ca. 86.cFhe average irradiance on this area was calcllate
from the total radiometric power given by the mawidirer (772 mW for the 460 nm LED,
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567 mW for the 505 nm LED and 271 mW for the 530 IdaD). Considering the intensity
losses due to the reduced light source emissiofe artdised and the back-scattering and
reflection from the lens, the optical filters anddetdiffuser, an average irradiance of
5.6 mW/cnf (460 nm LED), 3.4 mW/cf(505 nm LED) and 2 mW/ch{530 nm LED) was
calculated, respectively. However, the characteosaf the planar optodes with the imaging
set-up was accomplished with 5 x5 cm sensor foiginted into a flow cell which was
positioned in the centre of the light field duritige measurements. Here the excitation light
intensity is ca. 50 % higher than the average sitgnThus, the irradiance in this centre area
(= average irradiance on the optode surface) weasaed to be ca. 8.4 mW/énd60 nm
LED), 5.1 mW/cni (505 nm LED) and 3 mW/ch{530 nm LED), respectively.

2.7.3. Data acquisition and processing

The data acquisition in the CCD-based system foetiesolved imaging was controlled by
the software module Look@MOLLI The trigger data and camera settings such as the
position of the image time gates relative to theitexion pulse, the length of the excitation
pulse and the recording time gates as well as itim@ry factors and the total exposure time
can be set in the dialog window of the data actjarsisoftware. Fig. 2.8 shows a schematic
of the data acquisition process when using the Rh€thod. This measurement scheme
requires the recording of images within two différdime gates after the square-shaped
excitation pulse. A multi-exposure of the CCD-chiph on-chip-integration of the charges is
possible. The overall images of the two time-gated their corresponding dark images are
recorded successively in the following orddark ami, @emi, dark amz, @mz Initially, the
trigger data for the first overall imageafk a.my) are transferred to the trigger device which is
responsible for the synchronisation of the lightree and the CCD chip of the camera within
nanoseconds. The emission intensity detected wahsingle time gate is integrated over a
number of recording cycles (depending on the @tabsure time) into the same frame on the
CCD chip and is afterwards read out into one infdge The time span between the start of
the excitation pulse and the end of the last intage gate set (= total gate width) defines
together with the total exposure time the numbethete image acquisition cycles. Thus, a
total exposure time of 100 ms and a total gate lwaft 10 ps results in the integration of
10000 single images to one overall image. Afterwattie data are transferred from the

camera to the PC (typically 25 ms) and the nevgéiglata for the following imagedny) are
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passed from the PC to the trigger device (typic@abyms). With a total exposure time of
100 ms the recording of all images requires theee8®0 ms. The signal-to-noise ratio (SNR)
can be increased by a function that allows the a&pg of the acquisition circuit and the
subsequent averaging of the respective overall @naghe number of repetitions can be
preset. In case of a low emission intensity of dpgode, an increase of the total exposure
time (up to 500 ms) or the binning factor is poksiblowever, all measures are either at the

cost of speed or spatial resolution.

acquisition I 800 ms |
circuit
software Parameter read-|parameter read-parameter read- parameter read-
active passing out | passing out | passing out : passing out
phase 75 ms 100 ms 100 ms 100 ms 25 ms
>t
hardware 100 ms 100 ms 100 ms 100 ms
active exposure exposure exposure exposure
phase dark aeml aem1 dark aem2 aem2
Voss TR
H =
LEDs on M nEEN
LEDs off //|| | / |

CCD on |_ ] —l M M —| — — — = — =
ceooff | || L] ]
|l wl M M
total 2 s 2ps 2 ps 2 us
exposure | 7 | | 7 | | e | | 7 |
time 100 ms 100 ms 100 ms 100 ms

Fig. 2.8. Schematic of the data acquisition process consigdiime-resolved luminescence lifetime

imaging as example.

The dark images are taken in the respective tine \gahout an excitation pulse and contain
therefore the measured noise due to permanent atright and the thermal noise of the
CCD chip. These dark images are subtracted froin ¢beresponding images to improve the
SNR which results in the background-corrected dv@rages (or intensity integrals)eA:
and A2

These background-corrected overall images are #ses ldata obtained from one
measurement. An application developed in IDL 5@rfrResearch Systems was used to
process and visualise these images. This softwadula includes features like 3D-plotting,

contour-plotting, some mathematical calculationtirees for image manipulation or the
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selection of user defined regions of inteteBlata matrices can be saved as image files or as
DAT-files containing the numerical values of thetmapixels. For the evaluation of dual
sensor measurements the numerical values of imagiesrwere used in an iteration
procedure. The data handling and the -calculatiomsewperformed with visual basic

applications in excel (see chapter 12).
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3. pH Fluorosensors for Use in Marine Systems

In this chapter, fluorescence-based optical pH sers especially designed for pH
measurements in marine environment are presentedaliedded in an uncharged, highly
proton-permeable hydrogel matrix, the two noveldghilic carboxyfluorescein derivatives
2", 7 -dihexyl-5(6)-N-octadecyl-carboxamidofluoresce(DHFA) and 2°,7 -dihexyl-5(6)-N-
octadecyl-carboxamidofluorescein ethyl ester (DHFAHave apparent pKa values of
approximately 8.4. The pH transition range of therssors therefore perfectly matches the
pH range predominantly found in seawater and marisediment (pH 7.2 - pH 9.2). The
cross-sensitivity towards ionic strength (IS) wasuhd to be low for DHFA-containing
membranes and was even negligible when using DHFA indicator. The optical
properties of the indicators allow internal referemg of the measurements. Dual-
wavelength measurements are possible with the DHF&fitomophore since the emission
maxima of the basic and acidic form of DHFAE diffdoy 30 nm. Dual lifetime referencing
(DLR) measurements were made with pH sensors inocogting ruthenium(ll) tris(4,7-
diphenyl-1,10-phenanthroline) (Ru(dppg)-containing reference particles in addition to the
indicator. This type of sensor can be applied famaging or for phase modulation
measurements of pH. Examples of imaging of pH intaegeneous natural marine

sediments are shown and discussed.

3.1. Introduction

Many important biogeochemical processes like photibesis, metabolic processes,
diagenesis, calcium carbonate sedimentation ooldissn cause strong changes of chemical
and physical parameters in seawater, marine setsna@d/or their interface layer. The pH is
besides oxygen and G@ne of the key parameters describing these presessd gives
valuable information about their progré&sThe well-established tool for pH measurement is
the glass electrode. However, electrodes are limdesingle-point measurements and are not
comfortable to obtain distribution information okl pAn alternative are optical pH sensors,

which can be easily produced in various shapes. wed with optical fibre technology
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microoptodes for non-invasive pH measurements &fabricatett®. Planar solid supports
coated with a sensor layer enable the mapping ofdimensional pH profil€s. Another
advantage of using pH optodes is the possibilitthefr combination with oxygen optodes in
marine applications, which are the preferred chuaiitk respect to such important parameters
as accuracy, reproducibility and long-term stapilit

A well-known problem of pH optodes limiting theirgetical use is their signal
dependency on the IS and therefore on the ionicposition of the sampt® This effect is
not critical for pH sensing in the open sea, simere the salinity is fairly constant and differs
only in the range between 33 %0 and 37 %.. In cohtaghat, optical pH measurements often
fail in coastal regions where a mixing of freshwated seawater results in large fluctuations
of salinity down to 2.5 %.. Here pH optodes are esged with a negligible cross-sensitivity
towards IS fluctuations. An alternative is the platadetermination of salinity with either a
conductivity sensor or an optical chloride sefisand the consequent correction of the pH
signal.

Whereas numerous examples for optical pH sensinghysiological samples were
describetf*® only a few promising examples for seawater moniwmriare known. A
promising approach is the use of spectrophotometricsensors in flow systems reported
recently**> The samples are mixed with a sulfonephthaleirimtitator solution and the pH
is determined by absorbance measurements in atmised flow-through cell. In 1990 Serra
et al. published a fibre-optic pH sensor for seawahonitoring employing phenol red
immobilised on amberlite XAD-2 resih Hulth et al. described a planar pH sensor
incorporating the fluorescent indicator HPTS witblldose acetate as matrix for two-
dimensional pH mapping in early diagenetic studiesarine sediment This system has
two drawbacks. The given dynamic range of pH 5#-7.4 does not match the average pH
range in marine systems (pH 7.2 - pH 9.2). Furtloeenthis sensor based on HPTS is highly
cross-sensitive towards 1S changes

Besides the problems related to IS, the generdl@nmoof applying fluorescence based
pH optodes is that only few fluorophores have pahgition intervals in the region around
pH 8. Some SNAFL and SNARF indicators fulfil thisquiremerif. They are suitable for
internally referenced dual-wavelength pH measurésneimce the excitation and emission
maxima of the deprotonated/protonated form differleast by 20 nm in wavelength
Drawbacks, however, are the low quantum yields (Quof these fluorophores and the

extraordinarily high price of commercially availalderivatives.
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An approach to design pH optodes with minimised effects was published
recently’. It is based on lipophilic fluorescein derivativelsysically entrapped in a neutral
polyurethane hydrogel with mixed hydrophobic andirophilic domains. This matrix also
increases the apparent pKa values by approxim&telpits. Substitution of fluorescein in
2°, 7 -position results in a series of sensors nedpgy from pH 4.5 - pH 6.5 (dichloro
derivative) up to pH 7.5 - pH 9.5 (dihexyl derived). On the basis of these results two new
lipophilic 2°,7"-dihexylcarboxyfluorescein derivedis were synthesised. Main focus was set
on achieving a suitable pH transition range whictahes the important pH range in marine
systems and on the possibility of referenced pH swmesnents. The sensors were
characterised with respect to their spectral pitioggerlS and temperature cross-sensitivities. A
DLR-based sensor was applied for two-dimensionahsueements of pH distributions

patterns in natural marine sediment.

3.2.  Experimental

3.2.1. Materials

1,2,4-Benzenetricarboxylic anhydride (97 %), 4-Heessorcinol (99 %), octadecylamine
(97 %) and titanium(lV) oxide (powder, < 5 um) were obtnfrom Aldrich. N-
Hydroxysuccinimide, N,N’-dicyclohexylcarbodiimide99 %), ethyl bromide (99 %),
methanesulfonic acid and N,N-dimethylformamide (gsirabs. ca. 99.8 %) were purchased
from Fluka. The other solvents used were of anadygrade and obtained from Merck except
for absolute ethanol which was purchased from Mekirodt Backer and diethyl ether which
was obtained from Carl Roth. The polyurethane hgeroHydroMed D4 (D4) from
Cardiotech was used as sensor matrix. A polyetieyterephthalate foil (Myl&) of 125 pm
thickness from Goodfellow served as solid suppat the sensor membranes. The
luminescent reference particles were a gift from3ens. The standard buffer solutions (pH 4
and pH 7) applied for the calibration of the pH emetvere purchased from Carl Roth. All
salts used for buffer preparation were obtaineanfiderck except for Caglwhich was
purchased from Carl Roth. All other substances ugerk obtained from Merck. Doubly

distilled water was applied throughout.
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3.2.2. Buffer preparation

Phosphate buffer stock solutions with defined 1Sen@ade up with the appropriate sodium
salt of dihydrogen phosphate, hydrogen phosphaphosphate and with sodium chloride as
background electrolyte. If not otherwise state@, blffer concentration and IS of the buffer
stock solutions were 50 mM and 500mM, respectivelcept for the IS cross-sensitivity
measurements where 15 mM phosphate buffer stodkticeé were used. Buffer stock
solutions for IS cross-sensitivity measurementshwattificial seawater as background
electrolyte were prepared with tris-(hydroxymetaylinomethane (TRIS) and tris-
(hydroxymethyl)aminomethane hydrochloride (buffencentration: 15 mM), respectively.
The artificial seawater was made up according tstéfeet af>. The amount of background

electrolyte added to the buffer stock solutions walsulated by means of eq. 3.1

IS=050) 7’ ¢ (3.1)

where zis the valency of each ion species i ant dts concentration. The buffer solutions
with defined pH used for sensor calibration wergamied by mixing the respective acidic and
basic stock solutions (dihydrogen phosphate/hydrqgesphate buffer: pH range 5 - 9 and
hydrogen phosphate/phosphate buffer: pH range®.-The adjusted pH was controlled by

means of a pH meter.

3.2.3. Apparatus

UV/VIS absorbance spectra and single wavelengtbrbbsace time scans were recorded with
a U-3000 UV/VIS double-beam spectrophotometer fHtitachi. Fluorescence spectra as well
as the single and dual wavelength fluorescence ticams were acquired with an Aminco
Bowman Series 2 luminescence spectrophotometer 8bM-Aminco. Time domain DLR
measurements were accomplished with the imagingsetescribed in chapter 2.7. A light
source module comprising a Luxé8nV Star LED fem = 505 nm) from Lumileds was used
for excitation of the sensor foils. Sensor calilmatwas accomplished with 5 x5 cm sensor
membranes mounted into a thermostated custom-madectll. To ensure constant flow
rates a Miniplus-3 peristaltic pump from Gilson wased in all experiments to pump the

buffer solutions through flow cells at a rate ofmil min'. Frequency domain DLR
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measurements were performed with a dual-phaseitoekaplifier from Stanford Research
Systems using a cyan lamp LEB.{ = 505 nm) from Nichia as excitation light sourtde
sensor spot fixed with silicone grease to the Hesta of the applied bifurcated fibre bundle
was immersed into thermostated buffer solutionshwdefined pH values during the
measurement. The same optical filters were usetf®LR and td-DLR measurements. The
LED light was filtered with the combination of a GIS5 glass filter and a C54 cyan dichroic
filter, and an OG 570 glass filter was used for ¢émeission path. All optical filters were
obtained either from Schott (GG 495, OG 570) omfroinos Photonics (Dichrolight' C54

cyan). All measurements were performed at 20°@oifstated otherwise.

3.2.4. Sensor fabrication

A 10 % (w/w) D4 stock solution was prepared by digsg 1 g D4in 9 gofa9:1(viv)
ethanol/water mixture. 10 mg indicator were disedlin 1 ml ethanol to obtain the dye stock
solutions. The final sensor cocktails were madebypadding aliquots of the respective
indicator stock solution to 1 g of the polymer smo. The luminescent reference particles
and titanium dioxide enhancing light scattering everxdded in case of the DLR sensor
cocktails (Table 3.1).

Table 3.1.Composition of the pH sensor membranes.

membrane indicator indicator/polymer fraction D4 : reference particles:
[mmol kg™ polymer] TiO »/weight fraction

M1 DHFAE | DHFAE 3 -@

M2_DHFAE | DHFAE 3 10:1:9

M1 DHFA DHFA 3 -@

M2_DHFA DHFA 3 10:4:9

(a) no addition of reference particles and 7i0O

The DLR sensor cocktails were stirred for at |&akh to achieve a homogeneous dispersion
of the particles. The other cocktails were stirabdut 12 h before use. The sensor films were
fabricated by spreading the cocktails onto duss-fylar® foil with a knife-coating device
from Coesfeld. The wet thickness of the sensorsfilmas 60 pm for the DLR sensors (M2)

and 120 um for the M1 sensors which resulted inigkhess of approx. 12 um after solvent
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evaporation. The membranes were left to dry ovéinlgefore characterisation. Table 3.1

indicates the composition of the sensor films.

3.2.5. Preparation of sediment measurements

Measurements in natural sediments were performeldeaMarine Biological Laboratory in
Helsingor, Denmark. Only a brief overview is giventhe following. For a more detailed
description see ref. 23. Sediment was collecteshjumared frames at a shallow water site (ca.
1 m depth) in the Helsinger Marina (Denmé&tkJrhe sediment hosted a high density (> 500
ind m?) of burrowing polycheates (Hediste diversicol®tches of photosynthetically active
benthic diatoms covered the sediment surface. Blok& bf a M2 _DHFAE sensor membrane
(5.5 x 5.5 cm) was attached to an inside wall sfraall agquarium constructed of transparent
Plexiglas. The sediment was carefully transfercethé aquarium and after addition of water
from the sampling site the set-up was allowed tdeséor 1 day prior to any measurements.
To mimic natural conditions, an artificial 12 h daght cycle was imposed to the set-up
(Schott halogen lamp, 150 Watt). To avoid any fietence from ambient light when taking
images during the day cycle, the light was turnégbior to taking the images with the CCD
camera. Parallel to the imaging measurements, aglpss microelectrod2 continuously
monitored the pH of the water phase. A pH micrdaetete was also used to measure pH
profiles next to the planar optode for comparisbhe electrode had @p diameter of 30 -
50 um. It was equipped with an external calomekraxice electrode from Radiometer

Danmark and both were connected to a high impedevltaeter.

3.3. Synthesis

The carboxyfluorescein derivatives were syntheseszbrding to the methods reported by

Matray et af® and Wang et &".
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3.3.1. Synthesis of 5(6)-carboxy-2",7 -dihexylfluescein(DHCF)

15 ml methanesulfonic acid was added to 1,2,4-bestrearboxylic anhydride (990 mg, 5.2
mmol) and 4-hexylresorcinol (2 g, 10.3 mmol) in@ Il round bottom flask. The resulting
suspension was refluxed for 30 min. at 130°C usingoil bath. Afterwards the deep red
solution was cooled to room temperature and thelecdrop wise to ca. 150 ml of rapidly
stirred water. The orange solid precipitate waserdld, dried and recrystallised from
acetonitrile to yield yellow crystals of 5(6)-caxkys2”,7 -dihexylfluorescein (0.59 g, 21 %).
Melting point: 244-247 °C;Mass spectrum (esi) m/z (rel. intensity)544 (3; MH), 500
(11), 455 (10), 430 (28), 415 (100).

3.3.2. Synthesis of 2°,7 -dihexyl-5(6)-N-octadecghrboxamidofluorescein(DHFA)

5(6)-carboxy-2",7 -dihexylfluorescein (500 mg, 0.9@mol) and N-hydroxysuccinimide
(127 mg, 1.1 mmol) were put into a 50 ml round dottflask. 10 ml dry DMF and 1 drop of
triethylamine were added and the suspension iddedtir for 2 h at room. Afterwards N,N’-
dicyclohexylcarbodiimide (227 mg, 1.1 mmol) and caglecylamine (297 mg, 1.1 mmol)
were added and the mixture was again stirred fdn.4Ehe white precipitate was removed by
filtration and the remaining red solution was addeap wise into 50 ml of stirred water. The
resulting fine orange precipitate was filteredsivad with water and dried. Purification was
accomplished via column chromatography with sitieh 60 (0.063-0.200 mm) as stationary
phase and an 1 : 9 ethanol/chloroform solution abilm phase to afford an orange-red solid
of 2°,7 -dihexyl-5(6)-N-octadecyl-carboxamidoflusoein (66 mg, 9 %).

Melting point: 152-154 °C*H-NMR (CDCI 3): & [ppm] = 0.6-0.95 (m, 9H, —C#), 0.95-1.85
(m, 48H, —-CH-), 2.25-2.65 (t, 4H, aryl-CH), 3.35-4.0 (m, 2H, -NH-CH), 6.24-8.99 (m,
8H, aromatic and -NH-)ylass spectrum (esi) m/z (rel. intensity): 797 (100; MH), 752
(7), 573 (21), 559 (7).
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3.3.3. Synthesis of 2°,7 -dihexyl-5(6)-N-octadecyarboxamidofluorescein ethyl ester
(DHFAE)

A mixture of 2,7 -dihexyl-5(6)-N-octadecyl-carbaraofluorescein (50 mg, 0.063 mmol),
1-bromoethane (5 pl, 0.067 mmol) andX; solid (35 mg) in 5 ml DMSO was stirred in an
oil bath at 65 °C for 20 h. The red precipitatet ttommed upon addition of 10 ml saturated
NaCl was filtered, washed with water and redisslue ethyl acetate with 1M HCI. The
organic phase was separated, washed with phosph#fer (pH 7.4) and water and was
evaporated to dryness under reduced pressure. Todugd was purified by column
chromatography with silica gel 60 (0.063-0.200 mas) stationary phase and an 0.5 : 9.5
ethanol/chloroform solution as mobile phase todyial red solid of 2,7 -dihexyl-5(6)-N-
octadecyl-carboxamidofluorescein ethyl ester (184 26 %).

Melting point: 92-94 °C;*H-NMR (CD »Cl,): & [ppm] = 0.68-0.92 (m, 12H, —C$}i 1.09-1.8
(m, 48H, -CH-), 2.25-2.62 (t, 4H, aryl-CH), 3.35-3.97 (m, 4H, —O—CH and —-NH-CH),
6.54-8.71 (m, 8H, aromatic and —NHMass spectrum (esi) m/z (rel. intensity)825 (100;
MH™), 780 (4), 601 (8), 587 (5).

3.4. Results and discussion

3.4.1. Synthesis and characterisation of the lipojlic pH indicators

The two lipophilic pH indicators DHFA and DHFAE iestigated in this work were
synthesised starting from a carboxyfluoresceinvagitie with hexyl substituents at 2" and 7°
position (DHCF). The hexyl residues fulfil two fumns. Firstly, they have a positive
inductive effect which diminishes the stability tife deprotonated form of the indicator
especially in nonpolar media and therefore shifts apparent pKa (pKa') to higher values.
Secondly, they increase the lipophilicity of theedyet DHCF is still water-soluble to some
extent. The pKa' measured in a phosphate-buffegegéais solution was 6.6 which is only
slightly higher than that of 5(6)-carboxyfluorestépKa = 6.43® due to the polar solvent. To
obtain pH indicators which can be immobilised ifippphilic sensor matrix, the lipophilic
character was further increased by amidation of 3(@-carboxyl group of DHCF with
octadecylamine. The 2-carboxyl group of the resgltbHFA was converted into an ethyl

ester group in a next step to obtain DHFAE. Likestrituoresceins the protonated form of



CHAPTER 3 — pH Fluorosensors for Use in Marine Sysims 53

DHFA exists predominantly as lactone in a nonpselarounding. The esterification of the 2-
carboxyl group in DHFAE prevents this lactonisatibrg. 3.1 depicts the acid-base equilibria
of the two lipophilic indicators.

DHFA:

H,,C,;-NHOC

Fig. 3.1.Acid-base equilibria of the two lipophilic indicatoDHFA and DHFAE.

The 27, 7" position of the hexyl groups was chosiage a substitution in 4~ and 5 position
decreases the QY of the fluorescein chromophommatieally. The QY of DHCF was found
to be 0.814sic and is not significantly lower than that of fluecein which is 0.94sic In
ethanolic solutioff. The basic form of DHFA has a QY of 0.94. The @Yshe deprotonated
and the protonated form of DHFAE are 0.62 and Or@2pectively. Table 3.2 summarises the
optical properties of the fluorescein derivativédeasurements were made with ethanolic
solutions of the indicators.

Table 3.2.Summarised optical properties of the pH indicatemsthanolic solution.

indicator/sensor Amax(€XC.) [NM]  Amax(€ém.) [nm] A [L mol ™ cm™] QY
DHCF 510yase 535%ase 9900Qase 0.8%ase
DHFA 513 ase 53%ase 8200Qase 0.9%ase
DHFAE 463,id523ase 48Qycid 558 ase 6400Qid 0.22id
9400Qase 0.6%ase
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The QYs of the dyes were calculated by means o0B&qusing fluorescein in basic ethanolic

solution as referend®

A O, hy (3.2)

Y, =QY,
% QRAXDRmé

The indices X and R refer to the dye and the refererespectively, A is the absorbance at
the excitation wavelength, | is the integrated arketne corrected emission spectrum and n is

the refractive index of the solvent used.

3.4.2. Characterisation of the intensity-based pHemsors

The polyurethane type hydrogel D4 was used as senawix throughout this work. D4 is a
highly proton-permeable, uncharged polymer withadew uptake capacity of about 50 %. It
contains hydrophilic regions and hydrophobic blogksvhich the pH indicators DHFA and
DHFAE were immobilised by adsorption with their dllside chains acting as lipophilic
anchors.

Fig. 3.2 shows the absorbance and emission spefctvil DHFA and M1 _DHFAE
sensors at pH values varying from 10 to 6. Theat®n from the isosbestic point at a pH
lower than 8.5 in the absorbance spectra of M1_DHitéhcates the lactonisation of the dye
(top, left). No clear absorbance maximum of thetqmated form can be found. The
deprotonated form of DHFA in the D4 matrix has &ésabance maximum at 516 nm. The
membrane was excited at this wavelength to recbe @mission spectra. While the
deprotonated form shows an emission maximum atnbdOthe lactone form of DHFA is not
fluorescent. The emission decreases to nearly aepH 6 which results in a high sensor
dynamic (top, right). The absorbance spectra of BHFAE at varying pH values reveal no
deviation from the isosbestic point (bottom, lefthe absorbance maxima of the protonated
and deprotonated form are at 468 nm and 530 nipecésely. The emission maxima at 524
nm (acidic form) and 554 nm (basic form) differ 8 nm. Therefore measurements with this
indicator can be internally referenced by ratiomedual wavelength measurements. Fig. 3.2
(bottom, right) depicts the emission spectra of A BHFAE membrane excited at 485 nm
(wavelength of the isosbestic point). The sensoiadyic of the M1_DHFAE sensor is smaller
than that of the M1_DHFA sensor since the emissibthe protonated form of DHFAE is
still comparatively high at the emission maximuntlod deprotonated form.
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Fig. 3.2. top, left: Absorbance spectra of M1_DHFA at pH values varynogn 10 to 6; a deviation
from the isosbestic point occurs at pH values lotian 8.5 due to the lactonisation of the indicator
top, right: Fluorescence spectra of M1_DHFA excited at 516 Inottom, left: Absorbance spectra
of M1_DHFAE; bottom, right: Fluorescence spectra of M1_DHFAE excited at theelength of the

isosbestic pointNs, = 485 nm).

For the calibration of the M1 _DHFAE membranes al dueitation scheme was applied.
They were excited at the two excitation maxima AgB8and 530 nm and the ratio of the two
respective emission bands at 554 nme(E ssonmfFpexc. 468nm) Was recorded as measurement
signal. This ratio is independent of the indicatoncentration and therefore of any intensity
losses caused by photodecomposition or leachitigeohdicator out of the sensor membrane.
In the case of the M1_DHFA membranes no referente@dsuring is possible. Thus,

fluorescence intensity measurements were magdg=516 nm and\en= 540 nm). These

measurement schemes were used throughout for #peaterve M1 sensors unless noted

otherwise.
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In Fig. 3.3 the normalised fluorescence signaldaf DHFA (left) and M1_DHFAE
(right) are plotted versus the pH to give the sigitabcalibration curves of the sensors, which
were fitted with the Boltzmann function (eq. 3.3).

F _ mL—m2 m2 3.3
2 1+ex;{pH - pKa'J &3
p

F and B are the fluorescence signals measured at vanjhgatues and at the highest pH
value used during the calibration (pH 10), respeetyi The points of inflection corresponding
to the pKa' values were at 8.35 for M1_DHFA and68f@r M1 _DHFAE. The high pKa'

values of the sensors result from the lipophilicreunding of the indicators within the

hydrogel which stabilises the protonated, unchafged more than the deprotonated species.
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Fig. 3.3.Normalised calibration curves of M1_DHRkeft) and M1_DHFAE(right) .

The pH in seawater normally varies between 7.8 &8ddue to dissolved atmospheric £O
and the carbonate and borate buffer systems. Ierupiarine sediment layers respiration
activity (CQ, evolution) can reduce the pH to 7.2, while photdisgsis (C@ consumption) is
able to increase it to 9.2. This whole relevant naiHge is covered excellently by the two
sensors described here.

The sensor response timg ¢f the M1 membranes was determined for pH traorssti
from 8.5 to 7.5 and back, since most of the pH gkanoccurring in marine systems are
within this pH range. The sensor kinetic mainly elegls on the membrane thickness which
was approx. 12 pm and the flow-rate of the anadgtation (1 ml mift). The following mean

too values were found for the M1 membranes: 120 s 81— pH 7.5)/230 s (pH 7.5
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pH 8.5). Faster-responding sensors can be obtdaipedducing the sensing layer thickness.
However, a 6 um thick membrane shows still a respdime of 90 s (pH 8.5, pH 7.5) at
the same measurement conditions.

The photostability of the M1 sensors was inveséidaat a pH of 8.2 which is a
common pH value for surface seawater. Here the ddtprotonated to deprotonated form is
about 1.6 for both indicators. The membranes wemaearsed in the appropriate phosphate
buffer solution and were irradiated for 1 h witlkantinuous wave 150 W xenon lamp as light
source Kexc: 516 nm (M1_DHFA) and 530 nm (M1_DHFAE)). The bpads was adjusted to
4 nm for the excitation and the emission light vihieas the usual setting for all fluorescence
measurements. The emission of the sensors wasnogoosly recorded Agrr 540 nm
(M1_DHFA) and 554 nm (M1_DHFAE)). After 1 h the ditescence intensity of M1_DHFA
and M1_DHFAE had dropped to 96.7 % and 93.9 % eirtftial signal, respectively.

Leaching of the indicators from the membrane watetkin two experiments. Firstly,
phosphate buffer solution (pH 8.2, IS = 720 mM) wasnped through a flow cell equipped
with a M1 sensor for 48 h at a constant flow @ft& ml min. The fluorescence intensity at
the emission maximum of the deprotonated speciassra@rdedn 1 min intervals after 2 h,

4 h, 6 h, 24 h and 48 h. After 6 h the leachinghdicator was almost linear with time for both
sensor types. A leaching rate was determined froenfluorescence intensity decrease in
percent in the time interval between 24 h and 4& lwas -0.24 %/h for the M1_DHFA
membrane and -0.18 %/h for M1_DHFAWiIthin the first 24 h a stronger leaching of both
indicators was observed which results in an sigledrease to 96.2 % (M1_DHFA) and
96.5 % (M1_DHFAE) after 6 h and 91.7 % (M1_DHFA)da83.8 % (M1_DHFAE) after
24 h, respectively. The pronounced loss of indicatahat time is due to DHCF impurities
still present in the indicator which are less liptig and to indicator molecules which are
only adsorbed to the membrane surface. An improwerakould therefore be reached by
further purification of the indicator dyes and agonditioning of the membranes in buffer
solution before the measurement. Secondly, M1 mands were stirred in 80 ml of
phosphate buffer solution (pH 8.2, IS = 720 mM) fore week. The absorbance A at the
maximum of the deprotonated indicator was measuniédlly and after this week at pH 10
and pH 8.2. The relation [1 — {(A(pH 10) — A(pH BZdayd(A(pH 10) — A(pH 8.2)) dayg] *

100 gives the leaching rate over this time in pet.cé was 18.1 % for M1_DHFA and 11.2 %
for M1_DHFAE, respectively. Both experiments shdattthe leaching of the indicators from

the sensor membrane is relatively high. In casth®M1_DHFAE sensor this indicator loss
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is referenced by the ratiometric measurement schdime M1_DHFA sensor, however, is

limited to short-time pH measurements.

3.4.3. Cross-sensitivity towards ionic strength

The cross-sensitivity of optical pH sensors towd&loriginates in the fact that during pH
measurements the proton activity of the solutiorcasrelated to the concentration of the
respective pH indicator species t(@&nd c(HI) and not to their activities. Eq. 3.4ndae

derived from the mass action law of the indicagaction. In optical sensing the two terms of
eg. 3.4 containing the activity coefficientg fand f of the protonated and deprotonated
indicator and the solvent activityy@ are not detected. The point of inflection of the
sigmoidal calibration curve in optical pH measuremis therefore only an apparent pKa

value (pKa') which includes these two terms.

pH = pKa+Igﬁ+lgL-lg 80 = |0Ka'+lgM (3.4)

c(HI) f c(HI)

While the logarithm of the solvent activity is niggihle in aqueous solutions with an IS up to
4 M, the activity coefficientsyf and f of the protonated and deprotonated indicator ggeci
tend to unity only in very diluted solutions whiah not given in seawater samples. The
Debye-Hueckel theory relates the activity coeffitgeto the IS of the solutidh The IS in the
microenvironment of the indicator is determined the concentration and charge of the
dissolved ions and the indicator molecule itselfeB charges in the immediate vicinity of the
indicator like charges immobilised in the polymeatnix of the sensor also contribute to the
IS and therefore cause a change of the pH witlemiembrane compared to that of the bulk
solutior?®. This change is quantified by the surface potemfidhe matrix. To reduce these
disturbing effects an uncharged hydrogel with @&ahigter uptake capacity was employed as
sensor matrix in this work. Hence, the bulk ancelmmembrane pH was considered to be the
same and any IS effects were contributed to thef tBe analyte solutions.

The average IS of open sea water is 720 mM whictesponds to a salinity of 35 %o.
The salinity is the amount of inorganic substamcsdlution expressed in g per kg seawater or
in parts per thousands (%o). Since the relative asitipn of the seawater salt is constant, the
salinity of seawater is only influenced by the watentent. Thus, it can increase to > 40 %o

due to water evaporation (e.g. Mediterranean sealeorease to < 2.5 %o because of fresh
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water influx in brackish water regions. The cortiela between salinity S and IS of seawater
is given by IS = 19.92 * S/(1000 — 1.005 *Y[Fig. 3.4).
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Fig. 3.4.lonic strength-salinity correlation plot; given iorstrength

and salinity values are average values for thecdse area.

The cross-sensitivity of the sensor response of DHFA and M1_DHFAE towards IS was
investigated in an IS range from 50 mM to 720 mMhwiwo different buffer systems.
Phosphate buffers with a buffer concentration ofrfd and an IS of 200 mM, 200 mM, 300
mM and 500 mM with sodium chloride as backgrourettblyte were used for a first sensor
calibration. A second sensor calibration was madh ®% mM TRIS buffers and artificial
seawater (ASW) as background electrolyte. Heré3heas adjusted to 50 mM, 200 mM, 500
mM and 720 mM. Fig. 3.5 depicts the calibration vesr of M1_DHFA (left) and
M1_DHFAE (right) measured with the TRIS/ASW buffef$ie IS effect is almost negligible
for M1_DHFAE. The reason for the difference in I8ss-sensitivity of the two sensors is the
additional negative charge at the 2-carboxyl grompthe basic form of DHFA. For

measurements in marine environment a sensor agcof&c02 pH units is desirable.
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Fig. 3.5.Calibration curves of M1_DHFAeft) and M1_DHFAE(right) measured with 15 mM TRIS
buffer solutions with artificial seawater as baakgrd electrolyte and IS values varying from 50 mM
to 720 mM.

Fig. 3.5 shows that the IS effect on the calibratboirves of both sensors is minimal at 1S
values higher than 500 mMpH/AIS gradients determined from the maximum erroria t
measured pHAmwapH) due to an IS change from 720 mM to 200 mM at&éallow for the
calculation ofAmapH at pH 8 in open sea measurements. Here thenff@sebetween 765 mM
and 680 mM. A shift between those boundaries resnlaAn.,pH of 0.02 for M1_DHFA
and 0.01 for M1_DHFAE which is within the limits dfe measurements precision. Thus, in
open sea water both sensors can be used withaatl sigrrection for the IS effect. The IS of
brackish water can strongly fluctuate in a rangenfi720 mM to 50 mM. ThAn.pH caused
by this IS change at pH values from 7.5 to 8.5 varéollows:AmaxoH (pH 7.5) = 0.26 / 0.1,
AmapH (PH 8) = 0.29 / 0.09 andmapH (pH 8.5) = 0.26 / 0.08 for M1_DHFA and
M1 _DHFAE, respectively. Calibration measurementshwthe phosphate/NaCl buffer
solutions (data not shown) gave comparable restMiereas an error of almost 0.3 pH units
found for M1_DHFA is not acceptable, M1_DHFAE cam Uised in brackish water without
further signal correction for measurements wherseasor accuracy of 0.1 pH units is
sufficient. In case that a more precise pH detadsaequired, a parallel determination of the
IS by conductivity measurement or by an opticahiigl sensotis necessary. However, there
is no need for high precision in this IS determorasince an IS error of 100 mM only causes
a AmapH of 0.015 pH units within the pH range from 7 Q. In comparison with pH
electrodes the investigated optical sensors sheim@ar measurement precision in open sea
application. Due to the necessity of signal coroecin brackish water for the optical sensors,

the performance of pH electrodes might be herdtjidetter. However, conventional glass
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electrodes show a cross-sensitivity towards sodatirpH values higher than 9. The pH at
which a significant sodium error occurs can betstifto higher values (> 10 pH) by the
choice of appropriate glass materials for the ebelet. The pKa' values found for M1_DHFA
and M1_DHFAE at varying IS with the two buffer ssts are summarised in Table 3.3. With
decreasing IS the pKa' tends to increase for betis@s. It can also be seen that the pKa'
values differ between the two buffer systems withaaerage of 0.17 units. In the case of
M1 _DHFA the pKa' values were lower in TRIS/ASW lmiff solutions than in
phosphate/NaCl buffer solutions. For M1_DHFAE thedency was vice versa. This can be
due to a quenching effect by the TRIS buffer sdlici is in its deprotonated form a tertiary

amine.

Table 3.3.pKa' values of M1_DHFA and M1_DHFAE at varying(i8 salinity S).

IS[mM] | 720 500 300 200 100 50
pKa' (35%0S) (24.5%S) (15%S) (10%S) (5% S) (2.5 %0 S)
(M1_DHFA)®@ n.d. 8.42 8.45 8.51 8.57 n.d.
(M1_DHFA)® 8.16 8.23 n.d. 8.36 n.d. 8.53
(M1_DHFAE)®| n.d. 8.42 8.44 8.48 8.47 n.d.
(M1_DHFAE)®| 8.57 8.60 n.d. 8.64 n.d. 8.66

(a) 15 mM phosphate buffer solutions with NaCl as baskgd electrolyte

(b) 15 mM TRIS buffer solutions with artificial seawases background electrolyte

3.4.4. Temperature effect

The temperature of the oceans” surface seawatekdlsisively determined by the daily
amount of sun light and the angle in which the says hit the water. Thus, the average
surface water temperature in regions near the equain be as high as +30 °C while it
declines towards the poles where water temperatlows to -2 °C are possible. The water of
the deep sea has a considerably constant temperbleire temperature zones between +5 °C
and -2 °C are found since the density of seawateoi only dependent on the temperature but
also on the salinity. Hence, strong temperatureng@bs within the water column can occur
with varying depth especially at mid-latitudes.
The temperature cross-sensitivity of M1 _DHFA and_MHFAE was quantified

from +4 °C to +35 °C and is shown in Fig. 3.6. Temgture affects the sensor signal in two

different ways. Firstly, the luminescence quantueidyof the protonated and deprotonated
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form of the indicator drops with increasing tempera due to enhanced internal and external

conversion. Secondly, the pKa' values of the indisaincrease with increasing temperature.
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Fig. 3.6. left: Temperature dependent calibration curves of M1_DHEdp) and M1_DHFAE
(bottom); right: Measured sensor signals in the pH range from 7%aiio20 °C were used to calculate
the apparent pH values at the other temperaturiegat. regressions gave the followidgpH/AT
gradients: -0.0017 (pH 7.5), -0.003 (pH 8), -0.0Qa# 8.5) and 0.0101 (pH 9) for M1_DHF#op)
and 0.0005 (pH 7.5), -0.0043 (pH 8), -0.01 (pH &) -0.0176 (pH 9) for M1_DHFAmbottom).

The temperature-dependent calibration curves of DHHFA show that here both effects
compensate up to pH 8.5. At higher pH values itleand external conversion become
predominant (Fig. 3.6, top). For M1_DHFAE sensbs temperature effect is only negligible
up to pH 8 since here internal and external comwersnfluence also the fluorescence
intensity of the protonated form of the indicatéig( 3.6, bottom). The gradienfsoH/AT
determined at pH 8 (Fig. 3.6, right) are -0.003N&k_ DHFA and -0.0043 for M1_DHFAE.
Here a temperature correction is not necessary @ptémperature variation of 5 °C. This is

normally given for measurements in the same wadgerl In applications at different
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positions of the water column strong temperaturangles can occur which make a signal
correction inevitable. However, even at higher pi#lues the cross-sensitivity of the two
optical sensors towards temperature is definit@welr than that of conventional pH

electrodes. The main influence due to temperatareaton can be calculated from the Nernst

equation. The pH error is in the order of 0.03 ptitauper °C.

3.4.5. pH sensors for DLR-based referencing schemes

Luminescence intensity-based optical sensing teciasi are often disturbed by fluctuations
in the opto-electronic system (e.g. light sourastedtion system), degradation of the sensor
element (e.g. caused by indicator loss due to Iegcbr photodecomposition) or variable
optical properties of the sample (e.g. scatterifidius, a careful referencing of the sensor
signal is essential to obtain reliable results.sbex based on DHFAE described here allow
the use of ratiometric referencing methods (eithighh dual excitation or emission) as shown
before. Unfortunately, sensors based on DHFA atesnibable for these methods since the
protonated form is non-luminescent due to lactdiiea For such sensors the fd-DLR
schem&' is the solution of choice (see chapter 1.5.3). fiithenium(ll) tris(4,7-diphenyl-
1,10-phenanthroline) complex was used as referestandard. Incorporated into
polyacrylonitrile-derived nanospheres (average igartdiameter. 70 nm), it is efficiently
shielded from external quenching by oxygen andratbenpounds. The reference standard is
excitable in the range from 400 nm to 510 nm armlwsha broad emission with a maximum
around 600 nm. Since its decay time is approx. & psdulation frequency of 45 kHz was
selected. Spectral properties of the reference-Didéuple in the M2 membrane are shown in
Fig. 3.7 (left).
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Fig. 3.7. Spectral properties of the dyes and optical comptzna the DLR measurement schemes
with DHFA as pH indicator; the absorbance and eimisspectra of Ru(dpp)and DHFA and the
transmission spectrum of the long pass filter OG fF the emission path are shown. All spectra are
normalised. The excitation wavelength range emittgdthe cyan LED equipped with the filter
combination of the excitation path is plotted scheaally (eft); calibration curves of M2_DHFA and
M2_DHFAE measured with the phase-modulation methioelsensor dynamic of M2_DHFAE is by a
factor of approx. 2 lower than that of M2_DHFéght) .

One can see that the cyan LER{ = 505 nm) is the best compromise for the simubbase
excitation of both luminophores. The 570 nm longsp#lter on the emission side allows the
simultaneous detection of the two signal componeérite same optical set-up is suitable for
M2 sensors based on DHFAE as indicator. Fig. 3ghtlr depicts the pH-dependent phase
shifts of the two DLR sensors M2_DHFA and M2 _DHFABhase resolution in the most
relevant pH interval between pH 7.5 and pH 8.5 Wa$°/pH and 6.4°/pH for M2_DHFA
and M2_DHFAE, respectively. The about twice higresolution of M2_DHFA is caused by
the higher dynamic in the fluorescence intensigyai as shown in Fig. 3.2. Whereas DHFA
is non-fluorescent in the protonated form, DHFABWA still a significant emission. A higher
resolution for this sensor could be obtained byhgisthe green emitting 530 nm LED.
However, this results in a rather poor excitatibthe reference.

DLR can not only be performed in the frequency dionfaut also in the time domain
as shown by Liebsch et®atd-DLR is the method of choice for using the sessiescribed
here for imaging of pH (see chapter 1.6.2). Fi§.(8p, left) depicts the 2D greyscale plots of
the ratiometric images of M2_DHFA taken at pH 578 @H 10. They give a good impression
of the spatial homogeneity of the referenced sersgnal. The calibration curve of
M2_DHFA is shown in Fig. 3.8 (top, right). The gled R values were obtained by averaging
the mean values of six randomly chosen 10 x 10l @ixeas of the ratiometric image. The
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error bars represent the standard deviation ofrtban values (< £ 1.3 %). The pKa' value of
the td-DLR membrane was found to be 8.27 + 0.03.

5.0-
5
245 M2_DHFA
<
~ 4.0
< 351
T
< 301
11
T 55l
5 6 7 8 9 10
pH
9.6
9.4 . M2_DHFA
9.2
9.0 . ,
T 88 pH at 20 T:
= 861 H9
§ 8.4 p
< 8.21 pH 8.5
3 8.0+ M‘
© 7.8 pH 8
7.6
74] 7 o & o pHT5
5 6 7 8 9 10 0 5 10 15 20 25 30 35 40 45
pH temperature [C]

Fig. 3.8. top, left: Images of the M2_DHFA membrane at pH 5.5 and pHeférenced with the td-
DLR schemetop, right: Calibration curve of M2_DHFA recorded in a td-DIgRl imaging scheme;
bottom, left: Calibration curves of M2_DHFA at varying temperasirthe increased cross-sensitivity
of the DHFA based DLR sensor towards temperaturdues to the high temperature effect on the
signal of the reference dybottom, right: plots of the apparent pH (calculated from R valuethe

pH range from 7.5 to 9 at 20 °C) versus temperatieApH/AT gradients determined from linear
regression were -0.0033 (pH 7.5), -0.0084 (pH®@Q151 (pH 8.5) and -0.0285 (pH 9).

Temperature cross-sensitivity of M2_DHFA was tedteth +4 °C to +35 °C. The calibration
curves depicted in Fig. 3.8 (bottom, left) showtthi@e overall signal R increases with
increasing temperature over the whole measuredaper The temperature-caused pH error
here becomes already significant at pH values highen 7.5 (bottom, right). The reason is
the strong effect of temperature on the quantunidyid the reference dye. The lifetime

decrease of the reference standard with increasngperature was determined and the
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gradientAT/AT was found to be -0.022 ps*Kvithin the considered temperature range. Thus,

the decrease of the denominator in eq. 1.11 iddn@nant effect on the measured signal R.

3.4.6. pH measurements in natural marine sedimentsing the M2_DHFAE sensot”

Time series of calibrated pH images were recoraed natural sediment sample using a
M2_DHFAE sensor membrane. The obtained images ssgdea marked spatio-temporal
variability in the pH distribution across the sedmirwater interface (Fig. 3.9). The first
image (Fig. 3.9 A) was taken after 10 min of lightposure (after the dark phase of the
artificial 12 h day/night cycle) and displayed grsficant variation in pH. Overall the surface
sediment expressed a strong pH gradient declimog 8.1 to 7.5 - 7.2 at a subsurface
minimum at 3 - 5 mm sediment depth, indicative of iatense reoxidation of anaerobic
metabolites close to the oxic-anoxic interficen the deeper sediment layers the pH
increased to around 7.8 which is typical for seditaavith an intense anaerobic heterotrophic
activity. One inhabited burrow of the polyche&tediste diversicolois visible andactive
ventilation of the burrow from the right hand sideluce a pH from ca. 8.1 to ca. 7.8 at the
ejection, left hand side. As a consequence a ploinveater presumably suboxic and with a
lower pH emerge to the overlying water above tlitthend side burrow. However, it must be
noted that rapid fluctuations in the pH, caused eby. bioirrigation events, might be
underestimated by our measurements due to thavedlaslow sensor response. The pH
minimum zone along the primary interface extendam@lthe burrow wall reflecting how
bioirrigation activity stimulates oxidation of reckd solutes and solids along the burrow
lining. The deeper pH minimum zone (pH ca. 7.2)eokad in the left hand side of the images
indicates a local hotspot of intensified activiBurthermore, clearly well-defined microniches
with relative low pH were visible in different semts of the sediment (Fig. 3.9 D). After the
light exposure prolonged benthic photosynthesidyahy increased the pH to > 8.6 along the
interface (Fig. 3.9 B - D). The heterogeneous psiridiution reflected an uneven distribution
of the microphytobenthic biomass.
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Fig. 3.9.Time series of pH images (A=8:32, B=9:02, C=9:221P:35 h) taken after the light was
turned on. They show the temporal dynamics in Wedimensional distribution patterns of pH. The
surface area of each image is 21°cmotted lines indicate the relative position o thisually
determined sediment surface and burrow liningstid@rsolid lines in image C, indicate the posigon
(1, 2, 3) where image profiles (i.e. single rowpdfels) and microelectrode profiles were extracted
(depicted in Fig. 3.10 and 3.11).

Over time the photosynthesis enhanced the pH imwtter close to the interface and shifted
the redox boundary layer (i.e. the pH minimum zah@ynward. This temporal pH dynamic
is also illustrated by 3 single pH profiles, extetfrom the same position at the same time,
in the planar optode images during the day (Ff0)3.
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Depth (mm)

pH
Fig. 3.10.Time series of extracted vertical profiles acrdss sediment water-interface, from the

same position (pos 2) in the planar optode imad#2(B: after 12 h in darkness, 9:22 h: after ca. 1
in light; 12:35 h: after ca. 4 h in light). Proflevere smoothed by running average (n=10).

These profiles clearly show a temporal respongberpH distribution induced by the gradual
CO, consumption. For comparison, single vertical pHfipgs, extracted from the pH images
were aligned with pH microelectrode profiles meaduat 2 mm distance in front of the
planar optode at position 1 and 3 (Fig. 3.11). @ithe microscale heterogeneity, the

electrode profile closely resembles the profilesasted from the planar optode images.
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Fig. 3.11.Extracted vertical pH profiles from the planar ajgdmages (solid line, no smoothing) vs.
pH profiles obtained with microelectrodes (opertles) 2 mm in front of the planar sensor. Graph A

corresponds to position 1 in the first image (A@ A) and graph B to position 3 in the last image
(Fig. 3.9 D), respectively.
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During a 24 h cycle the pH varied from ca. 7.3 {gginight time) to > 8.8 along the sediment
water interface (Fig. 3.12. A and B). The strongrdal variation in the benthic pH shifted the
overall pH value in the overlying water from ca. g8 during the night time to a maximum
of ca. 8.3 during the day. This diurnal pH variatia the overlying water also was reflected

deep down in the sediment as the polycheate canisiy ventilated the burrow.
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Fig. 3.12 A and B: Corresponding pH images showing the two-dimensipkhdistribution across the
sediment water interface after 12 h in darknessandaximum photosynthetic activity in the afternoo
Horizontal solid lines show the position of theragted profiles (ca. 1.5 cm depth) displayed irpbr€&.
C: Horizontally extracted day/night profiles (opew# circles) across the burrow lumens and in the
sediment. Dotted lines indicate the walls of therdaw lumens. Profiles were smoothed by running ager
(n=10).
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Extracted horizontal profiles across the lumen teé two burrows showed a significant
variation (> 0.6 pH units) between day and nightthee same depth (ca. 1.5 cm) in the
sediment (Fig. 3.12. C). In both instances the phgthe borrow wall clearly indicated a

local minimum reflecting intensified reoxidationtiaty along the burrow.

3.5 Conclusion

Novel pH sensors specially designed for use in meagnvironment and based on lipophilic
2°, 7" -dihexylcarboxyfluorescein derivatives wereganted. The lipophilic indicator dyes can
be prepared in a straightforward synthesis withgadee yields. Physically entrapped in a
polyurethane hydrogel, they have a dynamic rangehwberfectly matches the requirements
for optical pH sensing in marine systems. The egasssitivity towards IS is almost negligible
for M1_DHFAE membranes. Thus, the utilisation oédé sensors in brackish water regions
with an IS down to 50 mM is possible. The DHFA-@aning sensors show a stronger IS
effect due to the additional anionic charge ofdlye and are therefore more useful for open
sea measurements where the IS is high and nearbtasd. The temperature cross-sensitivity
was found to be small for both M1 sensors. Espigciat M1_DHFA it is almost negligible
between pH 7.5 and pH 8.5. Compared to conventipHaklectrodes both sensors show a
similar accuracy and performance. The influenctewifperature on the optodes is even lower.
Especially in deep sea measurements the monolithiical sensors might be superior to
electrodes because of the high hydrostatic presstoevever, the optodes were not yet
characterised under these conditions which reqaicesss to appropriate pressure tanks. Due
to the photo-physical properties of DHFA and DHFAHferent referenced measurement
schemes are accessible. Ratiometric dual wavelengdsurements (dual excitation as well
as dual emission) is possible with DHFAE-containgegsors. Furthermore, both sensors are
suitable for DLR measurements with Ru(dpparticles as reference standard. Here DHFA-
containing DLR sensors show a higher sensor dyndhaio those incorporating DHFAE.
However, summarising all characteristics, DHFAEdmhsensors are superior for marine
application due to their optimal dynamic range corad with the smallest IS effect and the
lowest indicator loss caused by leaching. Therefthre DHFAE-incorporating DLR sensor
was chosen for time-resolved imaging of pH in auredtmarine sediment sample. pH maps
were obtained, which visualise the two-dimensiohaterogeneities within the observed

sediment intersection with a high spatial resotufjca. 83 x 83 pffpixel). Nevertheless, the
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response time of the pH optode (2 - 4 min.) hasetéaken into account when correlating the
measured pH values with the investigated proced8bgreas slower processes such as the
shift of the redox boundary layer due to the diumariation of benthic photosynthesis

activity can be correctly monitored, fast dynamiamges within the sediment e.g., due to
animal activities give only average pH values oter sensor response time. However, the
recorded pH maps allow to localise regions of ggerand to interrelate the single events
(e.g., bioirrigation by a burrowing animal anoxic plume at the seawater-sediment
interface). They give therefore a valuable insigid the complex biogeochemical processes
within marine sediments. The pH values acquirechviite optical sensor were in good

agreement with the pH values measured in paraltaltive pH glass microelectrode.
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4. Time-resolved Mapping of pH and pQ with

Luminescent Dual Sensors

A method for combined and intrinsically referencedD mapping of pH and p® is
described. The experimental set-up comprises a fgsteable CCD camera as detector, a
single LED as excitation light source and a hybridual sensor membrane as optical
transducer. The planar optode incorporates a lipalph fluorescein derivative (lifetime
r[/5 ns) and platinum(ll) meso-tetrakis(pentafluorophgl)-porphyrin  (Pt(PFPP))
(7 770 ps in the absence of a quencher) immobilisedaimydrogel matrix. Depending on
the fluorescent pH indicator, a pH transition in # physiological range (pH 6 - pH 8) or in
the near basic region (pH 7 - pH 9) can be achiev&tie measurement scheme involves the
time-resolved acquisition of images in three wind®owluring a series of square-shaped
excitation pulses: one during the light-on internv&l containing the luminescence of both
indicators and two during the light-off intervalszontaining only the long-lived Pt(PFPP)
phosphorescence. A method allowing the calculatiohboth parameters from these three
images is presented. The pH/p@Qual sensor incorporating the pH indicator 2", 7 ikkexyl-
5(6)-N-octadecyl-carboxamidofluorescein (DHFA) isharacterised in detail as to its
stability and its cross-sensitivity towards ionitrength (IS) and temperature. The sensor

was tested for imaging of pH and pGn a natural marine sediment sample.

4.1. Introduction

Simultaneous detection of two or more parameteesfisld of growing interest in chemical
optical sensor development. Multi-analyte optiGisors have been used for the investigation
of samples with homogeneous analyte distributiog,, en the clinical field for combined
measurements of pH, p@nd pCQ in blood or tissu®. These sensors incorporate absorbent
or luminescent dyes as indicators and can be redaas an assembly of single optodes where

every optode is addressed separately. Since seostngs at different positions, a correlation
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of the analyte signals in inhomogeneous sampl&sawsble only if the sensors are sufficiently
miniaturised.

The combination of planar optodes and CCD technolted to a significant
improvement in high spatial resolution two-dimemsib mapping of single analytes in
inhomogeneous samples. This single optode sengar las been successfully used for
gaining insight into 2D distributions and dynamafspO, and pH in marine systef¥, for
non-invasive quantification of oxygen supply in emgred tissué$ or to visualise airflow
patterns in wind tunnel reseafeh® Since most geochemical, biological and technical
processes involve changes in two or more paraméegs pH, pG@ pCQ, C&", glucose,
temperature), the information provided by a plasggle optode may be insufficient to
understand these processes and their close spatmetal coupling. The combination of
planar optodes incorporating luminescent indicatorsnore than one analyte and the CCD-
based imaging technology is therefore a logicgb stethe development of tools suitable for
monitoring of multiple analytes in inhomogeneoustens.

Resolving the signal corresponding to the singlalyde from the overall signal of
such a sensor becomes increasingly complex wittowigg number of target analytes. To
date, only optodes for two parameters (= dual agggpdhave been reported. Whereat signal
resolution is accomplished either spectrally (ébg.using different emission/excitation filters
or excitation light sources) or temporally (takiagvantage of different decay times of the
applied indicators).

Wolfbeis et al. reported a luminescent pfp®, dual sensor based on a double layer
design where the signal of each indicator was tedeat different wavelength’s Zelelow et.
al. described a pfiemperature dual optode where a long wave emigilagnum porphyrin
and an europium complex were employed as aad temperature indicators, respectively,
and ratiometric intensity measurements with difiéremission filters were used for
quantification of each parametér

Neurauter reported a pGPO, dual sensor where both individual sensors corteibu
to a single optical signdl Frequency domain luminescence phase detectidn difterent
modulation frequencies allowed the separation @& tixygen (lifetime) and the carbon
dioxide (DLR) signals. The advantage of this conég very simple and inexpensive optical
set-up (single light source and detector). Usinglightly modified concept Stehning and
Holst reported a p&temperature fibre-optic dual sensor incorporatiwg phosphorescent
indicators. With a multifrequency measurement tiveye able to extract the temperature and

the pQ information from a rather complex decay behavisfuthe overall sign&f"*
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The frequency domain detection schemes are optimsaited for the signal readout
from single sensor spots. However, their trangb@rards imaging applications requires set-
ups with expensive image intensifi#rs> CMOS based chips could offer an alternative & th
future but are still too insensitive for luminescerbased applications. A feasible alternative
is offered by CCD cameras whose image acquisit@mbe controlled by a rapidly modulated
(~100 ns) digital signal. This type of instrumeigatenabled the development of intrinsically
referenced imaging methods such as the ¥Pand td-DLR’ measurement concepts.
Hradil et al. reported a imaging application usingapidly modulated CCD camera, where a
temperature and pressure sensitive paint was eexglfmy temperature-corrected imaging of
pO,*%. The optode incorporated two phosphorescent itmfisavith lifetimes in thaus (pQ)
and ms (temperature) range. Assuming mono-expaietticay of both indicators and a
constant signal contribution of the long-lived tesrgiure indicator to the fast decaying,pO
indicator signal, the lifetimes of the dyes werdcgkated from two sequences of intensity
images with increasing time delay from the exaafpulse.

In this chapter a novel time-resolved imaging métisopresented which combines the
RLD and td-DLR techniques into a three window measient scheme and allows the
combined mapping of pH and pOThe efficiency of the new evaluation method which
enables the signal separation is investigated. dua sensors applied were optimised with
respect to the compatibility of the photophysicalpgerties of the incorporated indicators with
available LED technology. In addition, the sensprgperties were optimised for the use in
marine systems or under physiological conditionsludl sensor incorporating 2°,7 -dihexyl-
5(6)-N-octadecylcarboxamido-fluorescein (DHFA) wighpH transition range in the near
basic region and Pt(PFPP) as oxygen-sensitive coempds characterised in detail and its
stability and cross-sensitivity towards ionic sggmand temperature is investigated. As an
application example this dual sensor is used fer dhtection of two-dimensional pH/pO

distributions in marine sediment.

4.2. Experimental

4.2.1. Materials

Platinum(ll) meso-tetrakis(pentafluorophenyl)porphy (Pt(PFPP)) was purchased from

Frontier Scientific. 2"-chloro-7"-hexylfluoresceinctadecyl ester (CHFOE) and 2°,7'-
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Dihexyl-5(6)-N-octadecyl-carboxamidofluorescein (BA) were synthesised according to
procedures described previoudSifsee chapter 3.3). Titanium(IV) oxide (powder, B fm)
was obtained from Aldrich. The@olyurethane type hydrogel HydroMed D4 (D4) was
purchased from Cardiotech. The polyethylene tetepate foil (Mylaf, thickness: 125 pum)
was obtained from Goodfellow. All buffer salts awdganic solvents applied were of
analytical grade and were purchased from Merck mxice ethanol which was obtained from
Mallinckrodt Baker. Doubly distilled water was usedroughout. The standard buffer
solutions (pH 4 and pH 7) applied for the calitoatof the pH meter were purchased from
Carl Roth. Phosphate buffer stock solutions witbdefined ionic strength (IS) and buffer
concentration (15 mM for IS cross-sensitivity measwents, otherwise 50 mM) were
prepared with the appropriate sodium salt of dibgén phosphate, hydrogen phosphate or
phosphate and with sodium chloride as backgrouectrelyte. These buffer stock solutions
were used for the preparation of buffer solutiorit wiefined pH according to the procedure
described in chapter 3.2.2. If not otherwise statieel IS of the buffer solutions was adjusted
to 500 mM and 150 mM for measurements with DHFAd &HFOE-incorporating sensors,
respectively. Nitrogen and oxygen (purity > 99.9 & well as synthetic air (20 % v/v
oxygen in nitrogen) were obtained from Linde andevapplied to adjust defined oxygen
partial pressures during sensor calibration. Thdinsent and seawater used in the
demonstration measurements were from the sanddtegsand near the island of Spiekeroog,
Wadden Sea (North Germany). During the measuremiiretseawater was equilibrated with

compressed air, which was purchased from Linde.

4.2.2. Sensor preparation

1 g D4 hydrogel was dissolved in 9 g of a 9 : ¥)Ywthanol/water mixture to give a 10 %
(w/w) stock solution of the sensor matrix polymiedicator stock solutions were prepared by
dissolving 10 mg pH indicator in 1 g ethanol andn® Pt(PFPP) in 0.5 g acetone. Aliquots
of the dye stock solutions were pipetted to 1 ghef hydrogel solution to make up the final
sensor cocktails. Titanium (IV) oxide (Ti#Dpowder was added to the sensor solutions of the
dual sensors and the single oxygen sensor to eatligiht scattering within the sensing layer.
The composition of the sensor membranes of thdesisgd dual sensors are listed in Table
4.1. The sensor solutions were stirred for at |&2sh and were afterwards spread onto dust-

free Myla® foils using a knife-coating device from Coesfadbtain sensor films with a wet
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thickness of 60 pum. The membranes were left toodsr night before measurements and

were kept in the dark throughout storage.

Table 4.1.Composition of the sensor membranes

membrane DHFA/ CHFOE/ Pt(PFPP)/ TiO o/polymer
polymer fraction | polymer fraction | polymer fraction fraction
[mmol kg™] [mmol kg™] [mmol kg™ [kg kg™
M bHFA 3 0 0 0
M cHFoE 0 3 0 0
Mpyprep)_1 0 0 6 0
M piprpP) 2 0 0 6 9/10
M bHFA-P{PFPP) 3 0 6 9/10
M cHFOE-Pt(PFPP) 0 3 3 9/10

4.2.3. Instruments

Absorbance and transmission spectra were recorsied) @ U-3000 UV/VIS double-beam
spectrophotometer from Hitachi. Luminescence spegiere acquired with an Aminco
Bowman Series 2 luminescence spectrophotometer 8bmM-Aminco. The set-up used for
time-resolved imaging (Fig. 4.1 A) was describedchapter 2.7. A light source module
equipped with a Luxedf V Star LED Qem =505 nm) from Lumileds was used for
excitation of the sensor foils. All optical filterssed were obtained from Schott (GG 495,
OG 570, 0G590, FITCE) or from Linos Photonics (Datlght™ C54 cyan). Time-resolved
image acquisition was controlled by a computer gisicustom-made software modti&.
The system settings applied for the imaging measengs in the following are listed in Table
4.2. An application developed in IDL 5.3 from ReaskaSystems was used for image
processing.
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Table 4.2.System settings applied for the imaging measuresnent

chapter membrane excitation  Atey Atem Atema exposure
pulse [us] [us] [us] time [ms]
4.3.3 Mbiprpp) 2 50 - 50.5 - 85.5 85.5 - 120.5 140
4.3.4.2 MbHFA-PtPFPP) 50 0-50 50.5-85.5855-120.5 350
4.3.4.3 MEHFOE-PH(PFPP) 50 0.5-35.550.5-85.5 85.5-120.5 400
4.3.46-8 Mpura-piprpp) 50 0.5-35.550.5-85.5 85.5-120.5 300

For calibration measurements, the CCD camera amdight source were positioned at the
back side of a 5 x 5 cm sensor membrane mountedaististom-made flow cell (Fig. 4.1 B).
Buffer solutions with varying pH were equilibratasith nitrogen/oxygen or nitrogen/
synthetic air mixtures, respectively, to adjustyag oxygen partial pressures. The pH of the
buffer solutions was monitored using a digital ptéten (pH538 multic&l) with internal
temperature compensation from WTW. Binary gas megwvere made up using two 1259CC
mass flow controllers in combination with a two-ohal PR4000 Digital Power Supply and
Readout from MKS Instruments Deutschland. The daadplutions with defined pH and
oxygen partial pressure were pumped through alessirsteel tubing into the flow cell by a
Miniplus-3 peristaltic pump from Gilson connectedthe flow cell outlet. The flow rate was
kept constant at 1 ml ni All measurements were done at 20 °C, if not atis stated.
Measurements in a natural marine sediment sample eanducted in accordance to
procedures described previodslieces of the sensor membrane (1.5 x 5cm) weeel fio
the inner wall of an aquarium made of polycarborgta tape (Fig. 4.1 C). A thin water-film
provided the optical contact between the membrare tae aquarium wall. Afterwards,
natural surface sediment was added and naturateaeseawater was let flow slowly above
its surface. After several hours in the dark, stestdte oxygen gradient between the anoxic
sediment and aerated water developed and sevésabfspH/pQ images were acquired. pH

and pQ profiles were additionally measured using microgteles®®*



CHAPTER 4 — Time-resolved Mapping of pH and pQ with Luminescent Dual Sensors 81

emission
filter

excitation
trigger filter
pulses
B:
flow cell
C:
waste thermostat
thermostat — 1|
analyte B air
. L]
sensor foil seawater —p °ee®
meter
€ — | v
O2 N, surface-sediment
subsurface sediment
sensor foil
thermostat aguarium

Fig. 4.1. Schematic of the imaging set-yA) and the experimental set-up used for the sensor

characterisatioB) and for the measurement in marine sedin(@€t

4.3. Results and discussion

4.3.1. Membrane design

The composition of a dual sensor should ideallyuenghat the signals for the single target
analytes are not influenced by the other analytebyran interaction between the two
indicators. The two-layer design applied by Wolbei al'’ for a fibre-optical pC@p0O; dual
sensor prevents a possible resonance energy trdR&e&) between the luminophores due to
their spatial separation. Each indicator is embddaea polymer matrix optimal for the
detection of the respective target analyte. Funtioee, the highly reactive singlet oxygen

formed during the collisional quenching processmeen the ground-state oxygen and the
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excited-state oxygen indicator is efficiently seytad from the second indicator, which
increases the long-term stability of the dual senBlmwever, a satisfactory control of the
sensing layer thickness during the membrane prepardy knife-coating is difficult.
Variations in the thickness of the two layers resuldifferent intensity ratios of the two
luminophores within the sensing area. Yet, a costadicator ratio is important in the
presented 2D dual sensing scheme, since otherwiseyang pH is simulatedAlternative
membrane designs are described in literature wiherexygen indicator is encapsulated in
oxygen-permeable polymer particles dispersed irsémsor polymer together with the second
indicatof>***® Particles with diameters in the nm range allowtfee fabrication of highly
homogeneous single layer sensors. However, anasede photobleaching due to singlet
oxygen is not prevented since the distance betweindicators is still too small. um-sized
particles overcome this problem but have the drawlthat they often tend to sediment
during the membrane preparation process. Thisteesukpatial variations of the calibration
curves. A compromise has to be made either aset@¢hsor homogeneity and therefore its
precision or as to the long-term stability of thensor. In this work it was decided to use
single layer hybrid membranes with the two indicatges dissolved in the polyurethane
based matrix polymer. The beneficial aspects of tuncept are the straightforwardness of
the sensor preparation and the homogeneity of ¢énsas films with a uniform molecular
distribution of both dyes, as demonstrated by #ve sensor images,Rand Ro2 (Fig. 4.2).
However, possible effects like RET, inner filtefeets or increased photobleaching were not

evaded by this approach and were therefore chaisaren detail below.
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Fig. 4.2. Uncorrected images (2.5 x 1.9 cm areas) of theeMbrprrrsensing membrandeft: td-
DLR-pH measurement (R taken at pH 5.5 and 10 (pG- 214.1 hPa);right: RLD-oxygen
measurement (B, taken at 0 and 214.1 hPa p@H = 8).
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4.3.2. Choice of indicators and optical components

An important criterion for the choice of a pH an@.pindicator combination was the
possibility to apply one single excitation lightusce and the same optical filters for both
dyes. The fluorescent pH indicators consideredtlier use in dual sensors were the two
lipophilic fluorescein derivatives DHFA and CHFE&E® They were combined with the
phosphorescent oxygen-sensitive indicator Pt(PFPHje uncharged, highly proton-
permeable hydrogel Hydromed D4 served as the senawix. The protonated DHFA exists
predominantly as non-fluorescent lactone due to lijpephilic character of the polymer
matrix. The absorbance and emission maxima of épeadonated DHFA are at 516 nm and
540 nm, respectively. An esterification of the 2bmxyl group in the fluorescein
chromophore like in CHFOE prevents the lactonisatd the dye at low pH values. Hence,
the protonated form of the ester is also fluorescéne absorbance/emission maxima of the
protonated and deprotonated form of CHFOE are &tn7/523 nm and 526 nm/545 nm,
respectively. Pt(PFPP) embedded in D4 shows ahscebaaxima at 391 nm (Soret-band),
507 nm and 539 nm. The latter two are in the saraeelgngth region as the absorbance
maxima of the deprotonated fluoresceins, whichvalthe usage of low-cost excitation light
sources such as LEDs or xenon lamps.

The 505 nm emitting LED equipped with the filtemdaination GG495/C54 cyan is
ideally suited for simultaneous excitation of bottlicators in the DHFA/Pt(PFPP) dual
sensor (Fig. 4.3, top, left). The OG570 long passsion filter is needed to remove any LED
stray light. Thus, only a small part of the emissaf the deprotonated DHFA is recorded,
while the emission of Pt(PFPP) with a maximum & 6#h is recorded completely due to the
strong Stokes shift of the dye (Fig. 4.3, top, tigihis is acceptable because of the high QY
of DHFA (see Table 3.2). The sensor dynamics tos/gitd is still high since the protonated
form of DHFA is not fluorescent, so that the enossilecreases to nearly zero at pH 5.5.
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Fig. 4.3.Normalised absorbandéeft) and luminescencéight) spectra of the indicators applied in
the dual sensors Mea-piprrr)(recorded with Myga and Meypeppy {top)) and Meyroe-piprepfrecorded
with Mcrroe and Meyeeery 1(bOttom)); emission spectra of suitable light sources comtbiwith the
transmissiorspectra of applicable filter sefieft) as well as the transmission spectra of the ennissio

filters (right) are also shown.

The same LED and filter combination were used f@ CHFOE/Pt(PFPP) dual sensor
although it was not optimal, as the protonated fofl@HFOE is also excited by the 505 nm
LED (Fig. 4.3, bottom, left). Therefore, the senglgnamics of the pH sensor is reduced,
since the fluorescence emission of the protonateliF@E is relatively high within the
detected wavelength region. An alternative apprpoaomprising the 530 nm LED and the
FITCE filter for excitation, was not pursued, besaiut would require the usage of the OG590
emission filter, which leads to a strong decreasthe detected fluorescence from the pH
indicator (Fig. 4.3, bottom, right).
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4.3.3. Characteristics of the single parameter seos

Calibration curves of the pH membranescdvbe and Myyra Were recorded using a
fluorescence spectrometer.pMa was excited at 516 nm and the fluorescence inieasi
540 nm was recorded. An internally referenced @waltation scheme was used foeMoe
The sensor was excited at 470 nm and 526 nm anfluttrescence ratio \Exc 52 Faexc.470at
545 nm was detected. The normalised fluorescendetl@ normalised fluorescence ratio
were plotted against pH, respectively (Fig. 4.&) land fitted by the Boltzmann function (eq.
3.3).
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Fig. 4.4. Calibration curves of the pure pH sensorsqsM and Myroe (left) and the pure oxygen

sensor Myeeepy(right) .

The points of inflection corresponding to the agparpKa values (pKa') were at 7.13 and
8.35 for Mcyroe and Mopea, respectively. Thus, pH sensors incorporating CBFOver the
important pH range for physiological applicatioresg(, in medicine and biotechnology),
while hexyl substituents in 2°- and 7" -positionDHIFA shift the dynamic range of the sensor
to the near basic region, which is ideal for pH sugaments in marine environment.
Phosphorescence lifetimes of the pure oxygen sdvisgsepp) avere recorded using
the CCD camera and applying the RLD sch&migsee chapter 1.6.1). During the calibration,
Mpyprep) 2Was equilibrated with phosphate buffer solutionspBl 7 and oxygen partial
pressures varying from 0 hPa to 603 hPa. Averalyeesaf six randomly chosen areas (10 x
10 pixel) in the image ratio &\/Aem2 Were used to calculate the mean valyg.Rand its
standard deviation for each oxygen partial pressiire corresponding lifetimes were

calculated as
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t, -1,

I =— R :M
Ln(RpOZ)

pO, Ab
m2

with (4.2)

where Amand Ampare the first and second intensity images takesr #fe excitation pulse,
respectively, andtand { are the time delays between the end of the eianitgiulse and the
start of the recording of the corresponding imafjee lifetimest and the ratiotO/t were
plotted against p©O(Fig. 4.4, right) and fitted by the modified Sternimer-equation based
on two-site quenching mod&f*

-1
70 f
- m*‘ @- f)} (4.2)
where 10 and 1 are the lifetime of Pt(PFPP) in the absence aresgmce of oxygen,
respectively. Ksv is the Stern-Volmer constant, aahcontains the bimolecular quenching
constant of the dynamic quenching reaction, f ah) fepresent the quenchable and non-
guenchable fraction of the luminescence, respdgtiVde following fitting parameters were
found: 10 = 72.26 + 0.18 ps, f = 0.474 + 0.005, Ksv = (59%.21) * 10° hP&". The
sensitivity of Pt(PFPP) in D4 towards oxygen istguow, which makes the sensor applicable
over a wide p@ range. Although this is at the cost of the semssplution at small pO

values, a better resolution is obtained for oxypertial pressures between 200 and 600 hPa.

4.3.4. Characterisation of the DHFA/Pt(PFPP) dualensor
4.3.4.1. Spectral interactions between the two inchtor dyes

The Mouea-pipeppiSENSOr membrane was immersed in phosphate boftéroms at pH 10 and
pH 5.5 and equilibrated either with nitrogen (0 lg€&a) or air (216.8 hPa pfp The recorded
luminescence intensity spectra (Fig. 4.5) show tirafphosphorescence intensity of Pt(PFPP)
is influenced by pH. The intensity of the band 486 m significantly decreases at the
transition from the NpH 10 buffer to the blpH 5.5 buffer, where it is even slightly lower
than that detected with the air/pH 10 buffer. Bethission bands of DHFA at pH 10 4End

air) show an intensity decrease in the wavelengitige between 534 nm and 547 nm. This
intensity loss at selective wavelengths indicatesnaer filter effect, which is promoted by

the TiO, particles dispersed in the membrane. This is duant overlap of the absorbance
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band of Pt(PFPP) at 539 nm and the emission bamH®&fA in this range of the spectrum,
which also enables RET from DHFA to Pt(PFPP).

Pt(PFPP)

luminescence intensity

520 560 600 640 680
wavelength [nm]

Fig. 4.5. Luminescence spectra of gMka.pyperrymeasured with buffer
solutions at pH 10 (solid lines) and pH 5.5 (dasliees) equilibrated

with nitrogen (black lines) and air (blue lines).

4.3.4.2. td-DLR/RLD measurement scheme

The measurement scheme applied for time-resolvedingawith the pH/p@ dual sensors
combines the two-window based RLD and td-DLR measarg schemes into a single, three-
window scheme (Fig. 4.6). It enables the recoraihthe signals for both parameters during
one measurement sequence. The first imaggex = 35 or 50 us) is recorded during the
excitation pulse and contains the luminescencesomf both indicators f and Ao, The
second and third intensity imagesAand Asm2 (Atem1 = Atem2 = 35 US) are recorded after the
excitation pulse. Recording starts a short timeyl€b00 ns) after the end of the excitation
pulse, during which any short-lived fluorescencelesayed. Consequently, the images:»A

and Asm2 contain only the phosphorescence emission of xlggem indicator.
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Fig. 4.6.Schematics of the three-window td-DLR/RLD schemedu®r the simultaneous mapping of
pH and pQ.

The oxygen signal & is then given by the image ratie#/Aem2accordingly to the RLD
method. This ratio is independent of variations he excitation light field intensity, the
distribution of the indicator within the sensingmma&ane and does not change if the indicator
leaches or undergoes photodecomposition. Informatimut pH is carried by the image ratio
Ron = Aed(AemrtAemz and is independent of the absolute intensity fransingle pixel.
However, a homogeneous distribution of the twodathrs is important, since a change in the
proportion of the dyes simulates variations in fHurthermore, intensity losses due to
leaching or photo-bleaching of one or both luminmgls are not referenced out in this
scheme.

Since the signal of the pH indicatopAis not referenced with the constant signal of
an inert, long-lived reference dye (as it is domehie original td-DLR scheme) but with the
oxygen-dependent signal of the second indicatgp iR a function of both pH and pO
(eq. 4.3).
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pH ApOZ
Ae + Arg) Ao + A

Ry (PH, p0;,) = (4.3)

Thus, a two-dimensional calibration function desogbthe behaviour of R over the
relevant range of pH and p®& required to enable the recovery of pH and pfan unknown
sample from the measured,:Rand Ro2 values. The p@of the sample is determined by
means of the R versus p@ calibration function and the pH is afterwards okdted with
this pQ from the Ru(pH, pQy) function.

Eq. 4.3 can be separated into a pH-dependent arakygen-dependent part. The
fluorescence intensity of the pH indicator reacbesiration within a few ns after the onset of
the excitation pulse (50 ps duration). It can, efene, be assumed to be time-independent and
ApH can be expressed in the form of a Boltzmann eguigtp. eq. 3.3). The pOnfluence on
Rpn is due to the oxygen dependence gbAand (AmrtAem? (Fig. 4.6). Introducing the
Boltzmann equation and two oxygen-dependent funstiG(pO,) = Apod (AemitAemy) and
Co(pD,) = (AemrtAemd) ™ into eq. 4.3, R+ can be written as

Ml_I—|M—2K' +M2|+C,(pO,) (4.4)
1+exp(pploaj

Eqg. 4.4 was used to fit the calibration plots @fi Rersus pH measured for theoMa.piprep)

R, (PH, pO,) =C,(p0,)

sensor (Fig. 4.7, top, left). In the first stepe talibration plot measured at p© 0 hPa was
fitted with the parameters MpKa', P and Cbeing variable and the parametersadd M
being fixed to 1 and 0, respectively. Fixing & pQ = 0 hPa to 1 corresponds to a arbitrary
normalisation, which at the same time implies tat is referenced by this constant factor. In
the subsequent steps; lind the values for M pKa' and P found in the first step were fixed
and only G and G were varied to fit the g versus pH calibration plots at the other oxygen
partial pressures. The correlation coefficientoRthe Rw versus pH fits were always higher
than 0.9984. The values of @nd G found by this fitting procedure were plotted agaipQ
and fitted with second order polynomials (see bégldntroduction of G(pO,), Cx(pO,) and
the Boltzmann fit parameters into eq. 4.4 leadh¢orequired two-dimensionabKpH, pQ)
function. The corrected Jg versus pH calibration plots show that all calilmatpoints lie on

the Boltzmann function found in the fitting proced(Fig. 4.7, top, right).
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Fig. 4.7. Uncorrected and corrected,Rversus pH(top) and 1,0, versus p@ (bottom) calibration

curves of Myra-piprep

As shown in thed-DLR/RLD schemethe detection of the oxygen signgloRs not influenced
by the fluorescence of the pH indicator (Fig. 4.@pwever, the calibration plots of the
uncorrected values afo. calculated from eq. 4.1 clearly display a crosssgwity towards
pH of the buffer solution (Fig. 4.7, bottom, lefthis is due to the pH-dependent water uptake
capacity of the hydrogel D4 used as the sensorixmdixamination of the Stern-Volmer
calibration functions (eq. 4.2) revealed that arlydepends on pH, while the other two
parameters f and Ksv were not significantly infloed. This shows that the changing pH
alters the polarity within the polymer matrix budtnts permeability for oxygen. Therefore, a
relatively simple correction of thgo, calibration curves for the pH dependence is péssib
Average offsets from the calibration curve at pB @ere calculated alty02 meakPH) =
TooAPH) - TooApH=5.5) and fitted with a Boltzmann function (datet shown). Hence, the

pH-independent pQcalibration functiortpoz cor.Can be determined as
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t, —t,

N (4.5)
Ln(RpOZ ( pH’ poz ))

TpOZ_corr. ( poz) = ATpOZ_mean( pH)
The meartyo2_corr.Values of the correctegio, calibration plots were fitted by a Stern-Volmer
function (Fig. 4.7, bottom, right). Substitution Bb,_cor{pOy) in eq. 4.5 by this mean Stern-

Volmer function gives the two-dimensional equatiaich describes . as a function of
pH and pQ(eq. 4.6).

t, (4.6)

f

R0z (PH, pO,) =€x
[E1+ KsvipO,

+ (1_ f)} _ATpOZ_mean( pH)

4.3.4.3. Considerations on the correction function€; and C,

The predefinition of the parameters, nd G(0 hPa pQ) has several consequences for the
properties of the correction functions found by fitteng of the calibration functions. They do
not necessarily match the theoretical correctiamctions G(pO,) = Apod (AemitAemz and
Co(pD2) = (AemrtAemd) ™ and are therefore addressed to a¥pO.) and G'(pO,) in the
following. Arbitrarily fixing M; in eq. 4.4 to 0 implies that at low pH values Bwtzmann
equation representing,Aapproaches 0 and, hencgyRquals ¢. However, G(pO,) is only
identical with G(pO;) = Apod(AemrtAem? When the protonated form of the pH indicator is
not fluorescent in the detected wavelength regatherwise, €(p0O,) includes the detected
fluorescence emission of the protonated pH indicato

The G values originally represent the reciprocal of ttgphorescence emission of
the oxygen indicator recorded in the two imagesrafihe excitation phase {ftAemd)™.
Co(p0Oy,) is therefore no ratiometric but a purely intepdiised function. Considering the 12
bit resolution of the camera, the @lues should be in the region between 5*a6d 10°. As
mentioned above, the setting of' (@ hPa p®) to 1 implies a normalisation of the'(P0,)
function. The predefinition of Mand G'(0 hPa p®) leads, therefore, to a modification of eq.
4.4 (eq. 4.7)
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R =G, (PO,) [A,,"(pH) +C,'(pO,)  with 4.7

ApOZ + ApH (pH min)
(Aers + Acre)

C,"(p0,) =

C,'(PO,) LA, "(pH) =
C,norm(pG,) [T, (OhPa_ pO,) [I.]ApH (pH) - ApH (PH )] and (4.7b)

C,(pG) (4.7¢)
C,(OhPa_ pQ,)

C,norm(pQ,) =

where phhin is a pH value at which only the protonated form of the pH inadliaat present.
Provided that pu(pHmin) equals zero, egs. 4.4 and 4.7 are identical. This applige tB,
versus pH calibration curves of thepMa.pyperp)Sensor since the fluorescence spectra of
DHFA in Fig. 4.3 show that the fluorescence emission of thieatat is almost zero at pH
5.5. However, in that case suitable correction functions can alsbthined directly from the
measurement without the necessity of the fitting procedu@GCs) equals the Ry versus
pO; plot at the lowest pH where no more emission of the pH irmlidat detected. While
Co(pO,) at any rate equals the measured{AAem) ™ values plotted versus pOThese
measured functions and the correction functions found in the fgtiogedure then obviously
should be identical.

Fig. 4.8 (left) depicts the functionspiRpHS5.5, pQ), Ci'(pO,) and in addition the
Ci(pOy) function acquired by a separate measurement with the single o)sgyesor
Mpyprerp) 2(Using the same camera settings and optical components as forathsedsior
calibration). Ru(pHS5.5, pQ) and G'(pO,) are as expected nearly identical. The small
deviation (especially pronounced at higher,p@lues) is due to the different origin of the
Ron(pH5.5) and ¢ values. While the Ri(pHS.5) values are measurement points derived
from the calibration measurement, theg @alues originate from the fitting procedure where
all measurement points of the calibration are considered. T(p®g function obtained with
the Meyprpp) 2Sensor clearly differs from R(pH5.5, pQ) and G' (pO,). This indicates that
the addition of the pH indicator causes a change in the matrieniex) which alters the ratio
Apod (Aem+Aem2) Of Pt(PFPP) in dependence of i@ the dual sensor. The correct(gO,)
function of the dual sensor is therefore not accessible from measuremtmthe single
oxygen sensor. The,@pO;) function obtained in the fitting procedure and the measured and
normalised Ghorm.(pQ) = (Aemr+Aemd ™ function are again nearly identical (Fig. 4.8, right).
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Fig. 4.8. Comparison of the p0O,) correction function found in the fitting proceduwith the
Rou(pHS.5, pQ) function of the Myea-pprerydual sensor and the,@0O,) function of the pure oxygen
sensor Myeerp) Aleft); comparison of the L&pO,) function acquired in the fitting procedure and th

Conorm.(pQ) function gathered from the calibration measuren(eght) .

However, if the protonated form of the pH indicator applied m piH/pQ dual sensor is
luminescent in the detected wavelength region, a function equlkttheoretical ¢pO,)
function of the dual sensor is not accessible and, hence, the me@sunoech.(pQ) should
not be suitable to sufficiently correct thg4Rsignal. This was tested with thgRcalibration
plots of the second dual sensogdoe-piprer) When using the 505 nm LED as excitation
light source together with the filter combination GG495/Cgdncand OG570, the detected
fluorescence emission of the protonated CHFOE at pH 5 is qghe$ee Fig. 4.3).

Fig. 4.9 (top, left) depicts the calculated(@0,), the measured K(pH 5, pQ) and as
well the G(pO;) function obtained with the single oxygen sensosidver) » Here, the
difference between {p0O,) and G'(p0O,) is even more pronounced, due to the contribution of
Apr(PHmin) to G'(pO,). As expected from their definition,,KpHS5, pQ) and G'(pO,) are
again nearly identical. form.(pQ) and the G(p0,), however, differ significantly (Fig. 4.9
top, right). The @ values found in the fitting procedure are lower than the measuckd an
normalised @ values and the difference increases with.plhe reason for this is that the
additional factor An(PHmin)/(AemrtAem2) in Ci' also increases with pQ@ausing an increased
deviation from the theoretical correction functiof(f,). Subtraction of €(pO,) from R,y
during the signal correction, therefore, leads to values which arowo This deviation is

compensated in the fitting procedure by the reduction of the comdatiation G'(p0Oy,).
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Fig. 4.9.Comparison of the correction functions,®H5, pQ) and G'(pO;) of the Mcyroe-piprerpual
sensor and the (p0,) function acquired with the oxygen sensogMer o(top, left); the G' values
found in the iteration procedure are lower than theasured and normalised €alues and the
difference increases with p(top, right); results obtained when using the measured furgtion
Ron(pHS, pQ) and Gnorm.(pQ) (bottom, left) or the calculated functions,'(0O,) and G'(pO,)
(bottom, right) for the correction of the Jg calibration plots.

Fig. 4.9 (bottom) depicts the different results obtained whemguie measured functions
Ron(pHS, pQ) and Gnorm.(pQ) (left) or the calculated functions,'(pO,) and G'(pOy)
(right) for the correction of the g calibration plots. While the measured correction functions
are insufficient to correct the pH calibration curves, good resultsolat@ned with the
calculated functions. Hence, the fitting procedure represents a methaih is generally
applicable in combination with the td-DLR/RLD measurement schenwerect of the td-

DLR signal of the dual sensor for the spectral influence of the selomdlived indicator.
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4.3.4.4. Influence of RET and inner filter effect

The pKa' values of the pH part of both dual sensors are shiftesvér values compared to
those of the single parameter sensors. The pKa' values foundhf@h-Mprrryand Merrok-
pyprppy)@re 8.02 and 6.88espectively, in contrast to the pKa' values 8.35 and 7.13ppfM
and Mcyroe This is caused by the fact that, during the evaluation of thesgunsor signal,
the pH signal Ay is multiplied with the oxygen-independent normalisation faCigd hPa
pO,) (cp. eq. 4.7 b). For both dual sensorsyM.pipreryand Merroe-piprrr) hOWever, G(O
hPa pQ) = (AemrtAemd o hpa polncreases with decreasing pH due to the inner filter effect
and RET between pH and oxygen indicator (data not shown). Thissresa decreased slope
and a shift of the point of inflection of the pH calibration cureethe dual sensors.

4.3.4.5. Iteration procedure

Since Ry and Ro. depend both on pH and pQGan iterative evaluation is necessary to
determine pH and p{pf an unknown sample from the set of calibration curves charaateris
the dual sensor. In the first step, the two-dimensional calibrétiwations Ru(pH, pG) (eq.
4.4) and RoipH, pG) (eq. 4.6) were resolved for the pH and the,p@spectively.
Subsequently, pH 8 was selected as the pH starting value andsgeed into Rox{pH, pQy)
together with the measureq,d? to calculate an initial p©value. This p@ value was used
together with the measuregRand Rn(pH, pQ) to determine a new pH value. Generally the
iteration procedure was repeated until the difference of thevplDes of the actual and the
previous iteration step was less than 0.05 hPa. Then thegh@® was used to calculate the
final pH. This iteration procedure was tested with five buffertgmis (S1 - S5) and with a
Mprra-piprerySENSOr calibrated according to the procedures described above. Tal¢s4.3
the pH and p@ values adjusted in the test buffer solutions and those calcutgtate
iteration procedure without a convergence criterion in 3 iteration st&estesults show that
already after the first iteration step the p@lues can be assumed to be constant within the
precision of measurement, due to the small pH dependence of thenogignal (Fig. 4.7,
bottom, left). As a consequence, final pH values are obtaindxe isetcond iteration step. The
deviation between the calculated and the adjusted pH values incatéisesipper and lower
boundary of the dynamic range of the dual sensor, inducing asorager deviation of the

determined p@values (see S1).
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Table 4.3.pH and p@ values calculated iteratively from thg Rand Ro, values measured by the

Mphra-piprepySENSON i 5 test buffer solutions.

calculated pH/pQO; values
iteration S1 S2 S3 S4 S5
step (pH 9.2/ (pH 8.7/ (pH 8.2/ (pH 7.6/ (pH 6.5/
91.2 hPa pQ) | 121.6 hPa pQ®) | 60.8 hPa pQ) | 20.3 hPa pQ) | 202.6 hPa pQ)
pH | pO2. | pH | pOz |pH | pO2 |pH | pOz2 |pH | pO:
[hPa] [hPa] [hPa] [hPa] [hPa]
0 8.0| 103.7| 8.0 128.1 8.0 64.4 8.0 20. 3.0 193.0
1 8.91| 98.2 | 8.67] 1234 | 8.22 63.3 7.6 22.3 | 6.72 200.2
2 9.00, 97.7 | 872 1231 | 823 63.2 | 759 223 | 6.62 2004
3 9.01f 976 | 8.72 1231 | 823 63.2 | 759 223 | 6.6l 2004

4.3.4.6. Sensor stability - leaching and photodecqmusition of the indicators

The leaching of the indicators from the membrane was tested withsplpate buffer solution
adjusted to pH 8.2 (IS = 500 mM) and saturated with ambienA @ pnea-piprep)SENSOr Was
mounted into the flow cell and calibrated. Subsequently, the RHb@ffer solution was
pumped through the cell at a constant flow-rate of 1 mi*raind images were taken after 2,
4, 6 and 24 hours. Between the measurements the cell was keptarkh The measured,iR
values were converted into apparent pH values using the calibratiorofuant the detected
deviations from the set pH 8.2 were plotted against time. Aftstrong decrease of the
apparent pH of -0.14 within the first two hours, the apparent gidfedised at a constant rate
of ApH/At = -0.0031 H (data not shown). The leaching of the oxygen indicator was less
pronounced. Within the investigated time of 24 JhAAem2 decreased to 98.6 % of the initial
value. The strong signal change at the beginning of the measurdoend an increased
leaching of the pH indicator suggests a preconditioning of theosenembrane. After this
period, however, the pH error caused by indicator leaching is comgdyatnaall.

A more serious problem is the indicator loss due to photodexsitigm. While the
oxygen indicator has an increased photostability because of the-fubstituents of the
porphyrin ligand®, fluoresceins and especially the dihexyl-derivative DHFA are lestestab

(see chapter 3.4.2). To investigate the photodecompositiore ohdiicators, the dual sensor
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was first calibrated in the flow cell with buffer solutions of the samomposition as used in
the leaching experiment. After calibration of the sensor membrane, tharereast cell was
filled with the pH 8.2 buffer solution and a series of 100 measants were made. During
each measurement, the membrane was exposed to 6250 excitation pulsesd(Bation)

with an irradiance of ca. 5.1 mW/énsee chapter 2.7.2), which corresponds to the total
exposure of ca. 1.6 mJ/éniThe decrease of the apparent pH was approximately linear and
amounted tdApH = - 0.002 per measurement, whilg,/AAem, decreased by 0.015 % per

measurement.

4.3.4.7. Cross-sensitivity towards ionic strength

The effect of the IS on the sensor signal is a well-known probteopiical pH sensirig
This cross-sensitivity originates from the fact that the protonigctf the sample is detected
via the change in an optical property (e.g., absorbance, fluorescencetyhtangdj therefore,

a concentration change of the protonated and/or deprotonated pHandidais, the activity
coefficients of the two indicator species and the solvent activity @réaken into account.
Changes in these factors, however, shift the measured signal ahatsiendifferent pH. The
IS cross-sensitivity of the pure pH sensors with the indicatétBAand CHFOE in D4 was
described previousfy (see chapter 3.4.3). While the IS effect on the CHFOE sensor was
negligible, the DHFA-containing sensor displayed a strongers<essitivity due to the
additional negative charge of the 2-carboxyl group at high pH valireseffect of IS on the
corrected pH calibration curves of theoMa-ryprrrymembrane is small at IS values higher
than 300 mM (Fig. 4.10, left). The maximum deviation in theasured pHAmnapH) in the
pH range from 7.5 to 9 at a transition from 500 mM to 300 raNd.05, which is within the
measurement precision. At a transition to lower IS values, howéwve cross-sensitivity

becomes more pronounced.
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Fig. 4.10. Corrected pH(left) and pQ (right) calibration curves of Mhea-piprerymeasured with
phosphate buffer solutions adjusted to IS valueging from 100 mM to 500 mM.

The corrected p@©calibration curves also depend on IS (Fig. 4.10, right). sSEmesitivity of

the sensor towards pQOncreases with decreasing IS, whil@ is nearly unaffected. This
suggests that the permeability of the hydrogel D4 for oxygeghtlli decreases with
increasing IS of the agqueous sample. The influence of the IS veadifegd by using the
Tpo2_corr. Values at varying IS and at 0, 100, 210, 300 and 400 hR&op€alculate apparent
pO, values from the calibration curve at 500 mM IS. The obtained agpa@ralues were

plotted against the IS and linear regression gave Ap&,/AIS gradients, which are

summarised in Table 4.4.

4.3.4.8. Temperature effect

Variations in temperature have an impact on the signal ofibdittors in Mbyra-piprepy The
deactivation of the excited state is enhanced at increasing temperateres idternal and
external conversion. In the case of DHFA, there is also an influemceo equilibrium
constant of the acid-base reaction. Previous measurements withirth@hh sensor in the
temperature range from 277 to 308 K showed that these two effecpesate over a wide
pH range for DHFA in D4, so that the temperature cross-sensiswvitggligible up to pH 8.5
(see chapter 3.4.4). The corrected pH ang galibration curves of Mhra-pyprerpOth depend
strongly on temperature (Fig. 4.11).
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Fig. 4.11. The corrected pHleft) and pQ calibration curveqright) of Mpuea-piprrr)recorded at
temperatures from 277 to 308 K both display a gftemperature cross-sensitivity.

The contrast between the large temperature dependence of the pH partuzl thendor and

that of the pure pH sensor is due to the fact that the dual sgiissignal A is referenced
with the constant factor {pO, = 0 hPa) originating from the highly temperature-dependent

pO; indicator luminescence. This is the predominant effect on the correldtessigpal and

leads to increasing R cor.vValues at increasing temperature. The influence of the temperature

on the measured pH and p@as quantified applying the calibration curves at 298 K to

calculate apparent pH and p@alues from the measured values at other temperatures. Table

4.4 shows thépO./AT andApH/AT gradients found by linear regressidpH/AT gradients

were calculated for two different oxygen partial pressures exemplarily, dtlee tetrong
temperature influence on thg(g0,) and G(pO,) functions.

Table 4.4.Influence of IS and temperature on the apparentapth pQ measured with the Miea

rpeppydual sensor.

pH ApHmax | PH | ApH/AT [K™Y | ApH/AT [K™] | pO2 | ApOJ/AIS | ApO/AT
(1S: from 500 to at at [hPa] | [nPa mM™] | [hPa K]
100 mM) pO,=0hPa | pO, =210 hPa

75 0.02 7.2 0.008 0.024 0 0.0057 1.85
8 0.03 7.6 0.011 0.028 100 -0.017 4.11
8.5 0.09 7.8 0.014 0.029 210 -0.053 7.17
9 0.19 8 0.017 0.034 300 -0.09 9.89
8.2 0.022 0.037 400 -0.142 13.12
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4.3.5. Imaging of pH and pQ in natural marine sediment

As a proof of principle, the Mira-piprep) dual sensor was applied for the mapping of pH and
pO, in marine sandy sediment. The raw data of the images of thesgdmeasurements
were used to calculate the pH and,p@stribution over the entire area of the sensor
membrane according to the iteration procedure described above. Figepit® examples of
pseudo-colour images of the pH and,ptributions(left). Vertical profiles extracted from
these images (white lines in the maps) as well as the profitagietl using microelectrodes

are displayed in the graph on the right.

oxygen partial

pressure pO, [hPa]
p02 [hPa] 0 50 100 150 200 250
220 | 5 61— pO, (optode) 1-6
200 | : 44 © pO, (electrode) 4-4
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120 2 12
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- sediment
6 46
&0 g —pH (optode) ] 8
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Fig. 4.12. Pseudocolour maps of the pH and pQeft) distributions in natural marine sediment;

profiles extracted from the maps as well as prsfifeeasured with microelectrodgght) .

4.4. Conclusion

A novel measurement scheme was successfully applied for the combmedally
referenced imaging of pH and p@ith planar, optical dual sensors. In principle, this scheme
allows the detection of the pH signal as a dual signal dependeyii @and p@ and the p®@
signal as a pure signal only dependent op. pOgenerally applicable procedure to generate a
two-dimensional function describing the pH signal in dependencehbfand pQ is
introduced. The planar optical dual sensors were fabricated by dggsthe two indicators in

a single-layer polymer matrix. The benefits are the straightforwasdsfethe procedure and
the homogeneity of the resulting hybrid sensor membranes bsequences are also a
reduced long-term stability and an influence of pH on the measurgdigal, due to pH-
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dependent polarity of the sensor polymer. Therefore an iteration piecesdnecessary to
calculate the pH and pQralues from the measured raw data of the dual sensors presented in
this work. Test measurements with four DHFA- and Pt(PFPP)-camjadual membranes
showed that the pH and p©@an be detected with a maximum deviation of 0.12 pH (g8
pH units near the point of inflection) and 9.1 hPa wihin the range of pH 7.6 - pH 8.7 and
0 - 200 hPa p® Thus, the benefit of the simultaneous detection of pH andp& the cost
of a decreased precision compared to the respective single sensoesusiadly a pH sensor
precision oft 0.03 pH units and a pG&ensor precision af 2 hPa can be achieved. A high
leaching rate of the pH indicator was detected within the firstu@shevhich is not referenced
by the measurement scheme and causes a shift of the apparentaHiy pH units. After
this time errors due to leaching are negligible. Therefore the senssr sfoould be
preconditioned before measurements. Long-term use of the sensors suffefsrdiddems
related to photo-bleaching, affecting the pH signal. The IS cerssitavity of the pH part of
the dual sensor is comparable to that of the pure pH sensoghfISl cross-sensitivity of the
pO; signal is due to an increasing oxygen permeability of the semawix at decreasing IS.
The temperature influence on the signals of both parameters, howegempsrably high.
Thus, a parallel temperature control and signal correction is ineviiideapplication of the
DHFA/Pt(PFPP) dual sensor in natural marine sediment gave the exprectas in the pH
and pQ distribution. However, these experiments were performed under lightiseon.
Minimisation of the photo-decomposition effects on the membramgtirm performance is
vital to make the dual sensor useful for practical studies, espedialiyey involve
illumination over extended time periods. That can be achievedibg as optically isolated
sensor layer, which in addition also excludes possibly intagdyackground fluorescence of
the sample. This, however, requires further development of thersemsposition. Due to
the possibility to replace DHFA by a pH indicator with andgic range in the physiological
region (CHFOE), this sensing system can be extended to furthkcadjon fields, such as
non-invasive monitoring of transcutaneous,pihd pH, or measuring of pGand pH in

biofilm research.
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5. Luminescent Dual Sensor for Time-Resolved Imagmn

of pCO, and pO; In Aquatic Systems

An optical dual sensor for the two-dimensional detien of pCQ and pQ is described.
Tris(tetraoctylammonium)-8-hydroxypyrene-1,3,6-tuil$onate ((TOARHPTS) acting
together with the lipophilic buffer tetraoctylammamm hydrogen carbonate ((TOA)HC$)
as pCQ-sensing system and the oxygen indicator ruthenidingris(4,7-diphenyl-1,10-
phenanthroline) bis(3-(trimethylsilyl)-1-propanesidnate) (Ru(dppTMSy) are
incorporated in a single layer ethyl cellulose midrA second layer of black silicone rubber
served as optical isolation. The two indicators wesimultaneously excited with a 460 nm
LED and a fast-gateable CCD camera was used asdbtector. The time-gated imaging
scheme enables the mapping of p&&hd pQ within one measurement, where images in
three different time windows during and after a ses of square-shaped excitation pulses
are recorded. A numerical evaluation method for thesolution of the single parameter
maps from these three overall images is describElde response of the sensor has been

optimised for use in aquatic systems.

5.1. Introduction

Carbon dioxide and oxygen are key parameters ariaty of essential reactions in biological,
medical and biogeochemical overall processes. Smotution and consumption of the two

gases is often strongly interrelated (e.g. photth®sis, respiration, decomposition of organic
matter, fermentation), the simultaneous detectibnboth parameters is of significant

analytical interest in biological research, clinideagnosis or process control.

Well established detection methods based on etdwtroical or optical chemical
sensors exist for both gadésAssemblies of separately addressable microelbesror fibre
optic sensors are suitable tools for the simultasedetermination of oxygen and carbon
dioxide partial pressures in homogeneous samples.(aespiratory gases, blood €té.)

However, they are not comfortable to use for théeact®n of gradients in spatially
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heterogeneous systems, since they are limitedntglespoint measurements. Detection also
takes place at slightly different positions for leanalyte, which makes a correlation difficult.

There are several reports on the combination afigolaptical sensors incorporating
luminescent indicators and CCD technology to aeqtivo-dimensional information about
the distribution of a target analyté® Planar optical oxygen sensors were used to imast
transport processes in surficial marine sedimemts,image the p@ distribution in
photosynthetic microbial mats and bacterial filnos study the oxygen supply in engineered
tissues and to visualise airflow patterns in windnel research with pressure sensitive paints
(PSP§*

The simultaneous determination of two parameteth this sensing strategy requires
planar dual optodes where indicators for both dealpre present within the whole sensing
area. Consequently, the overall signal of the dyatode has to be separated to give
information about each single analyte. Signal ngsmh of optical dual sensors reported so far
was accomplished by either taking advantage ofewdfit lifetimes or different spectral
properties of the indicatd’$*> Wolfbeis et al. reported a double layer pfp@®, dual sensor
in 1988 The inner pC® sensing layer consisted of 8-hydroxypyrene-1,8difonate
(HPTS) covalently immobilised onto cellulose grasuland incorporated into a hydrogel
matrix. This layer was soaked with a bicarbonatéelbuand was afterwards covered by a
highly gas permeable silicon rubber layer embeddive pQ indicator tris(2,2"-bipyridyl)
ruthenium(ll) dichloride. The emission bands of timelicators overlap only in a small
wavelength range so that separate intensity sigonalsach analyte were acquired by using
two different band pass filters for the emissiagghti This dual optode was designed for the
application in fibre optical sensors. The two lagencept, however, can cause problems
when used for spatially resolved measurementse siagations in the thickness of the layers
result in significant errors in the measured eroissntensities.

The double layer pC&ZpO, dual sensor described by Borisov et al. circunsehis
problenf>. The first (oxygen sensitive) layer consists ofatiplum(ll)-5,10,15,20-
tetrakis(2,3,4,5,6-pentafluorphenyl)porphyrin (FEHP)) dissolved in polystyrene. While the
second (carbon dioxide sensitive) layer is compasesilicone rubber incorporating inert
iridum(lll) coumarin reference microparticles an@@ sensing microparticles based on the
sensor chemistry of a luminescent solid state pGénsor with HPTS as indicator and
tetraoctylammonium hydrogen carbonate ((TOA)HLES lipophilic buffef®. The signals of
the two sensing layers are separately acquiredsinguappropriate light sources and filter

combinations which exclude the luminescence ofréspective other indicator. Intrinsically



CHAPTER 5 — Luminescent Dual Sensor for Time-resokd Imaging of pCO, and pO, 108

referenced signals are obtained by measuring thigemxdependent lifetime of Pt(PFPP) and
the carbon dioxide-dependent fluorescence intensftyHPTS relative to the constant
phosphorescence intensity of the reference pasticle

Neurauter reported a single layer pf®, dual sensdf. The sensor membrane was
composed of an ethyl cellulose matrix incorporatimg two indicators ruthenium(ll) tris(4,7-
diphenyl-1,10-phenanthroline) (Ru(dgp)and HPTS as well as the lipophilic base
tetraoctylammonium hydrogen carbonate ((TOA)HLQJsing the same light source and
detector both luminescent indicators contribute teingle optical signal. Frequency domain
luminescence phase detection with different modcaidrequencies allowed the separation of
the oxygen (lifetime) and the carbon dioxide (fd®)Lsignal. These frequency domain
detection schemes are optimally suited for singlatopmeasurements, whereas their transfer
to imaging applications requires set-ups with espenimage intensifief&?° Alternatively,
gateable CCD cameras were used for lifetime imagmghe microsecond range and
intrinsically referenced intensity measurementsetdasn the td-DLR concept with an
acceptable instrumental effdtt

In chapter 4 we have combined the RLD and the t€RBtheme to a three window

scheme for simultaneous mapping of pH and p@h a fast-gateable CCD camera. This
measurement concept was applied in this for thegimgaof oxygen and carbon dioxide
partial pressures with a single layer, planar dypabde. The sensing system was characterised

and its precision was tested.

5.2. Experimental
5.2.1. Materials

Trisodium 8-hydroxypyrene-1,3,6-trisulfonate (HP P25 %), tetraoctylammonium bromide
(> 98 %) and 20% (w/w) methanolic tetraoctylammamibiydroxide ((TOA)-OH) solution
were obtained from Fluka. The synthesis of thegaim ruthenium(ll) tris(4,7-diphenyl-1,10-
phenanthroline) bis(3-(trimethylsilyl)-1-propandsmate) (Ru(dppfMS;,) is described
elsewher&". Ethyl cellulose (ethoxyl content 49%) was puratagorm Aldrich. The black
silicone rubber Elastosil N189 is a product from dkéx-Chemie. A polyethylene
terephthalate foil (Myld) of 125 um thickness from Goodfellow was usedemssr support.

All inorganic salts and organic solvents were oalgtical grade and were purchased from
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Merck except for ethanol, which was obtained fromallMckrodt Baker. 0.1 N hydrogen
chloride solution and 0.1 N sodium hydroxide sauatiwere purchased from Carl Roth.
Doubly distilled water was applied throughout. Ngen (> 99 %), oxygen (> 99 %), carbon

dioxide (> 99 %) and 20 % G nitrogen test gas were obtained from Linde.

5.2.2. Synthesis of the (TOAHPTS ion pair

A solution of 104.9 mg (0.2 mmol) HPTS sodium saiid 0.5 g NaCl in 30 ml doubly
distilled water was titrated with 0.1 N HCI unthé indicator turned completely into its
colourless, protonated form. 300.8 mg (0.55 mmdlyetraoctylammonium bromide were
dissolved in 50 ml toluene. The HPTS was extraatédl the organic phase by shaking the
two phases in a separating funnel. The organicephas afterwards twice washed with water
and dried over disodium sulfate. The solvent waspevated and the ion pair was dried in a
desiccator over silica gel, yielding 83.4 %. Eletaénanalysis: &2H211N3010S3
(1856.11 g/mol) (calc./found): C: 72.47/71.44,11:46/11.89, N: 2.26/2.43.

5.2.3. Sensor preparation

1g of ethyl cellulose (EC49) was dissolved in 9f@al : 1 (v/v) toluene/ethanol mixture to
give a 10 % (w/w) EC49 stock solution. Indicatarcht solutions were prepared by dissolving
50 mg (TOAXHPTS ion pair in 1 ml ethanol and 10 mg Ru(dpMS; ion pair in 1 ml of a
4:1 (vlv) toluene/ethanol mixture, respectiveMliquots of, firstly, the 20 % (TOA)-OH
solution in methanol and, secondly, the respedtidecator stock solutions were pipetted to
1 g of the EC49 solution to make up the final sesstutions.

After the addition of (TOA)-OH the sensor solutionere immediately exposed to a
stream of carbon dioxide for some seconds to laveir strongly basic pH. This step is
crucial especially with sensor solutions containiRg(dpp}TMS,, since otherwise the
orange-red luminescent Ru(dppdmplex turns to a dark brown, non-luminescent caumpl
within 1 h. We think this is caused by a partiakomplete substitution of 4,7-diphenyl-1,10-
phenanthroline ligands by hydroxide ions in thdemium complex.
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Table 5.1.Composition of the sensor membranes.

membrane | (TOA)HPTS /polymer | Ru(dpp)sTMS./polymer| (TOA)-OH/polymer

fraction [mmol kg™] fraction [mmol kg™] fraction [mol kg™
MupTs 19 - 0.32
M Ruop) i 19 0.32
M HpTs- 19 19 0.32

Ru(dpp)

The compositions of the single and dual sensor manels are listed in Table 5.1. The sensor
solutions were stirred for at least 6 h before tiveye spread onto dust-free Myldils with

a knife-coating device from Coesfeld. The resultsensor films had a wet thickness of

60 pm. The dual sensordvrsru@pp)Was coated with a second layer of black silicareber

as optical isolation. In case that dissolved carbavxide is to be detected, this layer

additionally acts as a proton barrier due to itpenmeability for charged species and

therefore minimises the cross-sensitivity of thasee towards pH. 1 g silicone rubber was

diluted in 1 g hexane and stirred for 2 h before. 0$e silicone rubber layer was spread over
the sensing layer by knife-coating in a wet thigeef 60 um.

The membranes were stored in a desiccator oveNOsbdium hydroxide solution
overnight before calibration. This ensures thatdiganic solvent has evaporated completely
from the sensing layer and that the polymerisatbrthe silicon rubber of the optically
isolated sensors is completed. The sodium hydrosdadietion acts as a sink for acidic gases
and thus prevents irreversible protonation of t®pindicator. The optimal conditions for
long-term storage are to keep the sensors in tHeatw under a carbon dioxide atmosphere
free of other acidic gases. By this means the dposition of the sensor polymer or the
indicators due to an increased pH within the sensambrane or the photo-bleaching of the

indicators is avoided.

5.2.4. Instrumentation

UV/VIS absorbance and transmission spectra weraiztwith a U-3000 UV/VIS double-
beam spectrophotometer from Hitachi. Luminesceneasmrements were recorded with an
Aminco Bowman Series 2 luminescence spectrophoemieim SLM-Aminco. The set-up

used for time-resolved imaging (Fig. 4.1 A) wasatlié®d in chapter 2.7. A light source
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module equipped with a blue LED (Luxé&nV Star, lambertian typé\em. = 460 nm) from
Lumileds was used as excitation light source. Ttwtation light was filtered using a FITCA
band pass filter and an OG 530 glass filter placefiont of the camera lens excluded any
excitation stray light. All optical filters were tdned from Schott.

The imaging data acquisition was controlled by stem-made software moddfe A
measurement scheme involving the recording of imagethree different time windows
relative to a square-shaped excitation pulse wasl der the dual sensors. With a total
exposure time between 100 and 400 ms the recordlingll images in the dual sensor
measurement scheme required 1.2 - 3 s includingdirine for the data transfer (cp. chapter
2.7.3). The background-corrected overall imagesnfensity integrals) were processed using

an application developed in IDL 5.3 from Researgbt&ns.

Q ;
a .
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Fig. 5.1.Schematic of the dual optode cross section atideogéxperimental set-up used for the imaging

measurements of pG@nd pQ.

Fig. 5.1 depicts a schematic of the experimentalipeused for imaging measurements. The
CCD camera and the excitation light source werectitd to the back side of a 5x 5 cm
sensor membrane mounted into a thermostated horde-fizav cell. All measurements were
made at 20 °C. The calibration of the dual sens@s carried out with ternary gas mixtures
of nitrogen, oxygen and 20 % carbon dioxidenitrogen made up with a gas mixing device
comprising three mass flow controllers (MFCs) (typ@79) from MKS Instruments
Deutschland. The pure nitrogen acted as inerteragas for the two target gases oxygen and

carbon dioxide. The carrier gas was humidified biplding the gas stream through a water-
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filled fritted wash bottle and afterwards was bledidvith appropriate amounts of the target
gases to achieve gas mixtures in the range bet@een 21 % @and 0 and 2.5 % COThe
total flow-rate was adjusted to 900 mL/min. Theulagjon of the gas flow rates of the MFCs
was controlled by a custom-made software basedhenNational Instruments LabVieéw
platform via application of rated voltag@sStainless steel tubings were used throughout for
the gas transport from the gas cylinders to thesoreanent cell. The calibration of the pure
oxygen sensor was accomplished accordingly but withnary gas mixture of oxygen and
nitrogen in the range between 0 and 42 96 O

5.3. Results and discussion
5.3.1. Choice of indicators and sensor polymer

The composition of the presented dual sensor isthas the sensor chemistry of optical,
solid state pC@sensors with ethyl cellulose used as sensor mdttixyl cellulose is the
matrix polymer most widely used for this sensoretygue to its good stability towards basic
pH and the reproducibility, robustness and highstieity of the resulting sensors. In
addition, ethyl cellulose shows a high permeabitiog only for carbon dioxide but also for
oxygeri>** so that a high quenching efficiency of oxygen barexpected in the dual sensor.

HPTS was chosen as fluorescent indicator for thectien of pCQ. pCQ, sensors
incorporating other fluorescent dyes such as sgrhihafluorescein (SNAFL) or
seminaphthorhodafluor (SNARF) derivatives are alsscribed in literatufé®’. However,
HPTS combines several advantageous properties cethpa these fluorophores. It shows a
high photostability and the QY of the analyticallgportant deprotonated form of HPTS is
near 100 %. Moreover, a high sensitivity towards p&€an be reached especially when
HPTS is applied in combination with the organicraettylammonium cation (TOA
Incorporated as (TOAHPTS ion pair in an EC49 polymer matrix, the abaade maximum
of the deprotonated HPTS was determined to be &t Thus, an inexpensive excitation
light source like a 460 nm-LED can be used in thaging application.

An important point for the choice of the oxygenigador was that the same light
source and optical filters can be applied as ferg&Q indicator to enable the simultaneous
detection of both parameters in one measuremehbutithe necessity of a change of optical

components. Furthermore, the dual sensing schemsirfuultaneous imaging of pGGnd
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pO, with the applied set-up requires an indicator vaitlifetime in the pus range. A substance
class widely used as oxygen indicators fulfillifgese criterions are ruthenium(ll) diimine
complexes. These compounds have a broad absorbandearound 450 nm. The indicator
chosen for this work was the Ru(dpmomplex with a comparatively long luminescence
lifetime of ca. 5 us in the absence of a quendhigr. 5.2 depicts the normalised absorbance
and emission spectra of JMrs (at 0 and 1011 hPa pGPand Msy@pp a@s Well as the
transmission spectra of the filters used for thagimg application.

1.2- HPTS Rudpp);  HPTS 1.2-

HPTS
(2011 hPat pCo,) (0hPapCoO,)

OG 530 longpass filter
(0hPapco,) P gp

/)~— blue LED/
ITCA bandpass filter

T

norm. absorbance/
LED emission
o o
29

0.2

0-0 T T T T T 1
350 400 450 500 550 600 500 550 600 650 700 750

wavelength [nm] wavelength [nm]

norm. emission/transmission

0.0

Fig. 5.2.Normalised absorbandgeft) and emissior{right) spectra of Mppand Miers (at 0 and
1011 hPa pC¢ normalised to the maximum of the 0 hPa p®@nd), respectively, depicted together
with the normalised transition spectra of the FITG#&nd pass excitation filt€left) and the OG 530

long pass emission filt€right) .

The protonated form of HPTS has an absorbance nuawimt 405 nm and is nearly not
excited by the 460 nm LED equipped with a FITCA djaass filter, whereas the deprotonated
HPTS as well as the oxygen indicator Ru(dpgme both efficiently excited (Fig. 5.2, left).
This is important since the first excited stateH&fTS has a strongly decreased pKa compared
to that of the ground state depending on the gglafithe surrounding medium. In aqueous
solution, the pKa of the ground state and the egcitate are at 7.3 and 1.4, respectiely
Tests with the Mprs sensor gave that at 1011 hPa p@@d an excitation wavelength at 405
nm, fluorescence emission still occurs to more tBN% from the deprotonated species
(spectrum not shown). An excitation in this wavel@nrange would therefore decrease the
sensor dynamic for pGO

The fluorescence emission maximum of the depro&eh&tPTS is at 512 nm. The
luminescence emission band of Ru(dpghows a strong Stokes shift and has a maximum at

605 nm. An OG 530 long pass filter in front of d@mera lens ensures that only the emission
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light of the sensor is recorded, while the short:evaxcitation light below 505 nm is blocked.
Although a significant part of the HPTS emissiorcus by these means, the sensor dynamics
for pCG; is still quite high, since within this excitatiomavelength range, the emission of
HPTS decreases to nearly zero at a transition @@nd 1011 hPa pGQFig. 5.2, right). The
emission ratio of the two indicators can be optedidby varying their amount in the dual

Sensor.

5.3.2. Characterisation of the sensor membranes faingle parameter pCQ and pO,

detection

The response of solid state, optical p&@nsors like Mprstowards pC®@ can be described
by eq. 5.1

a
[TOAD xH,0] + CO,, === [HD TOA*HCO; - (x-1) H,0] (5.1)

where D and HD are the deprotonated and protonated forR¥S, respectively, and is
the equilibrium constant of the reaction. Fig. 8e3t) shows the calibration curves ofuMs
The normalised fluorescence intensity recorded 12 8m and the ratio °fF are plotted
against the carbon dioxide partial pressure. Theali relationship betweerf/F and pCQ

(eq. 5.2) can be derived from eq.%.1

0

F? =1+a[pCO, (5.2)

where B and F are the fluorescence intensities at 0 hP@,p&hd at varying pC§
respectively. Least-square analysis of the linbegt fit to the measurement points gave the
following values:a = 0.3254+ 0.0068 hP3, correlation coefficient R= 0.99935.
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Fig. 5.3.Calibration curves of the single sensorgs-M (left) and Mzyqpp) (right) .

The sensor shows a high sensitivity towards cahoxide already in the low range between
0 and 5 hPa pCOThe reason for this significant increase of ti&a pf HPTS is, on one
hand, a better stabilisation of the protonatedcaidir within the non-polar EC49 matrix, since
the number of charges in HPTS is reduced by ona gmpotonation. On the other hand, the
deprotonated HPTS is nearly spherically surrounolgahe four TOA cations with their
sterically demanding alkyl chains, due to its fawggative charges. This prevents the

formation of close ion pairs, which again facilathe reprotonation of the hydroxyl group.

«33 aqf e
SO L\/\ o‘ SloX

V\kk e OOO

N SO 0,8 SO, |+
| + 3 3/N
/(’ V" (CH,),5-CH;
H,C-(CH,)
18 (CTA)HPTS

(TOA) ,HPTS
Fig. 5.4.Structure of the (TOAHPTS ion pail(left) depicted together with that of a (CT,APTS ion
pair (right) .

In Fig. 5.4 the structure of the (TOAJPTS ion pair (left) is depicted together with tiohta
(CTA);HPTS ion pair (right). CTA (hexadecyltrimethylammonium) is another lipophilic

cation frequently applied as counter ion of thadatbr and the buffer substance of solid state
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pCQ; sensors. Sensors incorporating Clidstead of TOA as HPTS counter ions are clearly
less sensitive towards pGOwhich is due to the formation of a closer ionrpaith the
sterically less demanding CTAcations. Thus, in principle a fine-tuning of thensor
sensitivity is possible by the choice of the lipiglcation.

EC49 was also used as sensor polymer for the pyygea sensor Myppy The same
amount of (TOA)-OH as in the investigated dual seM8uprs-ru@ppywas incorporated in this
sensor besides the p@ddicator ion pair Ru(dpp)MS,. The calibration curve of Mpp)Was
recorded with the imaging system according to th® Rcheme (see chapter 1.6.1). Oxygen
partial pressures between 0 hPa and 430 hPa wgrsteadl The following camera settings
were appliedAteyc. puise 5 US,Atems: 5.5 - 8.5 pusAtemz 8.5 - 12.5 ps, total exposure time:
250 ms. The averaged values of six randomly chdfex 10 pixel areas of the image ratio
(Aem?Aem2 Were used to calculate the mean valyg,Rnd its standard deviation for each
oxygen partial pressure. Provided that identicé gadths Atem; = Atemy) are chosen and a
mono-exponential decay can be assumed, the lifetiofethe indicator can be calculated by

means of eq. 5.3.

_L-t
In R,

= Ao
Ao

However, here the resulting lifetimes are meartitifes since the assumption of a mono-

with  Rpo, (PO,) (5.3)

exponential decay cannot be made for the indicatdredded in a polymer matrix. In Fig. 5.3
(right) T and the ratiaO/t were plotted against the oxygen partial presstine. fit functions
for both curves are based on the modified Sternméolequation assuming a two-site
quenching model (eq. 5.%)*

70 f B

— = —+(@Q-f

r |1+ Ksvipo, @-f) (5.4)
where 10 and 1 are the lifetime of the luminophor in the absercel presence of the
guencher, respectively. Ksv is the Stern-Volmerstamt implying the bimolecular quenching
constant of the dynamic quenching reaction betwenndicator and oxygen and f and (1-f)
represent the quenchable and non-quenchable fnactib the indicator molecules,
respectively. The following fit constants were foun@ = 5.061 + 0.025 us, f = 0.782 +
0.013, Ksv = (7.05 + 0.37) * 10hPa!, R = 0.9997. The measurement shows that the highest
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sensitivity of the sensor is between 0 and 210g®sbut it is still applicable up to an oxygen

partial pressure of 430 hPa.

5.3.3. Method

The dual measurement scheme used for the imagip@©f and pQ was described in detail
in chapter 4.3.4.2. It combines the td-DLR andRt® scheme into a three-window scheme,
which enables the recording of intrinsically refesed signals of the two target parameters

carbon dioxide and oxygen in a single measurenfagt. 5.5 depicts a schematic of the

method.
[¢&— LED on P l&— LED off —p|
A
..? ApCOZ
2 A td-DLR/RLD-
% ex Scheme
; A
po2 Aeml Aem2
F—at,.— kAt At
t, t, t, t, ts

, >
time

Fig. 5.5.Schematic of the three-window detection scheme.

One precondition for the dual imaging concept iat tthe luminescent indicators are both
excitable with the same light source and that thmes optical filters can be applied.
Furthermore the concept is designed for a comhlinatf an indicator with a decay time of
600 ns or higher (here for oxygen) and an indicaiitin a decay time at least 100 times lower
(here for carbon dioxide). The CCD-chip of the carmsrgateable with a minimal step width
of 100 ns. Thus, it is possible to detect the lifetiof the long-lived dye applying the RLD
scheme. The imageef\ is recorded with a time delay of 200 ns after élxeitation pulse.
Within these 200 ns the fluorescence of the p@dicator HPTS and any afterglow of the
LED has completely decayed and only the luminescehétu(dpp)}TMS; is recorded. An2

is acquired immediately afterwards. The ratio ohbiatages An/Aemz is independent of the
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absolute intensity of the oxygen indicator. Sirtoe detection of the oxygen indicator signal is
not influenced by the fluorescence of the pG@licator, the image ratiopB> = Aemi/Aem2
should be only a function of pO

The td-DLR scheme is based on the combination olktwet-lived indicator with an
inert, long-lived reference dye (see chapter 1.8r2}he dual sensing scheme, however, the
signal of the pC@indicator is referenced with the oxygen dependsgmal of the second
indicator. Thus, the image ratig,d2= Ael(AemtAem?) is a function of pC@and pQ (eq.
5.5).

A A
R,co, (PCO,, pO,) = P =

+ 2 (5.5)
(At * Aere) (A + Aure)

To enable the recovery of the p&€énd the p@from the Rco2 and Ro2 values acquired in a
measurement a function must be found describingléipendence of 8o, on pCQ and pQ
over the entire range of interest. Eq. 5.5 can beitten as follows

RpCO2 (pCOZ’ poz) = CZ DA‘pCOZ + C1 (5-6]

with C; = Apod (AemitAem? and G = (AemrtAemd) . C1 and G are both directly correlated to
the decay of the Ru(dppromplex and are therefore only functions of;pBpco2 is the
intensity integral of the HPTS fluorescence recorttethe first window during excitation.
Due to the ns-decay time of HPTS~ 5 ns), the fluorophore reaches saturation wighfaw
ns of excitation. Since the recording of the fisshdow starts with a time delay of 1 ps after
the beginning of the excitation period (duratiops), A,co2can be expressed in form of eq. 7
by means of eq. 5.2

0
ApCOz

where A’pcoz Is the intensity integral of HPTS at 0 hPa pCthe introduction of eq. 5.7 into
eg. 5.6 gives eq. 5.8.

0

_ Avco, 5.8
Rico, _CZ(pOZ)[ElJraETOZ}rCl(pOZ) (5.8)
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After determining the functions(pO,) and G(pO,), the pCQ and pQ of an investigated
sample can be recovered from the correspondis.Rand Ro. values by means of the
calibration functions eq. 5.3 and eq. 5.8.

5.3.4. Characterisation of the pCQ-pO, dual sensor

The dual sensor Mrs.ru@ppWas prepared as single layer hybrid sensor byldisg the two
indicator ion pairs and the organic buffer (TOA)-@dtjether in the ethyl cellulose matrix.
Besides the straightforwardness of the sensor pgpa procedure, this concept ensures a
homogeneous distribution of the two indicators aer whole sensor membrane enhancing
the precision of the pCfletection. However, the pG@ndicator is not shielded from highly
reactive singlet oxygen, which is formed during tadlisional quenching reaction between
the excited state Ru(dppand triplet oxygen. Thus, the sensor was optidathjated with a
second layer of black silicon rubber to increagesbnsor stability.

Emission spectra of Mrsru@ppWere recorded at an excitation wavelength of 460 n
and 0 hPa pCg®and 0 hPa p©9(black solid line), 0 hPa pGand 212.3 hPa p{dblue solid
line), 19.2 hPa pCPOand 0 hPa p©O(black dashed line) and 19.2 hPa pCGd 212.3 hPa
pO; (blue dashed line) to investigate possible int&was between the two dyes such as RET
or inner filter effects (Fig. 5.6). The HPTS emissltand and the Ru(dppabsorbance band
overlap in the wavelength range between 470 anchB80However, this overlap is not very
efficient, since the excitation coefficient of Rpf); is already very low at wavelengths with
a high fluorescence intensity of HPTS. Thus, no sitgrincrease of the Ru(dppgmission

due to RET or inner filter effects has been observed.
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Fig. 5.6.Luminescence emission spectra of the dual sensefsMupprecorded at 0 hPa pG@nd
0 hPa pQ@ (black solid line), 0 hPa pG@nd 212.3 hPa pdblue solid line), 19.2 hPa pG@nd 0
hPa pQ (black dashed line) and 19.2 hPa p@@d 212.3 hPa pdblue dashed line).

The calibration curves of the drs.ru@ppySENSOr Were acquired with the imaging set-up using
the following camera setting&texc. puise 4 HS,Atex: 1 - 3 HSAtemz: 4.2 - 5.7 USAtemz 5.7 -
9.6 us, total exposure time: 380 ms. Carbon dioxadd oxygen partial pressures were
adjusted in the range from 0 - 25.1 hPa and 0 6&2Ba, respectively. 8oz and Ro2 values
were extracted from the measurement by calculatiegmean values from six randomly
chosen, averaged 10 x 10 pixel areas of the raspeaettiometric images. Unless otherwise
stated all errors given are standard deviations 5SEjwas used to fit the B, versus pC®
plots at the varying pfvalues (Fig. 5.7, top, left). For this fitting mexdure, the two factors
C, and A?pcoz were combined to a single fit parametef € Aopcozl(Aem1+Aem2). This
corresponds to a normalisation of the pure pC@libration curves and further leads to the
referencing of the otherwise only intensity basedv@lues. The thus obtained fit function
holds over the whole investigated pfange, of cause with an oxygen dependent shitef
fit parameters €and G' (egs. 5.9 and 5.9a).

RpcoZ =C,'(p0,) [E J +C,(pG,) with (5.9)

1
1+a [pCO,

AO
C'(PQ) = 1 a5 (55
m m2
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The equilibrium constard was fixed to the value found in the first fittipgocedure with the
Rocoz versus pC@plot at 0 hPa p&(a = 0.3236+ 0.0072 hP3), in whicha was varied also
besides €and G'. The correlation coefficients’Rf the Rcoz versus pC@fit functions at
varying pQ were higher than 0.99939. The values found fotwefit parameters Cand G'

were then plotted against the pénd fitted with second order polynomials® (R 0.99936).

Both functions @p0O;) and G' (pO,) are depicted in fig. 7, top, right and bottomft,le
respectively.

4.0

, 1.7-
~ m  0hPapO,- R =0.99971 -
<g 3.5 ® 10.03hPapO, - R*=0.99991 £ 1.6
+ A 100.3hPapO, - R’ =0.9994 <
2 3.0 2_ +, 154
E ¢ 210.6hPapo, - R*=0.99971 £
< <
I 251 = 144
< g 13
no 204 < 13
g I
Q 1.2
o~ 1.5 O
1 O 1.1 T T T T T 1
. T T T T y y 0 50 100 150 200 250
0 5 10 15 20 25 o P
pCO, [hPa] PO, [hPa]
~ 2.0 1.04 I‘ B 0hPapO,
<& L8 os \ ® 10.03hPapoO,
+, 1.6 o 71 A 100.3 hPapO,
<g =~ 06 Y ¢ 210.6 hPapO,
1.4 = 0.6 Y
8.’_ 1.2 8: 0.4 \I
< 1.0 x RN
L 0.2- =
-« 0.8 : Bl bt
o - T #*
06 T T T T T 1 OO T T T T T T T T T T T 1
0 50 100 150 200 250 0 5 0 15 20 25
pO, [hPa] pCO, [hPa]

Fig. 5.7.pCQ, calibration curves of the uncorrectege& signal of Miprs.ru@pp@t varying oxygen
partial pressurefop, left); pO, dependency of the two fit-parameters(top, right) and G (bottom,

left) ; pCG; calibration curves corrected for the influencehaf pQ-dependent part of the,&, signal
(bottom, right).

A substitution of Gp0,) and G'(pO,) in eq. 5.9 by the respective second order polyabm
fit functions results in a two-dimensional equatidaescribing the behaviour of &, in
dependence of pGQand pQ in the investigated area. Least square analysithefplane
described by eq. 5.9 to the measurggoRvalues gave a correlation coefficierft & 0.9998.
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Furthermore eq. 5.9 can be separated in an oxygpendlent and a carbon dioxide-dependent
part (eq. 5.10).

( 1 j: Roco, -C,(p0,) (5.10)

1+apCo, C,'(p0,)

Thus, a correction of the measuregt& for the pQ influence is possible (Fig. 5.7, bottom,
right). This allows the direct comparison of the raugeristics of the pCOpart of the dual
sensor with other pC{sensors.

The calibration plots of the B, values versus the pQat varying carbon dioxide
partial pressures are shown in Fig. 5.8 (top,.l¢ftlpite the fact that the measureggRs not
influenced by the fluorescence signal of the p@Wicator HPTS, a cross-sensitivity towards
the pCQ can be observed. This influence is especially proned for the transition from
0 hPa pCQ@to 2.51 hPa pC® while it becomes negligible at a further increaséhe carbon
dioxide partial pressure. In the presence of cadtioride, the counter ion of the lipophilic
buffer cation TOA is a hydrogen carbonate anion (in contact withientbair during sensor
preparation the initially present hydroxide immeeia adds C@ to form hydrogen
carbonate). However, exposing the sensor to a nadimxide-free atmosphere leads to a
reaction according to eq. 5.11.

2 TOA*HCO,; =——= (TOA"),CO,2 + H,0 + CO, (5.11)

Considering that the fraction of the organic buffethe sensor composition is relatively high
(16.9 % (w/w) (TOA)HCQ or 15.9 % (w/w) (TOAYCO; compared to the matrix polymer
EC49) a substitution of the TOAcounter ion leads to a substantial change in émsa
chemistry and has therefore also an impact on tagimproperties. The clearly increased
slope of the calibration plot at 0 hPa pf@mpared to the calibration curves at higher pCO
values indicates that the permeability of the semsembrane for oxygen decreases with an
increasing pC@ Furthermore, the R, values at 0 hPa p&how an offset that is especially
pronounced for the 0 hPa pg@alibration curve. This suggests a change of tHaripp
within the sensor membrane leading to an alteredamnvironment of the oxygen indicator
molecules and, hence, effecting the luminesceffetntie and the Ry, value.

The effect of the carbon dioxide partial pressuréhenpQ measurement with the dual
sensor complicates the recovery of the p@@d pQ from the respective Bo. and Ro2
values acquired in a measurement. Again an equatist be found describing the behaviour

of Rpo2 in dependence of pGCand pQ. The two parameters pG@nd pQ have to be
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determined then from the two functions,cBApCQO,, pO) and RoApCO, pGy) in an
iteration procedure. The,B. versus pQ@ plots were fitted with second order polynomials of
the form Ro = By + By * pO, + B, * (pO2)* (R® > 0.99969)The coefficients B By and B
were set as fit parameters and their values wermrvadrds plotted against the peQrit
functions of the form B=a/ (1 + b * pCQ + ¢ were used to fit thegBand B versus pCQ
plots (R > 0.99936) (Fig. 5.8, top, right and bottom, lefthe B versus pC@plot revealed a
scattering of the Bvalues in a narrow range between 3.29*Hhd 3.55*10. Thus, B was
assumed to be independent of p@@d the mean value 3.44*3@& 9.74*10® was used for

further calculations (Fig. 5.8, bottom, right).
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Fig. 5.8. Uncorrected R, versus p@ calibration plots of Mersru@pp @t varying carbon dioxide
partial pressure@op, left); dependency of the fit parameterg(Bp, right) and B (bottom, left) on
pCO,; the B versus pCQ@ plot revealed a scattering of the Ralues in a narrow range between
3.29*10° and 3.55*10 (bottom, right). Thus, B was assumed to be independent of p&a the

mean value 3.44*1D+ 9.74*10°% was used for further calculations.
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The functions B(pCQO,) and B(pCO,) reflect the changes of the sensor matrix progetit
dependence of pGOBy(pCO;,) describes the shift of the intercepts of thgRersus p@
calibration curves in dependence of pGAd is therefore related to the altered polarithiw

the sensor membrane;(BCQO,) is the only pCQ@dependent factor affecting the slopes of the
Rpo2 versus p@curves and is, thus, related to the permeabifith® sensor towards oxygen.
The insertion of pCQO,), B1(pCO,) and B as coefficients into the second order polynomial
gives a two-dimensional equation describing theeddpnce of R, on pCQ and pQ over
the entire calibration range (eq. 5.12). Least sgjuanalysis of eq. 5.12 to the,d&?

measurement points gave a correlation coefficiér.89986.

R0, (PCO,, pO,) =B, (pCOQ,) + B,(pCO,) (pO, + B, [(pO; (5.12)

The pCQ and pQ of a sample can be recovered from the measusesh Bnd Ro. values by
means of an iteration procedure with eq. 5.9 ad@.5For this purpose eq. 5.9 has to be
solved for pCQ@ and eq. 5.12 for pOSince eq. 5.12 is quadratic in pthis leads to eq. 5.13

after case differentiation.

- B,(pCO,) +/B,(pCO,)? - 4(B, [B,(pCO,) +4[B, [R,,
pO, = o (5.13)
2

The pCQ and pQ of three measurements chosen from the sensoratadit were recovered.
For the iteration procedure, an initial p€@alue was used to calculate a,p@lue from the
measured Ry, by means of eq. 5.13. The p®alue found was introduced into eq. 5.9
together with the Ro2 to obtain a new pCOvalue. With this pC@value the iteration was
repeated. In case that the initial pO@lue chosen is near the real pGf the investigated
sample, the number of iteration steps can be mgaciOne can see from Fig. 5.8 (top, left)
that in the 2.51 to 25.1 hPa pgterval the Bo, versus p@ calibration curves are nearly
independent from changes in p£dhus, a mean f3. versus p@ calibration curve of this
interval was used to recover a first set of pG@d pQ values (iteration step 0) and the
iteration was started with the pg@und by these means. Table 5.2 shows the number of
iteration steps and the pG@nd pQ values recovered therein for the three calibration

measurements.
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Table 5.2. Recovered carbon dioxide and oxygen partial pressfnom three chosen calibration
points.

calculated pCG/pO, values
iteration at 0 hPa pCQ and at 10.03 hPapCQand | at2.51 hPa pCQ and
step 210.6 hPa pQ @®: 100.3 hPa pQ ¥: 0 hPa p&, @
pCO; [hPa] | pO;[hPa] | pCO; [hPa] | pO; [hPa] | pCO; [hPa] | pO, [hPa]
o® 0.12 218.9 10.02 100.4 2.50 0.92
1 -0.03 208.8 10.12 101.1 2.45 0.07
2 -0.04 208.7 10.12 101.1 2.45 0.07
3 -0.04 208.7 10.12 101.1 2.45 0.07

(1) adjusted carbon dioxide and oxygen partialquress during the recording of the images

(2) calculated with a mean calibration curve of Byg, versus p@plots in the 0.25 % to 2.5 % GO
interval

In the pCQ range between 2.51 hPa and 25.1 hPa the iterptamredure does not improve
the precision of the recovered partial pressurescam therefore also be replaced by the use
of a mean Ro, versus p@ calibration function. In case that the pC@ the sample is near
0 hPa an iteration is necessary but the resultsbeanonsidered to be constant within the
precision of measurement after a single iterati@p.sThe deviation of the recovered pCO
and pQ values from the corresponding adjusted partiabgurees in the sample is relatively
small confirming the accuracy of the two-dimensiofitafunctions RcoApCO, pO;) and
RpoAPCQ,, pOy).

The iteration procedure was used for the recovetwofseries of pC®and pQ maps
from the images taken during sensor calibration. ifdration was stopped when the absolute
value of the difference between thep@lue of the current and the previous iteratiap st
was smaller than 0.05 hPa. Each map reflects a 2.9 &m area of the sensor corresponding
to a spatial resolution of 78 x 78 fiper pixel. Fig. 5.9 (left) displays the maps rezred
from the images taken at 210.6 hPa [§fyht column) and carbon dioxide partial pressure
varying from 0 to 25.1 hPa (left column). Maps nem@d from the images taken at 2.51 hPa

pCQ;, (left column) and oxygen partial pressures varyiogn O to 210.6 hPa (right column)
are depicted in Fig. 5.9 (right).
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adjusted
partial pressures

pCO2 [hPa] 25.08 hPa pCO2 p02 [hPa] pCO2 [hPa] p02 [hPa]

210.6 hPa pO2 "
271.5 220 27.5 adjusted 220
partial pressures
25.0 15.05 hPa pCO2 200 25.0 200

210.6 hPa pO2
20.0 10.03 hPa pCO2 20.0

17.5 210.6 hPa pO2 17.5 2.51 hPa pCO2
150 15.0 100.3 hPa pO2
Bk 5.02 hPa pCO2 12.5

: 210.6 hPa pO2 2 2.51 hPa pCO2

10.0 10.0 10.03 hPa pO2
7.5 2.51 hPa pCO2 T S -

210.6 hPa p02 2.51 hPa pCO2
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210.6 hPa pO2 7 ;
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225 - 210.6 hPa pO2 22,5 2.51 hPa pCO2

Fig. 5.9. Series of pC®and pQ maps recovered from images taken during senstoratbn; each
map reflects a 2.5 x 1.9 cm area of the serisfir; maps recovered from images taken at 210.6 hPa
pO, (right column) and carbon dioxide partial pressuwarying from 0 to 25.1 hPa (left column);
right: maps recovered from the images taken at 2.51 1@ fleft column) and oxygen partial

pressures varying from 0 to 210.6 hPa (right column

All maps show a homogeneous distribution of théeotéd parameter and the oxygen and
carbon dioxide levels recalculated by means ofit&tion procedure match those of the
corresponding gas mixtures used during the seraditaration. The strongly increased error in
the pCQ measurements at 15.1 hPa pf220.6 hPa p®and at 25.1 hPa pGR10.6 hPa
pO, shows that the useful working range of the pSeénsing part of the dual sensor is
between 0 and 10 hPa pg@p. Fig. 5.7, bottom, right).

5.4. Conclusion

A luminescent optical dual sensor for the intriaflic referenced mapping of carbon dioxide
and oxygen partial pressures was described. Irgageasurements and their evaluation were
performed according to the method introduced inptdra4. Maximum homogeneity of the
sensor membrane was achieved by dissolving theosememistry for both analytes in a
single layer EC49 matrix. This also results in aaiarcross-sensitivity of the pGsignal
towards pCQ@. An iterative evaluation is necessary for the vecy of pCQ and pQ from a
dual sensor measurement at frtial pressures near 0 hPa, however, in thetaporange
between 2.5 and 25 hPa p&fis interfering effect is negligible. Here theogery of pCQ
and pQ can be accomplished by means of a singlggaDbration curve. A further drawback

of the hybrid membrane concept is the enhancedopkobmposition of the pGQOndicator
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HPTS by singlet oxygen formed in the p§ensor reaction. Although the dual sensor was
optically isolated with a black silicone layer iag/found to be suitable only for short term
measurements (1-2 days). Due to the silicone lajech further acts as additional proton
barrier, the described pGPO, dual sensor can also be used for the detectiatissblved
gases. The working range of the sensor (0 - 10 It®» pnd 0 - 250 hPa pPmakes it an
ideal tool for the mapping of pGQ@nd pQ gradients in heterogeneous aquatic systems such
as freshwater or seawater sediments or microbiak math high spatial resolution. The
response and recovery times of the dual sensorrdswdissolved gases was found to be
24 s/424 s at a transition from 0 to 20 hPa p@@d 52 s/200 s at a transition from 0 to
210 hPa pQ respectively.
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6. Effect of the Lipophilic Base in Solid State
Optical pCO, Sensors

Solid-state optical pC®sensors comprise mostly a pH indicator dye and aatgunary
ammonium hydroxide incorporated in a hydrophobic lgmer membrane. In this study we
investigated a solid-state optical pG&ensor in which the quaternary ammonium ion was
replaced by the neutral phosphazene baBet-Oct (PBO) and compared it with a
conventional system containing tetraoctylammoniunydroxide (TOA-OH). The basic
character of PBO is due to the unshared electronirpaf the tertiary nitrogen atom linked
to the phosphorus atom by a double bond. The ph@sgne base forms together with water
the buffer system of the sensor. Both sensor typase dynamic ranges between 0 and
50 hPa pCQ. They show a completely reversible sensor respoAsstrong cross-sensitivity
towards relative humidity (RH) of the analyte gasasvfound for the PBO-containing
sensor. The ratio protonated form/deprotonated fo(riD/D") of the indicator dye increases
continuously with decreasing RH. At the same tinte tsensitivity towards pCQOlecreases.
In the case of the TOA-OH- containing sensor thetimHD/D" stays nearly constant at RH
values above 20%. At lower RH, however, it decrgasignificantly as well as the sensitivity
towards pCQ. The deviant behaviour of the two sensor typeshat removal of water is due
to the nature of the respective organic base an@ tfesulting influence on the polarity

within the sensor matrix.

6.1  Preliminary remarks

The optimal working range of the solid state p&@nsor part (HPTS/TOA-OH/EC49) of the
pCQ,/pO,-dual sensor described in chapter 4 is betweendOl@nhPa pCe@ It is therefore
suitable for the detection of respiration activitymarine systems but the sensitivity is too low
to resolve pC@ changes during photosynthesis (0 - 0.6 hPa pCowever, the HPTS/
TOA-OH/EC49 sensor system belongs already to thst mensitive luminescent solid state

pCQO, sensors. The sensitivity of a solid state p&@nsor generally depends on the pKa'
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value of the indicator in the sensor polymer matom the CQ permeability of the polymer
and on the amount and nature of the lipophilic &uffubstance added. TOA-OH-containing
solid state pC@sensors using HPTS (pKa = 7.2) show a higher se@hstowards pCQ than
comparable sensors using pH indicators with a highka' such as 5'(6')-carboxy-
seminaphthofluorescein. The reason for this aresthdcal effects in the HPTS-TOAon
pair described in chapter 5.3.2. Starting from HEI'S/TOA-OH/EC49 system described in
the previous chapter it was attempted to increasesensor sensitivity by the following
approaches: a) HPTS was replaced by 5'(6')-carfidxyrethyl-seminaphthofluorescein;
instead of TOA-OH b) (4,4 (57)-di-tert-butyldthzo-18-crown-6)K-OH or ¢) phosphazene
base Rt-Oct was used as lipophilic buffer substance. eleav, non of these approaches led
to an increase of the sensor sensitivity toward®pcdmpared to the HPTS/TOA-OH/EC49
system. Yet, the application of the neutral phogpha baseF-Oct resulted in fundamental
changes in the pCGsensor characteristics. These different propewiee investigated in
the following comparative study using colorimetpexylenol blue/base/EC49membranes as
model system.

6.2 Introduction

Solid state pC® optodes are typically composed of a pH indicatge énd a lipophilic
organic basencorporated in a hydrophobic polymer, such as letieylulose (see chapter
1.3.2). Compared to Severinghaus type pGfitodes they show faster response times and a
negligible cross-sensitivity towards differing sdempsmolarities. The lipophilic base which
is usually a quaternary ammonium hydroxide (egatetylammonium hydroxide) acts as the
buffer system. Nevertheless, (like for the Sevdrag type pC@sensors) only a limited
shelf life of the solid state pGGensors is reported especially when stored in emlair.
This is due to the presence of other acidic gassgles CQsuch as NQor SQ which can
also permeate into the sensor and protonate theaibod. In contrast to C{this process is not
reversible because they form together with watemst acids. But even when stored under
nitrogen atmosphere the properties of the sensamgghslowly. Initially the sensitivity of the
sensor towards GOncreases and after a while the indicator pasgesits protonated form
Several authors suggested a slow decay of the rgasye ammonium via Hofmann

degradation as the readdn
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In this chapter the possibility of replacing theatgrnary ammonium base by a neutral
base with a tertiary nitrogen as basic position tested. The use of phosphazene bases as
neutral bases in optical pG@ensors was first suggested by Brinz €t dhe responding
behaviour of sensors with the two different bageesywas compared as to their sensitivity
towards pCQ, their temperature and humidity cross-sensitivitye deviant characteristics of

the sensors due to the nature of the organic base inwestigated.

6.3  Experimental

6.3.1 Materials

The organic bases tetraoctylammonium hydroxide (20%ethanol) and phosphazene base
Pi-t-Oct (98 %) were purchased from Fluka. Ethyl wlelbe (ethoxyl content 49 %) and p-
xylenol blue (XB) were obtained from Aldrich. Doddicimethylammonium (DTMA)
bromide was obtained from Serva. All other chensicaére purchased from Merck. Doubly
distilled water was used throughout. The polye&i#r(Mylar®) utilised as the solid support
for the sensor films was purchased from Goodfelldwtrogen, carbon dioxide and
compressed air (purity > 99 %) as well as the/Qtest gas mixtures with G&ontents of
0.5 %, 1 %, 3 %, 5 % and 10 % were all obtainethftande.

6.3.2 Synthesis of the XB-DTMA ion pair

134.0 mg (0.31 mmol) of p-xylenol blue sodium saltl 0.5 g NaCl were dissolved in 50 ml
water and the dye was titrated with 0.1N HCI uisilcolour turned from blue to completely
yellow, the colour of the monoionic form. 92.5 nflg3 mmol) of dodecyltrimethylammonium
bromide were dissolved in 50 ml CHCIThe dye was extracted into the organic phase by
shaking the two phases in a separating funnel.y€hew organic phase was afterwards thrice
washed with water and dried over disodium sulféitee solvent was evaporated and the ion
pair was dried in a desiccator over CaGielding 71.2 %. Elemental analysis for the XB-
DTMA ion pair (Gg Hss N S O (637.9 g/mol)) gave (calc./found): C: 71.55/69.%6,
8.69/8.14, N: 2.2/1.99.
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6.3.3 Preparation of the sensor membranes

A stock solution of the ion pair was prepared bgsdlving 52.1 mg XB-DTMA in 3 ml
ethanol. 15 g ethyl cellulose (EC49) was dissolved mixture of 240 ml toluene and 60 ml
ethanol. 518 ul of the dye stock solution were dddethe polymer solution. The final sensor
cocktails were made up by adding aliquots of tispeetive organic base to 1 g of the dye
polymer solution. The sensor films were fabricdbgdspreading the cocktails onto dust-free
polyester foils with a knife-coating device from €3eld. The wet thickness of the sensor
films was 120 pum which resulted in a thickness ppraximately 6 um after solvent
evaporation. Table 6.1 shows the composition ofrésilting sensor membranes. The dry
sensors were stored under nitrogen atmospheralésiacator over 0.1 N sodium hydroxide

solution which acts as a sink for acidic gases.

Table 6.1.Composition of the TOA-OH-containing membranes MOAT- M5_TOA and the PBO-
containing membranes M1_PBO - M5_PBO.

sensor TOA-OH/EC sensor PBO/EC base/polymer fraction
[Yo(W/w)] [Yo(W/w)] [mol/kg dry EC]
M1 TOA 29.0 M1 PBO 17.4 0.6
M2_TOA 23.2 M2_PBO 13.9 0.48
M3_TOA 15.5 M3_PBO 9.3 0.32
M4_TOA 7.7 M4 PBO 4.7 0.16
M5_TOA 3.9 M5 PBO 2.3 0.08

6.3.4 Apparatus

All UV/VIS absorbance spectra as well as the singdeelength absorbance time scans were
recorded with a U-3000 UV/VIS double-beam spectatpimeter from Hitachi. During the
measurement the sensor film was fixed in a theratedthome-made flow cell. An identical
flow cell equipped only with Myldt foil served as reference. For all measurements the
humidified analyte gases with varying €€bntents were delivered to the sensor film through
stainless steel tubings at low flow rates, respelti Small variations in the flow rate caused

no change in the sensor signal which indicatestti®pressure in the flow cell did not exceed
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the air pressure within this low flow rate rangeneThumidification of the gases was
accomplished by bubbling the gas stream succegdivelugh two thermostated fritted wash
bottles filled with water. Analyte gases with vangirelative humidities were made up by
mixing the dry and the humidified gas with a gaasndler from Scott Specialty Gases. Fig. 6.1

shows the schematic of the measurement set-up.

gas out ‘Io/ J
sensor‘Q‘ gas
‘|/ gas in | blender
f

low cell N,/
Co,

Fig. 6.1.Schematic of the set-up for absorbance measureraentgying humidity of the analyte

gas.

6.4 Results and Discussion

6.4.1 Lipophilic organic bases

The solid state pCOsensors investigated in this study had the gersmalposition XB-
DTMA/organic base/EC49. Fig. 6.2 depicts the twgamic bases used. TOAs a quaternary
ammonium ion with a fixed positive charge, while fphosphazene base PBO is neutral and

needs water to form the buffer system of the sensor
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L
e

H + H,O —= HN+ OH
(Me),;N—P—N(Me), (Me),N—P—N(Me),
N(Me), N(Me),

Fig. 6.2.Chemical structure of the investigated organic ds&aoctylammonium hydroxide TOA-
OH (left) and phosphazene basgetfct PBO(right) .

The organic base fulfils several functions withie sensor: The positively charged, sterically
demandingcation of the base (B acts as a counterion for the indicator aniof).(IDhus the
negative charge of the basic form of the dye ibiks&d in the nonpolar EC49 matrix. At the
same time the sterical hindrance ensures thatdhepairing is not too close so that the
indicator can be protonated again at increasingpftich results in a high sensitivity of the

sensor towards COThe sensing reactions are as follows

Kl
[B*DxH,0] + CO,, =—— [B'D xH,0 CO,,l (6.1)
K2
[B*DxH,0 CO,,y] = [B*D - (x-1) H,0 - H,COy] (6.2)
K3
[B*D - (x-1) H,0 - H,CO,] == [HD:B*HCO; - (x-1) H,0] (6.3)
blue yellow

One see from these equations that the presencenod snolecules of water of solvation
within the membrane is essential for the formatbrarbonic acid from C® The addition of
higher amounts of base prolongs the shelf lifehefgolid state pC{sensor because the base
acts also as a buffer for acidic gases other tHan(€.g. NQ, SGQ) and so keeps the indicator
in its deprotonated form. The base as well bindaesof the CQ diffusing into the sensor

according to the following equations

TOA*OH- + CO, =— TOA*HCO, (6.4)

PBO + H,0 + CO, =— HPBO*HCO, (6.5)
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As a result of these reactions the sensitivityhef sensor should decrease with increasing
amount of base at low pGQOOn the other hand the sensor membranes containsaderable
part of organic base. Compared to the EC49 cothese are 3.9 % (w/w) and 2.3 % (w/w) in
the sensors with the lowest and 29.0 % (w/w) and 28 (w/w) in the sensors with the
highest amount of base investigated for TOA-&td PBO, respectively (see Table 6.1). Due
to this fact the influence of the base on the paymatrix properties can not be neglected.
Although both bases have lipophilic residues to enflem soluble in the EC49, TOA-OH has
fixed charges while PBO forms together with watex tharged buffer system of the sensor.
In any case the polarity of the sensor matrix iases with increasing base content. Thus the
dissociation of HCOs should be facilitated and therefore also the pration of the indicator
which increases the sensitivity of the p{@nsor.

6.4.2 Sensitivity towards pCQ with different amounts of organic base

In aqueous solution the acidic form (HD) of the legggp pH indicator XB (pKa ~ 8.9) has an
absorbance maximum at 438 nm and the basic fofjra¢[395 nm. Incorporated in the sensor
membrane absorbance maxima of 436 nm (HD) and 61203 have been found. Fig. 6.3
shows the absorbance spectra of sensor membrattesT@A-OH (left) and PBO (right),
respectively. The measurements were made at aacristperature of 298 K and 100% RH
of the analyte gases. Except for the different oigdases the sensor composition was

identical. In both cases the absorbance of theelfasn at 612 nm decreases with increasing
pCQO..

absorbance
absorbance

350 450 550 650 750 350 450 550 650 750
wavelength [nm] wavelength [nm]

Fig. 6.3.Absorbance spectra of M2_TQ#eft) and M2_PBright) at 0 % (A), 0.5 % (B), 1 % (C),
3% (D), 5% (E) and 10 % (F) GQT = 298 K; 100% RH) The absorbance of the deprotonated form

of XB at 612 nm decreases with increasing pCO



CHAPTER 6 — Effect of the Lipophilic Base in SolidState Optical pCO, Sensors 138

The indicator was added in form of an 1:1 ion path DTMA as counterion of the sulfonic
acid group of the sulfonphthalein dye. Thus, thespnce of sodium ions in the sensor
solution was prevented which can cause an opatttyedinal sensor film.

The following equation can be derived from the éia 6.1-3

A/f =1+ K [pCO, (6.6)

were A is the absorbance of the sensor film at 612 ni) i a stream of humidified
nitrogen, A is the absorbance of & varying pCQ and K = K*K*K 3. In Fig. 6.4 A/A is
plotted versus pC&for membranes containing different amounts of TOHA-(left) and PBO
(right) according to Table 6.1. The gradients @& talibration straight lines (eq. 6.6) reflect

the sensitivity of the sensors towards pCO

= M1_TOA m M1_PBO
254  oM2_TOA 254  oM2_PBO
A
0] 4M3_TOA 00 M3_PBO
© M4_TOA

e M5 _TOA

0 2'O 4'0 6'O 8'0 160 0 2'0 4'0 6'0 8'0 1(I)O
pCO, [hPa] pCO, [hPa]

Fig. 6.4. Al/A versus pCQ® plots of membranes containing varying amounts ©OATOH (left) and

PBO (right) (T = 298 K; 100% RH). The smallest base amountiagpkas 8*1¢ mmol base/g dry

EC (M5). The highest base content was 6*hfmol base/g dry EC (M1).

The smallest base amount applied was &bl base/kg dry EC49 (M5). This was the
minimum base content necessary to initially deprate the indicator dye completely.
Sensors with a higher base content than 8*a®l| base/kg dry EC49 (M1) showed a slight
opacity, especially those containing PBO. One @mntbat the PBO-comprising membranes
are not as sensitive towards p£&3 those containing TOA-OH. At a transition froitiagen

to 4.8 hPa pCefor instance the absorbance at 612 nm declind& & (TOA-OH) and 52 %
(PBO) of Ay, respectively. Nevertheless, PBO is applicablerganic buffer in pC@sensors
due to its high basicity. All sensors were compyeteversible. The deviation from linearity
at higher A/A values possibly originates in the growing infiwe of variations in A caused
by light scattering. In both cases the sensititatyards pCQ increased with increasing base

content due to the higher polarity of the sensotrimas described above. Fig. 6.5 shows a
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plot of K versus base content at 48.0 hPa p@ the PBO- and TOA-OH-containing

membranes.

0.35 1

0.30 A

0.25 1

0.20 A
X 0.5 -—//'_—'
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~M_TOA
=M _PBO

mol base*kg t ethyl cellulose

Fig. 6.5.Effect of the base content on the sensor sengitatia constant
pCG; of 48.0 hPa.

The sensitivity of the membranes with base contlw®r than 3.2*19 mol/kg dry EC49
does not change significantly for both sensor typdéthough the sensor matrix becomes more
polar due to the increasing base amount this efifegbartly compensated by the also
increasing buffer capacity of the sensors. At aebamntent between 3.2*10and 4.8*10
mol/kg dry EC49, however, K increases consideraldlich indicates a strong change of the
polarity within the sensor matrix. For the M_PBO miwanes the slope in K is less steep
compared to the M_TOA sensors. Here the base hdixetw charge but forms the charged
species in an equilibrium reaction (eg. 6.5) i.eegain fraction of PBO still is existent in its

neutral form.

6.4.3 Temperature dependence

Solid state pC@sensors are known to have a strong cross-sehsitowards temperature.
Therefore the temperature effect was investigated the membranes M3 _PBO and
M3_TOA. Due to the lower solubility of COn the sensor matrix at higher temperatures the
sensitivity decreases with increasing temperailine. cross-sensitivity towards temperature is
less pronounced in the case of M3_PBO (Fig. 6.@).thihk the reason for this fact is that the
partial pressure of the water vapour in the hunadifanalyte gas and therefore also in the

sensor membrane increases at higher temperatuecdiises a shift towards the side of the
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charged species in eq. 6.5. Due to the rising fiplaf the membrane also the sensitivity

towards pCQis increased which partly compensates the effidower solubility of CQ.

M3_TOA 504 ®T=4T M3_PBO
© T=10C
4041 AT=15T

: ) : y ' 0 2 a0 60 80 100
0 20 SOCOZ [th(]) 80 100 pCO, [hPa]
Fig. 6.6.Influence of the temperature on the sensor respoinbt8_TOA (left) and M3_PB{(right)
(RH=100%).

All calibration curves could be fitted with eq. 6 plot of InK versus 1/T showed a linear
correlation for both sensors in the examined teatpee range (data not shown). The standard
enthalpyAHR? and the standard entropygs’ of the protonation reaction of the indicator can
be derived from the gradient and the interceptefresulting straight lines according to the

following equation given by Arrhenius

0 0
In(K) = —AFI'QR B-I]:-+AiR 6.7)

were R is the molar gas constant 8.3145 J/(molf&b(e 6.2).

Table 6.2.Thermodynamic data derived from the Arrheniusgpfot M3_TOA and M3_PBO.

sensor gradient intercept AHR? [kd/mol] AS® [J/(mol*K)]

M3_TOA | 4.62+0.19 -10.20 £ 0.65 -38.4+1.6 -84.8+5.4
M3_PBO | 3.46 +0.07 -6.39 £ 0.24 -28.8+0.6 -53.2+2.0
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6.4.4 Effect of relative humidity

For all previous measurements humidified gases wagpplied. Thereby no important
difference in the characteristics of the two sergpes have been observed. Yet with analyte
gases of varying RH completely different sensopoeses were obtained. Fig. 6.7 shows the
absorbance versus time scans at 612 nm for M3_Té&#) &nd M3_PBO (right).

0.4 4 0.03% CO, 0.3 1 0.03% CO,
1 1
0.3 - 1% CO, A AE 1% CO
3 8 021 v
% 0.2 fg‘
% 0.1 i % o !
i C D i
0 T T L T T T 0 T — T T
0 50 100 150 200 250 300 0 50 100 150 200
time [min] time [min]

Fig. 6.7.Absorbance versus time scans at 612 nm of M3_TI©#) and M3_PBQ(right). The RH
was adjusted to 100 % (A), 80 % (B), 60 % (C), 40D)p 20 % (E) and 0 % (F) at a constant p@O
0.03 % and 1 %.

The RH of the analyte gas was adjusted in 20 %ssfegm 100 % (A) to 0 % (F).
Measurements were made with compressed air (0.@%) and 1 % CQ in nitrogen test
gas. The TOA-OH-containing sensor showed nearlgroes-sensitivity towards humidity in
a range from 100 % to 20 % RH. Below this valuewéwer, the absorbance at 612 nm
increases significantly. In contrast to this theabance of the M3_PBO membrane declines
continuously with decreasing RH. These tendenciesewbserved for both GQpartial
pressures. The bar diagrams in Fig. 6.8 depichtnmalised absorbance intensities at varying
RH for M3_TOA (left) and M3_PBO (right).
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Fig. 6.8.Normalised absorbance intensities at varying RH8r TOA (left) and M3_PB((right) at
0.03% CQand 1 % CQ

The deviant sensor response is due to the chasdic®iof the respective organic base. In the
M3_TOA sensor water is only needed for the hydratb CO,. Some molecules of water of
solvation are sufficient to enable this pivotalatezn. In a dry gas stream these traces of water
are partly removed from the sensor and the formatwd H,CO; is inhibited. As a
consequence the equilibrium reactions of egs. 6ake3 shifted towards the side of the
deprotonated indicator even at the presence of CO

In the M3_PBO sensor water is not only neededHerformation of HCO; from CQ
but also to form the charged buffer HPEIH . At the removal of water the already nonpolar
character of the EC49 matrix even increases. T@ifh its fixed charge which also requires a
counterion for the reason of electroneutrality ésrdhe existence of ions in this nonpolar
matrix at any water content. HPB@n the other hand, is able to evade a decreasilagity

by shifting into its deprotonated, neutral form@cting to eq. 6.8.

-H,0
HPBO*OH + HPBO'D- ———= 2PBO + HD (6.8)
+H20 )
blue yellow

Fig. 6.9 shows the normalised absorbance spectM3ofTOA (left) and M3_PBO (right)

equilibrated with compressed air at varying RH.
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Fig. 6.9.Normalised absorbance spectra of M3_TQdft) and M3_PB((right) at 0.03 % CQ RH
changes from 100 % to 0 %.

As can be expected from egs. 6.1-3 and 6.8, atssehsitivity towards CQOs affected (Fig.
6.10). It decreases continuously with decreasing f&HM3_PBO (right). M3_TOA (left)
shows a strong decrease at RH lower than 20 %otim dases even at 0% RH the sensitivity
towards CQ does not decline to zero. This proves that them@aces present in the sensor

films are not completely removed.

= 100% RH M3_TOA -2 100% RH M3_PBO
3{ " 80%RH 34 --80%RH
-+ 60% RH -+ 60% RH
25 —-40%RH 25 —-40% RH
g ~-20% RH < --20% RH
< ,] TO0%RH < 5] +0%RH
151 1.5 4
1 T T T T T 1 1 1
0 0.2 04 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1 1.2

CO, [%]

CO, [%]

Fig. 6.10.Ay/A versus % CQ@plots of M3_TOA(left) and M3_PBQ(right) at RH values of 100 %

(A), 80 % (B), 60 % (C), 40 % (D), 20 % (E) and O(B).

The complete removal of water of solvation from thembranes (e.g. storage oveO#§)

leads to insensitivity towards G@nd enhances the basicity of the buffer in the TQA

containing sensor according to eq. 6.9.

-x H,0, -CO,
+x H,0, +CO,

2 TOA*HCO,; + TOA'D:

(TOA*),CO.2 + TOA*D

(6.9)
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6.4.5 Use of other neutral organic bases

Like phosphazene bases tertiary amines are nearggahic bases with a tertiary nitrogen as
basic position. Due to the structural analogy t@RBsimilar behaviour of tert. amines within
solid state pC@sensors should be expected. In general the basititert. amines is well
below that of PBOM*“"Kg(PBO) ~ 26.5M*“"K;g(EtsN) ~ 18.5° and "*“NK z(BusN) ~
18.1). It decreases slightly with increasing lengthtlué alkyl residues since the lipophilic
side chains destabilise the positive charge of greonated nitrogen. The tested amines
trioctylamine and tributylamine are not capableiriially deprotonate the pH indicator.
Sensor films prepared with triethylamine showed lbthee colour of the basic form of XB
directly after the evaporation of the solvent lurhed to the acidic yellow form again within
one minute. This is due to the high vapour presetiteethylamine (70 hPa at 20 °C) which
causes the fast evaporation of the base from timesensor layer. Like triethylamine all
neutral bases discussed so far are more or lesgileolAnother tested amine suitable as
organic base was triethanolamine. It has a veryMapour pressure (5*10hPa at 40 °C) due
to the hydroxyl groups which can interact via hy#o bonds. Triethanolamine is
significantly less basic (pKa ~ 7.8) than trietglae (pKa ~ 10.8). This proves that the
capability to initially deprotonate the indicat@rcnot only be explained by the basicity of the
base. In contrast to the sterically demanding tylamine and tributylamine, triethylamine
and triethanolamine can form a very close ion p&tin the indicator. Thus the charges of the
ions are better shielded from the non-polar envirtent. In the case of triethanolamine the
hydroxyl groups further stabilise the ions espégial high buffer contents. But the formation
of a close ion pair also makes the protonationhef dye more difficult and therewith may

result in a lower sensitivity towards GO

6.4.6 Possible Utilisation of PBO-containing pC@sensors as humidity sensors

The investigated solid state pg®@ensor containing PBO as neutral organic base show
characteristics which seem to make it also applécab humidity sensor. The sensor dynamic
covers the whole RH range from 100 % to 0 % (F®8. and 6.9). However, a crucial
precondition for this application is to keep thepCGonstant throughout the measurement.
The examined system with XB used as pH indicatoexsemely sensitive towards pgO

because of the high pKa value of the dye. Smalingba in the pC@therefore cause
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substantial errors in the measured RH. This caretheced by using an indicator with a lower
pKa like m-cresol purple (pKa ~ 8.3). PBO, howeuerslightly volatile which causes a
change in the sensor properties after a while. lanneRH the effect is even more pronounced
since here the main part of the base is existerntsimeutral form. Thus PBO-containing
sensors are not suitable for gas phase measurernentare limited to the detection of
dissolved CQ@. The use of triethanolamine as neutral base wighimumidity sensor seems
more convenient. However, this application was fadher investigated within the scope of

this work.

6.5 Conclusion

The neutral organic phosphazene base investigatetthis study proved to be perfectly
suitable for the application as a buffer substawdain solid state optical pCOsensors.
Although sensors incorporating PBO are not supenaespect of their sensitivity towards
pCQO,, results comparable to TOA-OH-containing sensoesewobtained. Both sensor types
showed similardy values. The response and recovery times at a ehfaoign 0 to 10 % C®
were 6 s/390 s and 4 s/458 s for M3_TOA and M3_P&Opectively. The fact that PBO
bears no fixed positive charge results in a stromgs-sensitivity of the sensor towards the
RH of the analyte gas. Furthermore the neutral fofmPBO is slightly volatile. On this
account this sensor is only applicable for the a&ir of dissolved C@but not for pCQ
measurements in the gas phase. A cross-sensitostgrds RH has no relevance for the
practical use of sensor films with TOA-OH in gasapl measurements. Here the sensor
response is only influenced at RH values below 2BP& surrounding with a constant p£O
like ambient air it is conceivable to apply meml@sucontaining neutral, non-volatile organic

bases as humidity sensors.
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/. Summary

This thesis describes the development and chaisatien of optical chemical sensor
materials optimised for the determination of pH,QaCand pQ distributions in marine
systems via time-resolved luminescence imaging.efv measurement concept for time-
resolved mapping of the parameter combinations PkHgnd pCQ/pO, with luminescent
dual sensors is introduced. Application exampleplahar optodes for imaging of pH and
pH/pG; in natural marine sediments are shown and disdusse

Chapter 1 gives a short introduction into the ingnace of pH, pC@®and pQ in
marine biogeochemistry, followed by an overvieweristing sensors for the three parameters
in general and in particular of sensors typicallyed for studies in marine systems.
Furthermore, referencing methods for measurementis klwminescent optical chemical
sensors are described.

The measuring instruments applied in this work dgescribed in detail in Chapter 2.
Modifications made to the imaging set-up are prestand the newly build integrated light
source modules based on Lux&bn/ Star chip LEDs are characterised with respedhé
intensity and homogeneity of the excitation ligigld and the resulting irradiance at the
optode surface.

A set of novel luminescent pH sensor materials w&ittynamic range optimised to the
predominant pH range in marine systems (pH 7.2 9@ is presented in Chapter 3. They
are based on two new lipophilic carboxyfluoresadémivatives DHFA and DHFAE applied
as pH indicators and immobilised in a polyurethgype hydrogel matrix. Ratiometric dual
wavelength referencing is possible with DHFAE-camtey sensors and both indicators are
suitable for DLR measurements using polyacryldefterived nanoparticles incorporating
Ru(dpp} as reference standard. The sensors are charadtassto their stability and cross-
sensitivity towards IS and temperature. A DHFAEdsh®LR sensor foil is successfully
applied to visualise pH gradients and dynamicalcpenges during a 24 h day/night cycle in
a natural marine sediment sample via time-resaivedjing of pH.

In Chapter 4, a novel three-window measurementrseter time-resolved, internally
referenced imaging of pH and p@ith planar, dual optodes is introduced. The duddrid
membrane examined is composed of a single polyametiype hydrogel layer incorporating
DHFA as pH indicator and the Pt(PFPP) complex agen indicator. In principle, the three-

window scheme allows the detection of the pH sigsah dual signal dependent on pH and
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pO, and the p@ signal as a pure signal only dependent on. pOgenerally applicable
procedure to generate a two-dimensional functistaing the pH signal in dependence of
pH and pQ is introduced. Since the hybrid membrane conasgatd to an additional influence
of pH on the measured p@®ignal an iteration procedure is necessary tautatle the pH and
pO, values from the measured raw data of the duabsembe sensor stability and the IS and
temperature effect are investigated for the DHF@&'PPP) dual sensor. The working range of
the dual sensor (pH 7 - pH 9 and 0 - 400 hPg pi&ets the requirements for an application
in marine systems. It was used for the mappingtbfapd pQ in a marine sandy sediment
sample as a proof of principle.
In Chapter 5, a luminescent planar dual optodetHerintrinsically referenced mapping of
pCO, and pQ is described. Imaging measurements and their atraiu are performed
according to the method introduced in chapter 4aiAghe sensor chemistry for both analytes
(HPTS/TOA-OH as pC@sensing system and Ru(dpps oxygen indicator) is dissolved in a
single layer polymer matrix, which on one hand isfuthe long-term stability of the sensor
but on the other hand results in a high sensoigoecdue to the homogeneous distribution of
the indicators. Due to a second silicone layerplamar dual optode can be applied for the
detection of dissolved gases. The optimal workargge of the sensor is 0 - 10 hPa p@@d
0 - 250 hPa p® An iterative evaluation is necessary for the vecp of pCQ and pQfrom a
dual sensor measurement at p@rtial pressures near 0 hPa, however, atyp€R5 hPa this
interfering effect is negligible. The dynamic rargfehe pCQ-sensing part of the dual sensor
is suitable for the detection of most processemanne systems, which alter the p£sich as
aerobic or anaerobic respiration. However, its @ity is too low for the detection of pCO
changes during photosynthesis (0 - 0.6 hPafCO

In Chapter 6, the influence of the nature of thmophilic buffer substance on the
properties of solid state optical pg®ensors is investigated in order to increase ¢émsa
sensitivity. Although sensors incorporating thetrewrganic phosphazene base PBO are not
superior in respect of their sensitivity towards C results comparable to TOA-OH-
containing sensors are obtained. The fact that B&®s no fixed positive charge results in a

strong cross-sensitivity towards the RH of the yeadas.
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8. Abbreviations, Acronyms and Symbols

A Absorbance intensity

Aem Luminescence intensity integral (image) recordée ghe

excitation light pulse

Aex Luminescence intensity integral (image) recordedng the
excitation light pulse

ASW Artificial seawater

o Molar concentration

CCD Charge coupled device

CHFOE 2"-chloro-7"-hexylfluorescein octadecyl ester

CTA Hexadecyltrimethylammonium

D4 Polyurethane-based hydrogel

DHCF 5(6)-Carboxy-2",7 -dihexylfluorescein

DHFA 2°,7"-Dihexyl-5(6)-N-octadecyl-carboxamidofigscein
DHFAE 2,7 -Dihexyl-5(6)-N-octadecyl-carboxamidaditescein ethyl ester
DIC Dissolved inorganic carbon

DLR Dual lifetime referencing

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

DTMA Dodecyltrimethylammonium

EC49 Ethyl cellulose (49 % ethoxyl content)

P Phase shift

F Fluorescence intensity
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fd

fmod

HPTS

Ksv

LED

)\em.

)\EXC.

LIX

MFC
NMR
PAH
PBO
pCQ;
PHEMA
pixel
pKa
PMMA

PMT

PO,

Frequency domain

Modulation frequency

Activity coefficient of species x
8-Hydroxypyrene-1,3,6-trisulfonic acid sodigait
Luminescence intensity

lonic strength

Stern-Volmer constant

Wavelength

Light emitting diode

Wavelength of the emission maximum
Wavelength of the excitation maximum

Liquid ion-exchanger

mol/L

Mass flow controller

Magnetic nuclear resonance
Polycyclic aromatic hydrocarbons
Phosphazene baRgt-Oct

Carbon dioxide partial pressure
Poly(2-hydroxyethyl methacrylate)

(photosensitive) Picture elements

negative decadic logarithm of an acid dissamiatonstant

Poly(methyl methacrylate)
Photomultiplier tube

Oxygen partial pressure
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ppm
Pt(PFPP)
PTFE
PVC

QY

R

RET

RH

RLD
Ru(dpp}

Ru(phen)

SNAFL

SNARF

too

td
TOA
TRIS
TTL
uv
VIS

XB

Parts per million
Platinum(ll) meso-tetrakis-(pentafluoropteporphyrin
Polytetrafluoroethylene

Polyvinyl chloride

Quantum yield

Intensity integral (image) ratio

Resonance energy transfer

Relative humidity

Rapid lifetime determination

Ruthenium(ll) tris-(4,7-diphenyl-1,10-phenanthna)
Ruthenium(ll) tris-(1,10-phenanthroline)

Salinity

Seminaphthofluorescein

Seminaphthorhodafluor

Luminescence lifetime

Temperature

Response time (time required for a 90 % signahgha
Time domain
Tetraoctylammonium

Tris-(hydroxymethyl)aminomethane

Transistor-transistor logic

Ultraviolet
Visible spectrum

p-Xylenol blue
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11.1. Partial pressure - concentration conversiorable for carbon dioxide and oxygen

The concentrations of carbon dioxide and oxygenbeanalculated from the partial pressures
by means of Henry’s Law with the Henry constan{dO,)* = 2.85 * 10° mol L' hPa! and

11. Appendix

Ku(02)? = 1.24 * 10° mol L* hPa* (T = 25°C)

Henry's Law:

dioxide or oxygen, respectively:

c(X) =Ky (X) Dby

where g represents the concentration in mdi &nd x the partial pressure in hPa of carbon

pCO,[hPa] ¢(CO,) [umol LY | pO,[hPa] c(0,) [umol L]
0 0 0 0
1 28.46 5 6.22
2 56.93 10 12.44
3 85.39 20 24.87
4 113.85 30 37.31
5 142.32 40 49.74
6 170.78 50 62.18
8 227.71 100 124.35
10 284.63 150 186.53
12 341.56 200 248.70
14 398.48 300 373.06
16 455.41 400 497.41
18 512.34 500 621.76
20 569.26 600 746.11




CHAPTER 11 — Appendix

157

11.2. List of Suppliers

Company

Location

Homepage

Aldrich

Bruker BioSpin

Buchi

Cardiotech

Carl Roth

Coesfeld

Edmund Industrie Optik
Fluka

Frontier Scientific
Gilson

Goodfellow
Hamamatsu Photonics Deutschlal
Heraeus

Hitachi

Linde

Linos Photonics
Lumileds

Mallinckrodt Backer
Merck

MKS Instruments Deutschland
Nichia

PCO

PreSens

Radiometer Danmark
Research Systems
Schott

Scott Specialty Gases
Serva

SLM-Aminco

Taufkirchen, Germany
Rheinstetten, Germany
Flawil, Switzerland
Wilmington, MA, USA
Karlsruhe, Germany
Dortmund, Germany
Karlsruhe, Germany
Buchs, Switzerland
Carnforth, UK

Bad Camberg, Germany
Bad Nauheim, Germany

nd Herrsching, Ggrman
Hanau, Germany

Dusseldorf, Germany

Hollriegelskreuth, German

Minchen, Germany
San Jose, CA, USA
Deventer, Netherlands
Darmstadt, Germany
Munchen, Germany
Nurnberg, Germany
Kelheim, Germany
Regensburg, Germany
Bronshoj, Denmark
Boulder, CO, USA
Mainz, Germany
Breda, Netherlands
Heidelberg, Germany

Rochester, NY, USA

www.sigmaaldrich.com
www.brukerspin.de
www. buchi.com
www.cardiotech-inora
www.carl-roth.de
www.coesfeld.com
www.eddaptics.com
www.sigmaaldrich.com
www.frontierscom
www.gilson.com
www.goodfellow.com
sales.hamamatsu.com
www.heraeus.de
www.hitachi.de
y www.linde-gas.de
www.linos-phaterdom
www.lumileds.com
www.rbaker.com
www.merck.de
wwvkginst.com
www.nichia.com
www.pco.de
www.presens.de
www.radiomeker
www.ittvis.com
www.schott.com
www.sERttgm
www.serva.de

www.thermo.com
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Stanford Research Systems Sunnyvale, CA, USA wWhinksrs.com
Thermo Electron Bremen, Germany www.thermo.com
Wacker-Chemie Munchen, Germany www.wacker.com
WTW Weilheim, Germany WWW.Wtw.com

11.3. Source code examples of the VBA applicationsed for the evaluation of the dual

sensor measurements

11.3.1. Extraction of the image data matrix from tke IDL raw data file

Sub imagematrix()

Fork=1To 480 'number of image rowsckk of data
m=238 'begin column forage matrix
p=(k-1)*107 ‘auxiliary variablekips already read-out image rows
Fori=1To 27 ‘auxiliary variable:gotoon and number of data points per image row
S=p+i
Forn=1To6

Wert = Cells(s, n).Value
Cells(k, m) = Wert
m=m+1
Next n
Next i
Next k

Range("H1:FN480").Select
Selection.Copy
Sheets("Spalte 1-162").Select
Range("Al1").Select
ActiveSheet.Paste
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End Sub

11.3.2. Number of iteration steps required for theevaluation of the pH-pQ, dual sensor

measurements (Chapter 4.3.4.4)

Sub pH_pO2iteration_test()

'‘Parameters for the correction of the pO2 measureme
'‘Parameters: DeltatauO2

DtauB1 = Cells(4, 7).Value

DtauB2 = Cells(5, 7).Value

Dtauxo = Cells(6, 7).Value

Dtaudx = Cells(7, 7).Value

'‘Parameters: tauO2mean
tauO = Cells(9, 7).Value

f1 = Cells(10, 7).Value

Ksv = Cells(11, 7).Value
delta_t = Cells(13, 7).Value

'Parameters for the correction of the pH measurémen
'‘Parameters: C1

Cla = Cells(18, 7).Value

Clb = Cells(19, 7).Value

Clc = Cells(20, 7).Value

'‘Parameters: C2

C2a = Cells(22, 7).Value
C2b = Cells(23, 7).Value
C2c = Cells(24, 7).Value

'‘Parameters: pHmean
pHAL = Cells(26, 7).Value
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pHA2 = Cells(27, 7).Value
pHxo = Cells(28, 7).Value
pHdx = Cells(29, 7).Value

Forn=2To 26

RpH = Cells(n, 1).Value
RpO2 = Cells(n, 2).Value
i=5

'initial condition pH is set to 8.0
pH = Cells(n, 9).Value

DtaupO2 = ((DtauB1 - DtauB2) / (1 + Exp((pBtauxo) / Dtaudx))) + DtauB2
taupO2corr = (delta_t / Log(Rp0O2)) + DtaupO2

pO2 = (1/Ksv) * ((f1 / ((taupO2corr / taub¥1 - 1)) - 1)

Cells(n, 10).Value = pO2

Form=1To5
g=2*i+1
0=2%*]i
r=2*(@{+1)

Cl=Cla+ Clb*p0O2 + Clc * (pO2) " 2
C2 =C2a+ C2b *p0O2 + C2c * (pO2) " 2
RpHcorr = (RpH - C1) / C2

Test 1
Bugl = ((pHAL - pHA2) / (RpHcorr - pHA2))1-
If Bugl <=0 Then
MsgBox "Bugl”

GoTo NeueStartwerte
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End If

pH = pHxo + pHdx * Log(((pHAL - pHA2) / (RpHcor pHA2)) - 1)
Cells(n, g).Value = pH

DtaupO2 = ((DtauB1 - DtauB2) / (1 + Exp((pH tabxo) / Dtaudx))) + DtauB2
taupO2corr = (delta_t/ Log(Rp0O2)) + DtaupO2

pO2 = (1/Ksv) * ((f1 / ((taupO2corr / tauO¥*- 1)) - 1)

Cells(n, r).Value = pO2

I=i+1

Next m

NeueStartwerte:

Next n

End Sub

11.3.3. Evaluation of the pH-pQ dual sensor images of a natural sediment sample

(Chapter 4.3.5)
Sub pH_pO2image_iteration()

'‘Parameters for the correction of the pO2 measureme
'Parameters: DeltatauO2

DtauB1 = Cells(4, 125).Value

DtauB2 = Cells(5, 125).Value

Dtauxo = Cells(6, 125).Value

Dtaudx = Cells(7, 125).Value

'‘Parameters: tauO2mean
tauO = Cells(9, 125).Value
f1 = Cells(10, 125).Value
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Ksv = Cells(11, 125).Value
delta _t = Cells(13, 125).Value

'‘Parameters for the correction of the pH measurémen
'‘Parameters: C1

Cla = Cells(18, 125).Value

C1b = Cells(19, 125).Value

Clc = Cells(20, 125).Value

'‘Parameters: C2

C2a = Cells(22, 125).Value
C2b = Cells(23, 125).Value
C2c = Cells(24, 125).Value

'‘Parameters: pHmean

pHAL = Cells(26, 125).Value
pHA2 = Cells(27, 125).Value
pHxo = Cells(28, 125).Value
pHdx = Cells(29, 125).Value

Fork=1To 60
j=1+k
=62 +k
p=127 +k
0=189 +k

Forn=1To 90
RpH = Cells(n, j).Value
RpO2 = Cells(n, I).Value

m=0
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‘initial condition pH is set to 8.0
pH = Cells(n, 126).Value

DtaupO2 = ((DtauB1 - DtauB2) / (1 + Exp((pBtauxo) / Dtaudx))) + DtauB2
taupO2corr = (delta_t / Log(Rp0O2)) + DtaupO2

pO2 = (1/Ksv) * ((f1 / ((taupO2corr / taub¥1 - 1)) - 1)

Cells(n, 127).Value = pO2

Do
m=m+1
Cl=Cla+ Clb*pO2 + Clc * (pO2) " 2
C2=C2a+ C2b*p0O2 + C2c * (pO2) " 2
RpHcorr = (RpH - C1) / C2

Test 1

Bugl = ((pHAL - pHA2) / (RpHcorr - pHA2))1-
If Bugl <=0 Then

'‘MsgBox "Bugl"

Cells(n, p).Value =0

Cells(n, 0).Value =0

GoTo NeueStartwerte

End If

pH = pHxo + pHdx * Log(((pHAL - pHA2) / (Rfzorr - pHA2)) - 1)
Cells(n, p).Value = pH

DtaupO2 = ((DtauB1 - DtauB2) / (1 + Exp((pBtauxo) / Dtaudx))) + DtauB2
taupO2corr = (delta_t / Log(Rp0O2)) + DtaapO

pO2 = (1/Ksv) * ((f1 / ((taupO2corr / @ut f1 - 1)) - 1)

Cells(n, 0).Value = pO2

pO2diff = Cells(n, 127).Value - Cells(n,\6alue

Cells(n, 127).Value = pO2

If m> 120 Then
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MsgBox "infinite loop!"
Exit Sub
End If

Loop Until Abs(pO2diff) <= 0.05

NeueStartwerte:
Next n
Next k

End Sub

11.3.4. Number of iteration steps required for theevaluation of the pCQ-pO, dual
sensor measurements (Chapter 5.3.4)

Sub pCO2_pO2iteration_test()

'‘Parameters for the correction of the pO2 measureme
'‘Parameters: BO

BOa = Cells(4, 7).Value

BOb = Cells(5, 7).Value

BOc = Cells(6, 7).Value

'‘Parameters: B1

Bla = Cells(8, 7).Value
B1b = Cells(9, 7).Value
Blc = Cells(10, 7).Value

B2 = Cells(12, 7).Value

'‘Parameters for the correction of the pCO2 measemém

'Parameters: C1
Cla=Cells(17, 7).Value
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Clb = Cells(18, 7).Value
Clc = Cells(19, 7).Value

'‘Parameters: C2

C2a = Cells(21, 7).Value
C2b = Cells(22, 7).Value
C2c = Cells(23, 7).Value

alfa = Cells(25, 7).Value

'Start

Forn=2To 16

RpCO2 = Cells(n, 1).Value
RpO2 = Cells(n, 2).Value
i=5

pCO2 = Cells(n, 9).Value

BO = (BOa / (1 + BOb * pCO2)) + BOC

B1 =(Bla/ (1 + Blb * pCO2)) + Blc

pO2 = (-B1 + Sqgr((B1L " 2) - 4 * BO * B2 + 4Rp0O2 * B2)) / (2 * B2)
Cells(n, 10).Value = pO2

Form=1To5
g=2*i+1
0=2%*]i
r=2*(@{+1)

C1=Cla+ Clb*pO2 + Clc * (pO2) * 2
C2 = C2a+ C2b * pO2 + C2¢ * (pO2) / 2

Test 1
Bugl =RpCO2-C1
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If Bugl =0 Then
MsgBox "Bugl”

GoTo NeueStartwerte
End If

pCO2 = (1/alfa) * (C2/ (RpCO2 - C1))-1)
Cells(n, g).Value = pCO2

‘Test 2

Bug2 =1 + BOb * pCO2
If Bug2 = 0 Then
MsgBox "Bug2"

GoTo NeueStartwerte
End If

‘Test 3

Bug3 =1+ Bl1lb*pCO2
If Bug3 =0 Then
MsgBox "Bug3"

GoTo NeueStartwerte
End If

BO = (BOa/ (1 + BOb * pCO2)) + BOC
B1=(Bla/ (1 + Blb * pCO2)) + Bic

Test 4
Bugd=B1"2-4*B2*B0+4*Rp0O2*B2
If Bug4 < 0 Then

MsgBox "Bug4"

GoTo NeueStartwerte

End If

pO2 = (-B1 + Sqr((B1"2) - 4 * BO * B2 + 4 *g®2 * B2)) / (2 * B2)
Cells(n, r).Value = pO2
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i=i+1

Next m

NeueStartwerte:

Next n

End Sub
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