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Abstract 

 

Ammonia (NH3) is a participant in several important processes andapplications. In fact, one of 
the areas it plays the greatest role in is agriculture and its livestock management as it is used 
to fertilize soils by applying manure onto fields. This results in ammonia emission and it is 
considered the biggest source of NH3 in the atmosphere. But heavy ammonia emissions can 
have a negative effect on the environment and as a result harm the health of humans and 
animals too. Even though such emissions can occur on a large scale the driving forces take 
place in the chemical microenvironment and the biological processes within the soil.  
So far, no technique was utilized to elucidate the local activities and spatial heterogeneity of 
the soil air interphase concerning the parameter ammonia.  
In this regard, a novel optical ammonia sensor able to measure within the ppm concentration 
range was developed, characterized and applied in this thesis.  
The specifically designed ammonia optode is based on the deprotonation of a pH sensitive 
fluorophore immersed in a polymer matrix, coupled with a reference dye to enable ratiometric 
imaging, and protected against protons and ions by covering the sensor layer with a proton 
impermeable membrane. This way ammonia can diffuse through this protective layer to then 
deprotonate the pH indicator dye and induce a change in fluorescence emission, generating a 
signal. The NH3 optode shows fast response times, full reversibility, a detection limit of 2.11 
ppm and a broad dynamic range of up to 1800 ppm and is well suited for NH3 volatilization 
studies.  
The application of this newly developed optical sensor combined with two other optical 
sensors for pH and O2 were used to monitor the NH3 emission from a soil surface upon 
manure addition. This combined and ratiometric imaging approach enables simultaneous 
measurements in real time and a spatial resolution of <100 µm. As these parameters are 
interconnected with each other and within the microenvironment influencing ammonia 
emission, two-dimensional imaging and visualization of such allows to enhance the 
understanding on a microscale. Therefore, NH3 dynamics can be investigated on a more 
detailed scale and this new sensor is able to emerge as an indispensable tool for further 
environmental studies regarding ammonia.  
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Kurzfassung 

Ammoniak (NH3) ist an mehreren wichtigen Prozessen und Anwendungen auf dieser Erde 
beteiligt. Einer der Bereiche, in denen es die größte Rolle spielt, ist die Landwirtschaft und 
ihre Viehhaltung, da es zur Düngung der Böden durch Aufbringen von Gülle verwendet wird. 
Dies führt zu Ammoniakemissionen und ist die größte Quelle von Ammoniak in der 
Atmosphäre, was sich sowohl negativ auf die Umwelt als auch auf die Gesundheit von 
Mensch und Tier auswirkt. Obwohl solche Emissionen in großem Umfang auftreten können, 
finden die treibenden Kräfte in der chemischen Mikroumgebung und den biologischen 
Prozessen im Boden statt.  
Bislang wurde keine Technik eingesetzt, um die lokalen Aktivitäten und die räumliche 
Heterogenität der Grenzflächen von Boden und der darüber liegenden Luft bezüglich des 
Parameters Ammoniak zu veranschaulichen.  
In diesem Zusammenhang wurde ein neuartiger optischer Ammoniaksensor entwickelt, der in 
der Lage ist, im ppm-Konzentrationsbereich zu messen, charakterisiert und in dieser Arbeit 
angewendet. Die speziell entwickelte Ammoniak-Optode basiert auf der Deprotonierung eines 
pH-sensitiven Fluorophors, das gemeinsam mit einem Referenzfarbstoff in eine 
Polymermatrix eingebettet ist, um die ratiometrische 
Ansatz zu ermöglichen. Die Sensorchemie ist gegen Protonen und Ionen geschützt, indem die 
Sensorschicht mit einer protonenundurchlässigen Membran bedeckt ist. Auf diese Weise kann 
Ammoniak durch diese Schutzschicht diffundieren, um dann den pH-Indikator zu 
deprotonieren und eine Änderung der Fluoreszenzemission zu induzieren, wodurch ein Signal 
erzeugt wird. Die NH3-Optode zeigt schnelle Ansprechzeiten, volle Reversibilität, eine 
Nachweisgrenze von 2,11 ppm und einen breiten dynamischen Bereich von bis zu 1800 ppm 
und eignet sich daher gut für NH3-Emissionsstudien.  
Die Anwendung dieses neu entwickelten optischen Sensors in Kombination mit den beiden 
anderen optischen Sensoren, pH und O2, wurde zur Überwachung der NH3-Emission von 
einer Bodenoberfläche nach der Zugabe von Gülle verwendet. Dieser kombinierte und 
ratiometrische Imaging-Ansatz ermöglicht simultane Messungen in Echtzeit und eine 
räumliche Auflösung von <100 µm. Da diese Parameter miteinander verbunden sind und 
innerhalb der Mikroumgebung die Ammoniakemission beeinflussen, ermöglicht die 
zweidimensionale Abbildung und Visualisierung solcher Parameter ein besseres Verständnis 
im Mikromaßstab. Daher kann die NH3-Dynamik auf einer detaillierteren Skala untersucht 
werden, und dieser neue Sensor kann sich als unverzichtbares Hilfsmittel für weitere 
Umweltstudien in Bezug auf Ammoniak erweisen.  
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I. Introduction 

1. Biological Relevance and Environmental Impact of Ammonia 

 

This section is based on the according literature 1-2 and other sources will be cited 

independently. 

 

The element nitrogen is an indispensable element on earth as it makes up 80% of the 

atmosphere and is crucial for life on our planet. There are several forms of N with one of them 

being NH3: a colourless, obtrusively smelling gas. Ammonia and its protonated counterpart 

ammonium (𝑁𝐻 ) alternate dependant on the pH (pKa 9.24) within an aqueous environment. 

In order to gather information about the amount of nitrogen resulting from either of the two 

forms the sum of NH3 and 𝑁𝐻 is used and describes the total ammonia nitrogen (TAN). 

Ammonia together with nitrate (𝑁𝑂 ) and nitrogen gas (N2) make up the majority of nitrogen 

accessible to the environment. There are different types of microorganisms like bacteria and 

archaea involved in the processes for the incorporation or transformation of nitrogen and the 

various forms of the element in nature. Moreover, the compound that can be utilized by all 

prokaryotes as nitrogen source is NH3, some can use 𝑁𝑂 and only a few can draw from N2 

via nitrogen fixation. Nitrogen fixation results in ammonia and this is only one of several 

pathways within the nitrogen cycle in which NH3 plays a key role. The nitrogen cycle with the 

respective pathways is illustrated in Figure 1. 

 



 

Figure 1: Nitrogen cycle, in which oxidation reactions are 
reductions by the red arrows. The reactions without redox change are
stands for dissimilative reduction to ammonia.

 

 

Nitrogen cycle 

Other reactions in addition to nitrogen fixation are nitrification, anammox, denitrification, 

dissimilative reduction of nitrate to ammonia (DRNA), ammonification and the 

of N compounds by plants (Figure 

(𝑁𝑂 ) conducted by nitrifying bacteria consuming O

of bacteria 𝑁𝑂  is oxidized to 

under anoxic circumstances resulting in N

occurring under anoxic conditions

happen, either denitrification forming the gaseous N end products 

dissimilative process in which nitrite is further reduced to ammonia. Furthermore, the 

breakdown of N containing organic matter

ammonification, in which microorganisms produce NH

 

Environmental impact of ammonia

Although ammonia already naturally participates in a number of microbiological processes 

within soils and other biological systems anthropogenic distribution of the compound 

additionally intervenes within the nitrogen cycle.

ammonium (𝑁𝐻 ) have to soils and plants. 
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Nitrogen cycle, in which oxidation reactions are illustrated by the 
reductions by the red arrows. The reactions without redox change are shown in grey. DRNA 
stands for dissimilative reduction to ammonia. 

Other reactions in addition to nitrogen fixation are nitrification, anammox, denitrification, 

dissimilative reduction of nitrate to ammonia (DRNA), ammonification and the 

Figure 1). Nitrification is the aerobic oxidation of NH

conducted by nitrifying bacteria consuming O2 and then via a different specific group 

is oxidized to 𝑁𝑂 . In contrast, anammox is the oxidation of NH

under anoxic circumstances resulting in N2. Then there is the reduction of nitrate, also 

occurring under anoxic conditions, leading to 𝑁𝑂 . From there two processes are possible to 

happen, either denitrification forming the gaseous N end products N2

dissimilative process in which nitrite is further reduced to ammonia. Furthermore, the 

ing organic matter, hence, proteins or nucleotides is called 

ammonification, in which microorganisms produce NH3.  

Environmental impact of ammonia 

Although ammonia already naturally participates in a number of microbiological processes 

other biological systems anthropogenic distribution of the compound 

additionally intervenes within the nitrogen cycle.3 This is due to the importance ammonia and 

have to soils and plants. In addition to the supply via ammonification and 

 

 

the green arrows and 
shown in grey. DRNA 

Other reactions in addition to nitrogen fixation are nitrification, anammox, denitrification, 

dissimilative reduction of nitrate to ammonia (DRNA), ammonification and the assimilation 

. Nitrification is the aerobic oxidation of NH3 to nitrite 

en via a different specific group 

In contrast, anammox is the oxidation of NH3 with nitrite 

. Then there is the reduction of nitrate, also 

. From there two processes are possible to 

2O, NO, N2 or the 

dissimilative process in which nitrite is further reduced to ammonia. Furthermore, the 

, hence, proteins or nucleotides is called 

Although ammonia already naturally participates in a number of microbiological processes 

other biological systems anthropogenic distribution of the compound 

This is due to the importance ammonia and 

via ammonification and 



Introduction 
 

3 
 

nitrification these compounds are added in form of manure or synthetic fertilizers to 

agricultural fields to enhance crop yields. Upon manure addition one of the processes 

occurring is ammonification, through which organic nitrogen compounds such as urea are 

metabolically disintegrated to form NH3 and 𝑁𝐻 . These ammonia and ammonium releases 

are then reused and transformed into amino acids by microorganisms and plants. Hence, 

ammonia concentrations are depleted or increased via the various processes within the 

nitrogen cycle but also by agricultural actions. Also, the influence of other parameters needs 

to be considered, such as pH, which plays a dominant role in the ruling over what form of 

NH3 or 𝑁𝐻  is apparent and can lead to volatilization of ammonia at high pH values.4 

Oxygen shows a great influence too as the pathways within the microenvironments do depend 

on the availability of oxygen and the following anoxic or oxic conditions.5 

 

Even though it is widely used and indispensable ammonia can have a detrimental impact on 

the environment. For example, it displays toxicity towards different organisms including fish, 

other marine species as well as towards human health.6,7 For fish merely the concentration of 

ammonia starting at 25 ppb is enough in order to be harmful. When it comes to human health 

the gas-to-particle transformation between NH3 and acid gases in the atmosphere leading to 

small particles polluting the air provokes health impacting exposures.8 

Some of the main contributors to ammonia emission into the atmosphere are agricultural 

activity and its handling of livestock manure. In addition, this entails the release of other gases 

(e.g. N2O and NO), the deterioration of ozone (O3), acidification of soils and the facilitation of 

algal growth. A leading role within these negative effects plays nitrification. Nitrification 

describes a stepwise oxidation of NH3 resulting in nitrate, which further impacts plant 

agriculture. Even though nitrate is also gladly assimilated by plants, redundant quantities of 

the highly water-soluble compound can leach into water bodies causing eutrophication and 

subsequently harming marine organisms. This mainly happens when the soil becomes 

waterlogged or an excess of fertilizer was applied. In a next step the abundance of nitrate 

paired with a lack of oxygen enables denitrification removing fixed nitrogen as well as 

producing nitrous oxide (N2O) and nitric oxide (NO) amongst other gaseous N products. N2O 

is a greenhouse gas and is about 300 times more impactful on global warming than CO2. 

Furthermore, N2O can be converted to NO within the atmosphere and NO can decompose O3 

via reacting with it forming nitrite, which renters into the environment as nitric acid in acid 

rain.  
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Even though agriculture is considered the main contributor to the worldwide ammonia in the 

atmosphere, with 30 Tg N year-1 from a total release of 40 Tg N year-1, there are some others 

too.3 Ammonia is emitted from and cycled within oceans, seas and their sediments as well as 

from biomass burning. In addition, more NH3 enters the environment via human activities 

such as fossil fuel combustion, resulting from motor vehicles, and the chemical industry. The 

latter supplying both: fertilizer production and refrigerator systems. 

 

Application areas of ammonia detection 

These sources of ammonia also constitute the areas in which monitoring of the levels of this 

compound are required in both gas phase and aqueous environments. In addition to 

environmental, automotive and chemical industry measurement applications in medicine are 

of high interest. Due to the differences in ammonia distribution within these sectors, the levels 

of ammonia that need to be detected vary accordingly, ranging from sub-ppb levels up to high 

concentrations within the range of ppm. These areas and some of the concentration levels in 

pursuit are discussed below.  

 

Environment 

Ammonia levels in the air rise noticeably close to farming regions and stables. The amount of 

manure used as fertilizer as well as the applied technique impact these levels too. In general, 

if ammonia concentrations exceed certain limits it can affect human and animal health but as 

already discussedalso the environment in several ways. Hence, in this case gas phase 

measurements are conducted by using various sensors. These need to be able to measure in 

the ppm range as ammonia levels can reach up to 25 ppm in stables and 200 ppm when 

ammonia is released from soils.9,10 Monitoring of low ammonia concentrations in the ppb 

range within aqueous surroundings are used in the area of fish farming due to the lethal effect 

NH3 can have on this species.  

 

Automotive Industry 

Atmospheric pollution from ammonia needs to be monitored because of the following 

reasons. Due to ammonia exhaust, air pollution via particulate matter is increased especially 

close to and around cities, with levels rising up to 20-30 ppb.11The detection of air quality 

concerning ammonia is crucial for enclosed areas. For example, it is important to ensure good 

air quality inside a car as air conditioning uses fresh air from outside. But as soon as air 

quality suffers from agricultural sites, fires or other sources of ammonia the uptake of polluted 
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air should be hindered by switching the air inlet valve. Furthermore, exhaust systems and their 

gases need to be controlled as ammonia or urea are injected in order to reduce NOx within 

diesel engines. This is called the selective catalytic reduction (SCR) of NOx with NH3. The 

addition of too much NH3 needs to be avoided otherwise emission further worsens the air 

pollution. In this regard levels from 1-100 ppm can be detected.12 

 

Chemical Industry 

The production of explosives, in which nitric acid is a main constituent, needed a cheap 

source of nitrogen. This was assured with the ammonia production via the Haber-Bosch 

process, which became the main technique. However, these days the main implementation of 

the produced ammonia is within fertilizers, chemical production, pharmaceutical production 

and refrigeration systems. In all of these fields nearly pure ammonia is utilized, thus, it is 

necessary to have certain safety measures implemented as a sudden surge in ammonia can put 

worker’s health into danger. As the exceedance of the established workspace long-term 

maximum of 20 ppm is to be avoided. A sensor with the possibility to measure levels in the 

range of this value is desirable. 

 

Biomedical applications 

The possibility to tackle certain diseases through detecting elevated concentrations of 

ammonia in the breath is one of many operational areas within medicine. Diseases that 

showcase higher levels of NH3 are asthma, infections via bacteria within the lungs and the 

stomach and chronic kidney disorder.13,14 Ammonia levels of healthy humans normally are 

within 30-1800 ppb but can rise to 1-15 ppm when a chronic kidney diseases is displayed.13,15 

For this particular application of human breatha bioelectronic ammonia sensor using protein 

nanowires that operates in a range of 10 to 106 ppb has recently been developed, which can be 

used  in industrial or environmental settings too.14 Additionally, ammonia concentration 

within the blood are of relevance in sports medicine. Where expired ammonia that 

transitioned from the blood to the lungs upon exercise can amount to 0.1 to 10 ppm.16 
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2. Solute Imaging 

 

This section is based on literature 17-18 and other sources will be cited accordingly. 

 

The diverse concentration levels discussed originating or in need of observation from the 

mentioned areas demand for different ammonia sensors. Some of the most common ammonia 

detectors are detectors based on amperometric read out, spectrophotometric sensors, 

potentiometric ion selective electrodes (ISEs), etc. and are described in more detail in section 

3 together with the basics of chemical sensors. Even though, these are widely used methods 

and made it possible to gather important information they do come with certain drawbacks 

such as the need of sample pretreatment, a diminished stability or the consumption of analyte 

or reagents. Furthermore, as it is described above the chemical microenvironment in terrestrial 

systems, sediments and wetlands together with emissions from soils, which employ ammonia 

but other solutes as well, are of analytical interest. So far, ammonia gas phase assessments 

were conducted with the disadvantage of only offering bulk analysis. This way no information 

about the soil/air interface of ammonia can be obtained. Especially high spatial and temporal 

resolution of NH3 in soils can be of great help to gain better knowledge about the 

biogeochemical processes. Spatial and temporal monitoring in heterogeneous sediments and 

soils of solutes such as O2, pH, H2S and others were performed using microsensors19, 

diffusive equilibration in thin films (DET)20 and diffusive gradients in thin films (DGT)21,22. 

Microsensors are very fragile and only provide one-dimensional measurements.21 Even 

though DET and DGT can resolve 1D profiles as well as 2D concentration images they are 

complex in their handling and analysis processes, thus, time consuming.18 Therefore, in 

regard to the disadvantages of the previous methods, the planar optode technique is the 

answer to these shortcomings due to its ability of high spatial and time resolution, fine scale, 

non-invasive, two-dimensional, real time and reversible analyte imaging. Principles of optical 

sensors are again discussed in more detail in section 4.  

Moreover, a goodnumber of O2
23 and pH 24  planar optodes has been employed thus far, 

especially within soils and sediments concerning biogeochemical processes. Though in a 

lesser degree, planar optodes for other analytes, for example H2S in sediment25 and 𝑁𝐻  upon 

manure amendment in soil26 have also been implemented. There has also been simultaneous 

monitoring of several parameters. This is possible via composite planar optodes for which the 

combination of O2 and pH is one of many examples.27 Another possibility to measure multiple 
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analytes at the same time is the pairing of the sensing layer of a planar optode with a DGT 

binding gel. Here, imaging of trace metals together with either pH or O2 was enabled.28,29 

These arrangements showed that it is of great importance to concurrently measure the spatial 

distribution of several solutes in order to understand the chemical microenvironment.  

Hence, the already discussed role of oxygen and pH played within marine and terrestrial 

systems and the impact these two have on the processes within the nitrogen cycle led to the 

idea of simultaneous spatial as well as temporal quantification of O2 and pH along with 

ammonia.  

 

 

3. Chemical Sensors 

3.1. What is a chemical sensor? 

 

This section elucidates the principle of chemical sensors, which is premised on references30–33 

and others will be cited independently.  

The term chemical sensor describes a self-reliantdevice, which is small in its size and gathers 

information about one or several chemical species. In other words, as it was stated by IUPAC 

in 1991:“A chemical sensor is a device that transforms chemical information, ranging from 

the concentration of a specific sample component to total composition analysis, into an 

analytically useful signal. The chemical information, mentioned above, may originate from a 

chemical reaction of the analyte or from a physical property of the system investigated.“34 

The principle of such sensor is that it holds a recognition element, a transduction element as 

well as a signal processor that can steadily monitor a chemical concentration. In addition to 

that, more requirements for sensors are reversibility, robustness, cost effectiveness, selectivity 

for the investigated chemical speciesand sensitivity in a broad dynamic and relevant range. 

Also, fast response times must be given together with an easily understandable calibration 

approach as well as simple handling of the sensor. The already mentioned recognition 

element, also called receptor, interacts with components of the sample towards which affinity 

is displayed. This interplay of receptor and analyte can lead to alterations of physical or 

chemical characteristics of the recognition element. The transduction element, or transducer, 

translates the physiochemical variations produced by the receptor into a measurable electrical 

signal such as voltage or current. 
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The classification of chemical sensors follows a variation of principles. One of those 

principles relies on the operating principle of the transducer, others are the mode of 

application (in vitro/vivo), the analysed species, form of stimulus (e.g. magnetic, optical, 

electric, etc.) or the method utilized for monitoring the effect. More frequently used is the 

transducer principle in order to classify chemical sensors, again defined by IUPAC 34:  

 

Optical sensors display an alteration of optical phenomena upon interaction between the 

analyte and the receptor. The different optical properties involved are absorbance, reflectance, 

fluorescence, luminescence, reflective index, optothermal effect and light scattering. 

 

Electrochemical sensors convert the outcome of the electrochemical analyte-electrode 

interaction into suitable signal. This comprises voltammetric, potentiometric, field-effect 

transistor based sensors that are chemically sensitized as well as potentiometric solid 

electrolyte gas sensors. 

 

Electrical sensors show signals due to changes of electrical properties initiated by the 

interaction of the analyte with no electrochemical processes occurring. Examples for such are 

different semiconductor sensors, electrolytic conductivity as well as electric permittivity 

sensors.  

 

Mass sensitive sensors are premised on the mass change at a specially altered surface due to 

accumulation of analyte. These make up piezoelectric and surface acoustic wave sensors.  

 

Magnetic sensors gather the signal when alterations of paramagnetic properties of a gas 

sample take place (e.g. oxygen).  

 

Thermometric sensors rely on measuring heat effects of chemical reactions or adsorption 

comprising the analyte.  

 

Sensors based on other physical properties are premised on for example nuclear radiation if 

utilized for the identification of chemical composition.  
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3.2. Different methods used for ammonia 

 

The following section is based on previous literature2, which is complemented by other 

references that will be cited accordingly.  

 

Metal-Oxide Gas Sensors function according to the adsorption and interaction of gas 

molecules at the metal-oxide surface, which is the sensing layer, and result in a change of 

conductance. The majority of such sensors consists of SnO2 but since they lack in selectivity 

towards one specific gas, the use of other metals or additives demonstrating a higher 

selectivity towards NH3 were sought for.35 An example for thatis WO3, and in combination 

with additives such as Au and MoO3 even a minimum of 1 ppm as detection limit was 

realized.36 The detection limits in general vary from 1 to 1000 ppm in that kind of sensors. 

Their main utilization is within combustion gas detectors or gas alarm systems in order to be 

informed about an ammonia loss within refrigeration systems.37,38 

 

Catalytic Ammonia Sensors involve catalytic metals and their alteration of the charge carrier 

concentration upon concentration change of the analysed gas. The determination of such 

charge carriers’ changes can be monitored with a field effect device, such as a capacitor or 

transistor.39Furthermore, the combination of this interplay between gas and a catalytic metal 

with a solid-state ion conducting material results in a chemical cell in which the 

potentiometric change towards varying gas concentrations is measured.40 

 

Ion selective electrodes are another example for potentiometric sensing. In this system an 

electrochemical cell makes up two half cells. The principle of this is the determination of the 

potential difference between the ion selective electrode and a reference electrode upon NH4
+is 

selectively bound by an ionophore within a membrane and the thereby introduced 

concentration change.41These sensors are simple in handling, are cheap and mainly used in 

freshwater but also suffer in reduced stabilities.42 

 

Conducting Polymer Gas Detectors gather the change of the polymer conductivity 

dependant on amperometric read out. The conductivity is altered when the polymer interacts 

with gaseous ammonia. An example for such polymer is polypyrrole and since one of the 

reactions between the polymer and ammonia is irreversible the sensitivity of this sensor 
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decreases continuously.43,44Another polymer for this set up is polyaniline with which a 

detection limit of about 1 ppm is possible.45 

 

Spectrophotometric Ammonia Analysers are one of the main optical principle methods to 

sense ammonia, in which the coloration of the analyte takes place. The detection of dissolved 

ammonia can be conducted following various coloration reactions. One of these is the so 

called Nessler reaction, which can be used in flow injection analysis.46 The reagent of this 

comprises dipotassium tetraiodomercurate(II) in a dilute alkaline solution, e.g. sodium 

hydroxide. However, this reagent displays one main drawback being the toxicity of such. An 

additional coloration process used to elucidate the ammonia concentration is the Berthelot 

reaction.47,48The sensing is based on a resulting blue coloration upon mixing ammonia, phenol 

and hypochlorite.47The biggest disadvantage of this method is the slow kinetics it shows, 

which can be improved by incorporating this reaction within a microfluidic device.48 

 

Optical sensors make up the other part taking advantage of optical principles in order to 

detect ammonia. This method uses light from different sources, which interacts with the 

sensor layer. Upon alterations of optical characteristics due to the interaction with ammonia 

the light then arriving at the detector shows a changed spectrum. One of the sensors 

comprised within this subcategory are optical absorption ammonia detectors but also other 

optical characteristics such as fluorescence can be utilized. The principle of such fluorescent 

optical sensorsis described in detail within the next section (section 4). As the majority of 

optical sensors detect NH3 via the deprotonation of a pH sensitive fluorescent dye, which can 

take place upon the diffusion of ammonia through a gas permeable membrane. 

 

4. Optical Sensors based on Fluorescence 

 

This section is based on the literature32,49–52and other references used will be cited 

accordingly.  

 

In general, the importance of fluorescence sensing methods is given due to thestrong 

application demands within analytical chemistry, the environment, medicine and others. 

Moreover, the possibility of identifying a great variety of analytes along with other qualities 

they offer, like their temporal and spatial resolution, sensitivity, selectivity and response 

times, make them a great alternative to other detectors. Some of the detectable analytesare 
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cations (H+, Na+, K+, Ca2+, NH4
+), anions (halide ions, citrates, phosphates), gases (O2, CO2, 

NH3) and neutral molecules (sugars). On top of that they can be used asfibre optic chemical 

sensors (FCOS), enabling sensing in inaccessible locations, but also two-dimensional imaging 

as planar waveguide-based chemical sensors (PWCS) is possible, offering observations of e.g. 

microenvironments.  

However, fluorescent molecular sensors consist of a fluorophore, which can be a small 

molecule (fluorescent indicator dye). The fluorophore takes up the role of the signal 

transducer as it indicates the presence of an analyte by altering its photophysical properties. 

These alterations are the optical signal that can further be interpreted as information about the 

analyte concentration present. Other components are the polymer matrix, within which the 

fluorophore (indicator dye) is immobilized, the solid support material onto which the polymer 

containing the indicator dye is deposited as well as possible membranes (e.g. able to exclude 

protons) or optical insulation layers, the light source to excite the fluorophore and the light 

detector coupled with the electronics to elucidate the signal. Only then when all components 

are taken into consideration it is feasible to talk about an optical sensor. 

For fluorescent molecular sensors three classes can be identified and these are illustrated in 

Figure 2 as well: 

 

 The 1st class comprises fluorophores that experience quenching after colliding with the 

analyte. This is used in measuring O2 for example, or ions such as Cl-.  

 In the 2nd class fluorophores are able to bind an analyte, but reversibly. An example 

for such is the fluorescent pH indicator when the analyte is a proton. If the analyte is 

an ion though, they are called fluorescent chelating agent. Moreover, further 

distinction is possible via the enhancement of the fluorescence upon binding (CEF: 

Chelation/Complexation Enhancement of Fluorescence) or when the fluorescence is 

quenched (CEQ: Chelation/Complexation Enhancement of Quenching).  

 In the 3rd class fluorescent molecular sensors depend on an additional feature in order 

to generate a signal. This feature is a receptor, which recognizes the specific analyte. 

The signal transduction is conducted or in other words the change in photophysical 

characteristics of the fluorophoreare quenched or enhanced if the receptor interacts 

with e.g. an ion, in that case an ionophore is involved and linked to the fluorophore. 

The whole molecular sensor is then characterized as fluoroionophore.  

 



 

Figure 2: The three classes of fluorescent molecular sensors, where class 1 comprises 
fluorophores that undergo qu
can reversibly bind the analyte and class 3 fluorophores are linked to a receptor either in a 
spaced or in an integrated manner. 
Fluorescence. CEQ: Chelation/Complexation Enhancement of Quenching
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The three classes of fluorescent molecular sensors, where class 1 comprises 
fluorophores that undergo quenching upon colliding with the analyte. Class 2 fluorophores 
can reversibly bind the analyte and class 3 fluorophores are linked to a receptor either in a 
spaced or in an integrated manner. CEF: Chelation/Complexation Enhancement of 

lation/Complexation Enhancement of Quenching. 

 

 

The three classes of fluorescent molecular sensors, where class 1 comprises 
enching upon colliding with the analyte. Class 2 fluorophores 

can reversibly bind the analyte and class 3 fluorophores are linked to a receptor either in a 
CEF: Chelation/Complexation Enhancement of 
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4.1. pH Optical Sensors 

 

Fluorescence based optical pH sensors can be assigned to the already discussed class 2 

sensors within the previous section4. The principle of this method relies on the interaction of 

the indicator dye with protons and the then varying concentration of acidic and basic forms of 

this indicator, which can optically be detected. The relationship between the protonated 

(acidic) and deprotonated (basic) form can be outlined with the help of the Henderson-

Hasselbalch (equation 4.1.1). In addition, the equation shows the importance the pKa has for 

the sensitivity of a pH indicator as it is highest at pH = pKa. This way sensors employing a pH 

indicator are restricted to the pKa and the possible pH range due to the limitation of pH = 

pKa±2.  

 

𝒑𝑯 =  𝒑𝑲𝒂 + 𝐥𝐨𝐠
𝑨

𝑯𝑨
                                                                    (𝟒. 𝟏. 𝟏) 

 

The changes in fluorescence induced by different pH values can depend on the following 

processes that occur and upon which three classes are established: 

 

 Class A: Fluorophores experiencing a photoinduced proton transfer and only 

showcasing changes in the excitation spectrum but the fluorescence spectrum 

remaining unchanged. This is due to the lower pK (higher acidity) of such 

fluorophores when in the excited state compared to when in the ground state. Thus, 

emission is mainly displayed by the basic form as the protonated form follows 

immediate excited-state deprotonation.  

 Class B: Fluorophores not experiencing either of the possible processes (photoinduced 

proton transfer or photoinduced electron transfer) and the course of both the 

absorption and the fluorescence spectra against the pH should resemble one another. 

This is taking place in the form of a decline in acidic absorption and emission bands 

with rising pH together with an increase of the absorption and emission bands of the 

basic part.  

 Class C: Fluorophores experiencing a photoinduced electron transfer, where the 

fluorescence is being quenched due to the electron transfer when the fluorophore is 

deprotonated. In contrast, the fluorescence is increased when the fluorophore is 

protonated as this condition hinders electron transfer.  

 



 

 

However, it is important to note that optical pH sensors are influenced by some parameters 

with the most important ones being temperature and ionic strength.

 

Also, the signals obtained from fluorescence can fluctuate 

the indicator concentration that can cause an inner filter effect

indicator, irregular excitation light, the sensitivity of the instruments, aggregation and some 

others. The desired signal can become inert to these

concentration independent, by 

possibilities is already feasible without the need of any additional components this is the first 

one to be mentioned.  

 

Ratiometric referencing can be conducted 

two spectrally separated wavelengths. 

which can be used for examining the referenced changes in intensity. Since there do exist 

fluorophores able to display two emission bands 

(Class B fluorophores) these are well suited for the ratiometric referencing approach

3). On the other hand, fluorophores without the ability of emitting at two wavelengths but 

only at a single one need a supplementary fluorophore (reference fluorophore) that preferably 

is excitable at the same wavelength but shows a distinguishable emission band compared to 

the sensitive fluorophore (Figure 

analyte insensitive in order to be considered. 

 

Figure 3: Example of a pH sensitive fluorophore (Class B) changing its 
deprotonation, showcasing a hypsochromic shift, and suited for self
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However, it is important to note that optical pH sensors are influenced by some parameters 

being temperature and ionic strength. 

he signals obtained from fluorescence can fluctuate due topossible drawbacks such as 

that can cause an inner filter effect, leaching and bleaching of the 

excitation light, the sensitivity of the instruments, aggregation and some 

others. The desired signal can become inert to these interferingeffects, which are 

by implementing various referencing methods. 

feasible without the need of any additional components this is the first 

can be conducted by measuring the excitation or emission bands

separated wavelengths. The result of this is a referenced parameter called 

which can be used for examining the referenced changes in intensity. Since there do exist 

fluorophores able to display two emission bands induced by protonation or deprotonation

es) these are well suited for the ratiometric referencing approach

. On the other hand, fluorophores without the ability of emitting at two wavelengths but 

y at a single one need a supplementary fluorophore (reference fluorophore) that preferably 

is excitable at the same wavelength but shows a distinguishable emission band compared to 

Figure 4, left). Furthermore, the reference fluorophore has to be 

analyte insensitive in order to be considered.  

 

Example of a pH sensitive fluorophore (Class B) changing its emission bands upon 
deprotonation, showcasing a hypsochromic shift, and suited for self-

 

However, it is important to note that optical pH sensors are influenced by some parameters 

possible drawbacks such as 

, leaching and bleaching of the 

excitation light, the sensitivity of the instruments, aggregation and some 

interferingeffects, which are analyte 

various referencing methods. Since one of the 

feasible without the need of any additional components this is the first 

excitation or emission bands at 

referenced parameter called ratio, 

which can be used for examining the referenced changes in intensity. Since there do exist 

protonation or deprotonation 

es) these are well suited for the ratiometric referencing approach (Figure 

. On the other hand, fluorophores without the ability of emitting at two wavelengths but 

y at a single one need a supplementary fluorophore (reference fluorophore) that preferably 

is excitable at the same wavelength but shows a distinguishable emission band compared to 

Furthermore, the reference fluorophore has to be 

emission bands upon 
-referencing. 



 

 

 

An additional method to reference the fluorescence intensities of indicator dyes is the 

lifetime referencing (DLR)

parameter called the decay time

intrinsically referenced and do not suffer 

this approach utilizes a sensitive indicator dye paired with an analyte insensitive fluorophore. 

Since the pH sensitive dyes display rather 

dye is expected to offer longer decay times (micro

simplification purposes. A ratio is

however, this is then transformed into a phase shift resulting from the deviating decay ti

of the used fluorophores. Moreover, there are two domains that can be used to assess the ratio, 

either a time or a frequency domain. 

 

Figure 4:Illustration of two
referencing in the frequency domain (right).
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An additional method to reference the fluorescence intensities of indicator dyes is the 

lifetime referencing (DLR) (Figure 4, right). In this method a different fluorescence 

parameter called the decay time is employed. The decay time together with anisotropy are 

intrinsically referenced and do not suffer from instabilities of the fluorescence intensity. 

this approach utilizes a sensitive indicator dye paired with an analyte insensitive fluorophore. 

Since the pH sensitive dyes display rather short decay times (nanosecond range) the reference 

offer longer decay times (micro- or millisecond range) 

A ratio is generated here as well from the luminescence 

however, this is then transformed into a phase shift resulting from the deviating decay ti

Moreover, there are two domains that can be used to assess the ratio, 

either a time or a frequency domain.  

Illustration of two-wavelength ratiometric referencing (left) and dual
referencing in the frequency domain (right). 

 

 

An additional method to reference the fluorescence intensities of indicator dyes is the dual 

his method a different fluorescence 

. The decay time together with anisotropy are 

fluorescence intensity. Also, 

this approach utilizes a sensitive indicator dye paired with an analyte insensitive fluorophore. 

decay times (nanosecond range) the reference 

or millisecond range) for measurement 

from the luminescence intensities; 

however, this is then transformed into a phase shift resulting from the deviating decay times 

Moreover, there are two domains that can be used to assess the ratio, 

 

wavelength ratiometric referencing (left) and dual-lifetime 
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4.2. NH3 Optical Sensors 

 

There are different concepts used in order to conduct optical ammonia detection. The simplest 

of such isenabling ammonia diffusion through a proton and ion impermeable membrane to 

then deprotonate apH indicator, these indicators already are well studied as discussed in 

section 4.1. Hence, the same principles apply for NH3 optical sensors as they do for pH 

sensitive fluorophores with the only difference of employing a gas permeable membrane, put 

on top of the immobilized pH sensitive dye. This way interferences of protons and ions with 

the pH sensitive indicator are avoided. The fluorescent pH indicator concept can be seen in 

Figure 5. So far a wide range of pH indicator dyes were applied for optical ammonia sensors, 

to name some: fluorescein53, aza-BODIPYs54, Oxazine55 and coumarin dyes56. A variety of 

indicators was tested as the sensitivity of such an ammonia sensor depends on the pKa value 

of the used pH indicator dye as the lower the pKa the easier deprotonation via ammonia can 

take place.54And even though low limits of detection of 0.11 ppb54 can be achieved with this 

simple approach the main drawback is the selectivity due to displayed cross-sensitivity 

towards other volatile alkaline gases, such as trimethylamine and other amines.57 These gases 

can also diffuse through the hydrophobic membrane and therefore deprotonate the pH 

indicator. Another concept, which happens to be similar, is the addition of an ionophore to the 

immersed pH indicator (Figure 5 b). The selectivity towards ammonia is enhanced due to the 

ability of the ionophore to bind the generated NH4
+ molecule behind the hydrophobic 

membrane. But still no eradication of the cross-sensitivity towards volatile amines is obtained 

by this only a diminishment of such.58However, a concept able to completely overcome this 

problem of cross-sensitivity is the one utilizing a fluoroionophore together with an internal 

buffer (Figure 5 c) and not being in need of a pH indicator.59 In this concept NH3 is converted 

to NH4
+ with the help of the buffer and can then be detected by the ion selective receptor unit 

(the ionophore), which is connected to the transducer unit (the fluorophore). So far this is not 

the optimal solution since further research has to go into this concept to improve the binding 

constant with ammonium as well as further investigate possible pKa alterations.59 

 

 



 

Figure 5:The main optical ammonia sensing concepts. a) the protonated pH indicator dye 
(IndH+) is deprotonated (Ind) by NH
membrane. b) similar concept to a) with the addition of an ionophore (L), which can bind the 
generated ammonium (NH4

+) ion and by doing so enhances the selectivity for the analyte 
NH3. c) a fluoroionophore that is select
generated with the help of an internal acidic buffer when NH
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optical ammonia sensing concepts. a) the protonated pH indicator dye 
) is deprotonated (Ind) by NH3 upon diffusion of NH3 through a proton impermeable 

membrane. b) similar concept to a) with the addition of an ionophore (L), which can bind the 
) ion and by doing so enhances the selectivity for the analyte 

. c) a fluoroionophore that is selective towards ions, specifically towards NH
generated with the help of an internal acidic buffer when NH3 reaches the sensor layer.

 

 

 

 

optical ammonia sensing concepts. a) the protonated pH indicator dye 
through a proton impermeable 

membrane. b) similar concept to a) with the addition of an ionophore (L), which can bind the 
) ion and by doing so enhances the selectivity for the analyte 

ive towards ions, specifically towards NH4
+, which is 

reaches the sensor layer. 



 

II. Theoretical Background

5. Fundamentals of 

 

This section is based on literature 

 

Luminescence is described as the emission of light, which can be in the form of ultraviolet, 

visible or infrared photons, derived from a species that is electronically excited. Compounds 

displaying luminescence are organic compounds (aromatic hydrocarbons, coumarins, 

oxazines, fluorescein, amino acids, etc.), inorganic compounds (lanthanide ions, crystals, 

doped glasses, etc.) and organometallic compounds (complexes with fluorogenic chelating 

agents, complexes with lanthanide ions, ruthenium complexes, etc.). There are different types 

of luminescence, which originate from various modes of excitation, hence, these types are 

assigned according to the respective excitation process. In general, the interaction of l

with matter leads to various excitations, which are physical effects (

excitation and energy harvesting modes is the absorption of photons, el

compound to an electronically excited state. The then following de

emission of photons is a particular event of luminescence, namely photoluminescence and 

further entails fluorescence, phosphorescence and delayed 

emphasis is placed on the absorption of light, photoluminescence and the associated 

processes. 

 

Figure 6: Light matter interactions and the various ways of de
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ackground 

Fundamentals of Luminescence 

on literature 49,60 and other sources will be cited accordingly.

Luminescence is described as the emission of light, which can be in the form of ultraviolet, 

visible or infrared photons, derived from a species that is electronically excited. Compounds 

ce are organic compounds (aromatic hydrocarbons, coumarins, 

oxazines, fluorescein, amino acids, etc.), inorganic compounds (lanthanide ions, crystals, 

doped glasses, etc.) and organometallic compounds (complexes with fluorogenic chelating 

with lanthanide ions, ruthenium complexes, etc.). There are different types 

of luminescence, which originate from various modes of excitation, hence, these types are 

assigned according to the respective excitation process. In general, the interaction of l

with matter leads to various excitations, which are physical effects (Figure 

excitation and energy harvesting modes is the absorption of photons, elevating the absorbing 

compound to an electronically excited state. The then following de-excitation joined by 

emission of photons is a particular event of luminescence, namely photoluminescence and 

further entails fluorescence, phosphorescence and delayed fluorescence. In this thesis the 

emphasis is placed on the absorption of light, photoluminescence and the associated 

Light matter interactions and the various ways of de-excitation entailed in 
luminescence. 

 

and other sources will be cited accordingly. 

Luminescence is described as the emission of light, which can be in the form of ultraviolet, 

visible or infrared photons, derived from a species that is electronically excited. Compounds 

ce are organic compounds (aromatic hydrocarbons, coumarins, 

oxazines, fluorescein, amino acids, etc.), inorganic compounds (lanthanide ions, crystals, 

doped glasses, etc.) and organometallic compounds (complexes with fluorogenic chelating 

with lanthanide ions, ruthenium complexes, etc.). There are different types 

of luminescence, which originate from various modes of excitation, hence, these types are 

assigned according to the respective excitation process. In general, the interaction of light 

Figure 6). One of the 

evating the absorbing 

excitation joined by 

emission of photons is a particular event of luminescence, namely photoluminescence and 

fluorescence. In this thesis the 

emphasis is placed on the absorption of light, photoluminescence and the associated 

 

excitation entailed in 
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5.1. Absorption 

 

When a photon is absorbed by a molecule an electron is promoted from the orbital in the 

ground state of this molecule up to an unoccupied orbital resulting in an excited state 

molecule. As there are different molecular orbitals depending on the linkage of the atoms 

within a molecule, different appropriate energies of the absorbed photons are required to 

excite electrons to antibonding orbitals. In the case of ethylene (CH2=CH2) for example the 

carbon atoms are coupled via one 𝜎 bond and one 𝜋 bond. And upon excitation one 𝜋 electron 

can be transferred to an antibonding orbital with the expression 𝜋*. This would then be a 

𝜋 →  𝜋* transition. Other transitions exist too involving the electrons from 𝜎 molecular 

orbitals as well as non-bonding electrons from lone pairs from the so-called n orbitals. In 

order to get a better understanding of the energy levels of the orbitals and possible transitions, 

these transitions are explained/illustrated exemplarily for formaldehyde in Figure 7. The 

facilitation of excitation depends on the difference in energy between the respective molecular 

orbitals, thus, the required energy for the various electronic transitions follow an order from 

the lowest to the highest energy needed:  

 

𝑛 → 𝜋∗ < 𝜋 → 𝜋∗ < 𝑛 → 𝜎∗ < 𝜎 → 𝜋∗ < 𝜎 → 𝜎∗ 

 

The main transitions taking place, especially in fluorescence spectroscopy, are 𝑛 → 𝜋∗and 

𝜋 → 𝜋∗. This is because the other transitions are observed at higher energies, therefore they 

would only occur at lower wavelengths. Also, a decline in energy needed for the 𝜋 → 𝜋∗ 

transition is achieved by extending the conjugated 𝜋-system (conjugated cyclic and linear 

systems). Hence, the decreased energy demand results in a shift to higher wavelengths within 

the absorption band.  

 

Furthermore, the orbitals of highest importance are the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) and both are referring to the 

ground state. This is because the transition of one electron out of two with opposite spins 

takes place from the HOMO to the LUMO. The spin of this electron usually stays unaltered; 

thus, the total spin quantum number equals zero. When that is the case also the multiplicity 

remains unchanged, that means both the ground state as well as the excited state equal one 

and both are then named singlet state. Hence, the related transition is a singlet-singlet 



 

transition. In addition to that there also exists a triplet state. Th

changes its spin and the molecule then finds itself in a somewhat converted state instead of a 

singlet excited state. In that case the electrons showcase parallel spins, which leads to a total 

spin quantum number of one and also 

Rule, the triplet state has a lower energy compared to the singlet state of the same formation. 

 

Figure 7: The respective energy levels and their possible transitions of the 

 

 

In order to experimentally control the efficiency of light absorption by a medium at a specific 

wavelength 𝜆 either the absorbance A(

defined as: 

 

𝑨(𝝀)

 

𝐼 … 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑎𝑚

𝐼 …  𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑎𝑚

 

 

 

 

 

Theoretical Background 

20 

transition. In addition to that there also exists a triplet state. This occurs when an electron 

changes its spin and the molecule then finds itself in a somewhat converted state instead of a 

singlet excited state. In that case the electrons showcase parallel spins, which leads to a total 

spin quantum number of one and also to a multiplicity of three. In accordance with Hund’s 

Rule, the triplet state has a lower energy compared to the singlet state of the same formation. 

The respective energy levels and their possible transitions of the 
formaldehyde. 

In order to experimentally control the efficiency of light absorption by a medium at a specific 

either the absorbance A(𝜆) or the transmittance T(𝜆 ) can be used, which are 

( ) = 𝐥𝐨𝐠
𝑰𝝀

𝟎

𝑰𝝀
= − 𝐥𝐨𝐠 𝑻(𝝀)                                      

𝑏𝑒𝑎𝑚 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑎𝑏𝑠𝑜𝑟𝑏𝑖𝑛𝑔 𝑚𝑒𝑑𝑖𝑢𝑚 

𝑏𝑒𝑎𝑚 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑎𝑏𝑠𝑜𝑟𝑏𝑖𝑛𝑔 𝑚𝑒𝑑𝑖𝑢𝑚 

 

is occurs when an electron 

changes its spin and the molecule then finds itself in a somewhat converted state instead of a 

singlet excited state. In that case the electrons showcase parallel spins, which leads to a total 

to a multiplicity of three. In accordance with Hund’s 

Rule, the triplet state has a lower energy compared to the singlet state of the same formation.  

 

The respective energy levels and their possible transitions of the example 

In order to experimentally control the efficiency of light absorption by a medium at a specific 

) can be used, which are 

                    (𝟓. 𝟏. 𝟏) 
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In most cases, the absorption process follows the Beer-Lambert law (equation 5.1.2):  

𝑨(𝝀) = 𝐥𝐨𝐠
𝑰𝝀

𝟎

𝑰𝝀
= 𝜺(𝝀) ∗ 𝒍 ∗ 𝒄                                               (𝟓. 𝟏. 𝟐) 

 

𝜀(𝜆) … 𝑚𝑜𝑙𝑎𝑟 𝑑𝑒𝑐𝑎𝑑𝑖𝑐 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [𝐿 𝑚𝑜𝑙 𝑐𝑚 ] 

𝑙 … 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 [𝑐𝑚] 

𝑐 … 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓𝑡ℎ𝑒 𝑑𝑦𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙 𝐿 ] 

 

If the linear dependence of the absorbance on concentration cannot be determined, according 

to the Beer-Lambert law, then this can be a result of aggregate formation at high 

concentrations or the presence of other absorbing compounds.  

  



 

5.2. Franck-Condon Principle

 

The Franck-Condon principle is based on the Born

that upon excitation the promotion of an electron to a higher, antibonding molecular orbital 

takes less time (10-15 s) than molecular vibrations (10

movements of electrons are faster compared to the ones of the nuclei. Therefore, there is not 

enough time for the nuclei to undergo modifications in its position when an electronic 

transition occurs. Hence, vertical electron transi

together with the potential energy curve representing the internuclear distance (in case there 

are two atoms). So, if an electron is vertically transitioning from the ground state to an excited 

state, termination of such is reached as soon as the vertical line intersects the potential energy 

curve at the lowest excited state. When the transition is finished, the molecule, now exc

starts to vibrate at a frequency analogous to the energy at the intersection location (excited 

state). Moreover, the intensities of numerous vibrational transitions rely on the shape as well 

as the relative position of the potential energy curves. On

and is considered as the classic electronic transition. 

Furthermore, absorption band widths are the outcome of two events: homogenous and 

inhomogeneous broadening. The first event is the result of the continuous occur

number of vibrational sublevels in each electronic state whereas the latter takes place due to 

the variations of the structure of the solvation shell enclosing the chromophore.  

 

Figure 
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Condon Principle 

Condon principle is based on the Born-Oppenheimer approximation, which states 

pon excitation the promotion of an electron to a higher, antibonding molecular orbital 

s) than molecular vibrations (10-10-10-12 s). In other words, the 

movements of electrons are faster compared to the ones of the nuclei. Therefore, there is not 

enough time for the nuclei to undergo modifications in its position when an electronic 

transition occurs. Hence, vertical electron transitions occur. This can be seen in 

together with the potential energy curve representing the internuclear distance (in case there 

ron is vertically transitioning from the ground state to an excited 

state, termination of such is reached as soon as the vertical line intersects the potential energy 

curve at the lowest excited state. When the transition is finished, the molecule, now exc

starts to vibrate at a frequency analogous to the energy at the intersection location (excited 

state). Moreover, the intensities of numerous vibrational transitions rely on the shape as well 

as the relative position of the potential energy curves. One of those transitions is the 0

and is considered as the classic electronic transition.  

Furthermore, absorption band widths are the outcome of two events: homogenous and 

inhomogeneous broadening. The first event is the result of the continuous occur

number of vibrational sublevels in each electronic state whereas the latter takes place due to 

the variations of the structure of the solvation shell enclosing the chromophore.  

 

Figure 8: Frank-Condon Principle. 

 

Oppenheimer approximation, which states 

pon excitation the promotion of an electron to a higher, antibonding molecular orbital 

s). In other words, the 

movements of electrons are faster compared to the ones of the nuclei. Therefore, there is not 

enough time for the nuclei to undergo modifications in its position when an electronic 

tions occur. This can be seen in Figure 8 

together with the potential energy curve representing the internuclear distance (in case there 

ron is vertically transitioning from the ground state to an excited 

state, termination of such is reached as soon as the vertical line intersects the potential energy 

curve at the lowest excited state. When the transition is finished, the molecule, now excited, 

starts to vibrate at a frequency analogous to the energy at the intersection location (excited 

state). Moreover, the intensities of numerous vibrational transitions rely on the shape as well 

e of those transitions is the 0-0 one 

Furthermore, absorption band widths are the outcome of two events: homogenous and 

inhomogeneous broadening. The first event is the result of the continuous occurrence of a 

number of vibrational sublevels in each electronic state whereas the latter takes place due to 

the variations of the structure of the solvation shell enclosing the chromophore.   



 

5.3. Transitions between Electronic States and Perrin

 

There are several electronic energy levels an electron can be promoted to. Each electronic 

energy level associates with specific vibrational energy levels. Therefore, a variety of possible 

de-excitation processes for an excited electron exist. These transitions together with the 

energy states are exhibited in the Perrin

The ground state of a molecule is characterized as S

as S1, S2, etc. and likewise the triplet electronic states as T

excited electron can return to the ground state and the characteristic times of these processes 

are further described in the subsequent sections. 

 

 

Figure 9:The Perrin-Jablonski diagram elucidating the
the following de-excitation possibilities, radiative as well as non
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ansitions between Electronic States and Perrin-Jablonski Diagram

There are several electronic energy levels an electron can be promoted to. Each electronic 

energy level associates with specific vibrational energy levels. Therefore, a variety of possible 

excitation processes for an excited electron exist. These transitions together with the 

energy states are exhibited in the Perrin-Jablonski diagram (Figure 9).  

round state of a molecule is characterized as S0and the excited singlet electronic states 

, etc. and likewise the triplet electronic states as T1, T2, etc. The various ways an 

excited electron can return to the ground state and the characteristic times of these processes 

are further described in the subsequent sections.  

Jablonski diagram elucidating the processes ranging from excitation to 
excitation possibilities, radiative as well as non-

 

Jablonski Diagram 

There are several electronic energy levels an electron can be promoted to. Each electronic 

energy level associates with specific vibrational energy levels. Therefore, a variety of possible 

excitation processes for an excited electron exist. These transitions together with the 

and the excited singlet electronic states 

, etc. The various ways an 

excited electron can return to the ground state and the characteristic times of these processes 

 

processes ranging from excitation to 
-radiative. 
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5.3.1. Internal conversion (IC) 

If a non-radiative transition between two electronic states takes place, and these states are of 

same spin multiplicity, this is described as internal conversion (IC). Moreover, vibrational 

relaxation to the lowest vibrational level of the definite electronic state may follow in 

solution. It may occur that excess vibrational energy is transmitted to the solvent molecules in 

close proximity. The time scale for these processes leading an excited molecule from a higher 

energy level to the lowest vibrational level of the first singlet state is between 10-13-10-11 s. 

Even though there is the possibility of internal conversion from S1 to S0, the great energy gap 

between those energy levels presented leads to a lower efficiency of this relaxation. However, 

IC from S1 to S0 can compete with emission of photons (fluorescence) and emission of 

photons upon intersystem crossing to the triplet state can take place (phosphorescence).  

 

5.3.2. Fluorescence  

Fluorescence is the process when relaxation from the excited state S1 to the ground state S0 

with concomitant emission of photons proceeds. This process of fluorescence emission is 

mostly independent of the excitation wavelength as, apart from some exemptions, the 

transition commences from S1. Since variations between the vibrational levels in the ground 

as well as in the excited state are analogous to each other, the fluorescence spectrum mirrors 

the spectrum of the S0 to S1 absorption bands (‘mirror image’ rule). But the fluorescence 

bands are moved to higher wavelengths (lower energy) compared to the absorption bands due 

to the energy loss in the excited state upon vibrational relaxation. This occurrence of 

fluorescence emission at higher wavelengths, as opposed to the absorption bands within the 

spectrum, should be present at all times, as the Stokes rule states. Hence, the Stokes shift 

describes the difference between the maxima of the absorption band and the emission band. In 

general, there mostly is a slight overlap between the absorption spectrum and that of 

fluorescence, which then means that a fragment of light is emitted at shorter wavelengths than 

the light absorbed. Nevertheless, since at room temperature a small number of molecules is in 

a higher vibrational level than the lowest ones of S0 and S1, this energy defect can be 

described but also be compensated for. Thus, the lower the temperature the higher the 

possibility to avoid the deviation from the Stokes law.  

Furthermore, the time scale for fluorescence is comparable with the time absorbing a photon 

takes (10-15 s). After all, the excited molecule though remains in the S1 state for some time, 

ranging from tens of 10-11 s (picoseconds) to hundreds of 10-9 s (nanoseconds), before 
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fluorescence emission or other excitation processes set in. This stay in the S1 excited state is 

also characterized as fluorescence lifetime of the molecule. 

 

5.3.3. Intersystem crossing (ISC) 

Intersystem crossing is another non-radiative de-excitation process starting from S1 toward Tn, 

which depicts electronic states of diverging multiplicities. This movement of an excited 

molecule happens between the two iso-energetic vibrational levels of the S1 excited singlet 

state and the Tn triplet state and entails the subsequent vibrational relaxation of that molecule 

to the 0 vibrational level of T1. Moreover, with a time of 10-7-10-9 s intersystem crossing may 

be able to content with other de-excitation processes commencing from S1, such as 

fluorescence and internal conversion. Even tough, inter-electronic states crossing between 

states of different multiplicity is forbidden spin-orbit coupling can enable it, in which the 

orbital magnetic as well as the spin magnetic moment are involved. However, this is 

dependent on the participating singlet and triplet states. Additionally, the presence of heavy 

atoms (e.g. Pb, Br) enhances spin-orbit coupling and through this intersystem crossing is 

preferred.   

 

5.3.4. Phosphorescence  

Phosphorescence, the radiative de-excitation from the triplet state T1 to the S0 state, is usually 

a forbidden transition. Additionally, this spin prohibition is the case for the non-radiative 

de-excitation pathways between those two states. But due to spin-orbit coupling these 

processes are possible. Even though, the prohibited transition can take place, a slow radiative 

rate constant is generated in solution at room temperature in the case of phosphorescence. 

Since this enables frequent collisions with solvent molecules non-radiative de-excitation such 

as intersystem crossing or vibrational relaxation is favoured over radiative de-excitation 

(phosphorescence). In contrast, when the conditions change to low temperatures or when 

enclosed in a rigid medium and collision numbers drop, observation of phosphorescence 

dominates together with a long-lasting lifetime of the triplet state able to reach a time scale of 

up to seconds and even minutes.   

Also, the lower lying 0 vibrational level of the triplet state T1 compared to the one of the 

excited singlet state S1 results in a lower energy of T1, which is expressed in higher 

wavelengths of the phosphorescence emission than the fluorescence emission. 

 



Theoretical Background 
 

26 
 

5.3.5. Delayed fluorescence  

The transition from T1 to S1, also called reverse intersystem crossing, then followed by 

emission makes up delayed fluorescence. In fact, this type is one of two possibilities, namely, 

thermally activated delayed fluorescence (E-type), which depends on a small energy 

difference between S1 and T1 as well as on a prolonged lifetime of T1. When temperature 

rises, efficiency of this fluorescence emission increases. Since this is the delayed 

fluorescence, spectral properties resemble the ones of normal fluorescence with the only 

difference of longer decay times (lifetimes). These decay times are comparable to the ones of 

phosphorescence as the molecules reside in T1 before de-excitation from S1 takes place.  

 

The other possibility of this process is the triplet-triplet annihilation (P-type). In this case 

enough energy is generated by the collision of two molecules in the excited triplet state T1 

enabling one of the molecules to transition to the S1 state. This occurs in concentrated 

solutions. The product of these events is delayed fluorescence due to the previous stay of 

electrons in the triplet state T1. 

 

5.4. Lifetime 

 

The absorption of photons promotes a distinct number of molecules to the excited singlet state 

S1 and a measure of the time the molecules spent remaining in this state S1 is described as the 

lifetime of this excited state. After staying in the S1 state for a certain time these molecules 

rebound to the ground state S0, through radiative and non-radiative de-excitation pathways. In 

this excited state the average lifetime is given by:  

 

𝝉𝑺 =
𝟏

𝒌𝒓
𝑺 𝒌𝒏𝒓

𝑺                                                                          (5.4.1) 

 

𝑘 … 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑆 → 𝑆  (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 

𝑘 … 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 from 𝑆  

 

Furthermore, the de-excitation paths discussed, both radiative and non-radiative despite 

triplet-triplet annihilation, follow first-order kinetics which, when integrated, leads to the 

following equation:  
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[𝑨∗] = [𝑨∗]𝟎 ∙ 𝒆
 

𝒕

𝝉𝑺                                                                (5.4.2) 

 

[𝐴∗] … 𝑡𝑖𝑚𝑒 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

[𝐴∗] …  𝑡𝑖𝑚𝑒 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑎𝑡 𝑡𝑖𝑚𝑒 0 

 

Whilst organic molecules demonstrate a lifetime of the excited S1 state varying from tens of 

10-11 s (picoseconds) to hundreds of 10-9 s (nanoseconds), they exhibit even longer triplet 

lifetimes (phosphorescence) from microseconds to seconds. Although, this fact could be an 

easy way to identify either fluorescence or phosphorescence due to the difference in lifetimes, 

it is not feasible as there are compounds, inorganic or organometallic, yielding longer 

lifetimes.   

 

5.5. Quantum yields 

 

The fluorescence quantum yield represents the ratio between the number of emitted photons 

and absorbed photons (equation 5.5.1). It is an important parameter describing the brightness 

of a molecule since an increase in fluorescence quantum yield results in increased 

fluorescence emission.  

 

𝚽𝑭 =
𝒆𝒎𝒊𝒕𝒕𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔

𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔
=

𝒌𝒓
𝑺

𝒌𝒓
𝑺 𝒌𝒏𝒓

𝑺 =  𝒌𝒓
𝑺 ∙  𝝉𝑺                                    (5.5.1) 

 

𝑘 … 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑆 → 𝑆  (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 

𝑘 … 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 from 𝑆  

𝜏 … 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

 

Events such as dynamic quenching and static quenching of excited species can have an 

influence on either both the quantum yields and the lifetime of the excited state by decreasing 

both in the case of the former (dynamic quenching). But in the case of the latter (static 

quenching) only a decrease in quantum yields without impacting the lifetime is caused. In 

addition, the quantum yields and lifetimes can also be affected by other parameters like 

temperature, polarity, viscosity, pH, etc. As an example, higher temperatures lead to a 

decrease in fluorescence quantum yields and lifetimes due to the preference of non-radiative 

processes (intramolecular vibrations, collisions with solvent molecules etc.).  



 

 

5.6. Luminescence Quenching

 

The possibilities of intrinsic de

outlined within section 5.3, which involved the various transitions between electronic states. 

Additionally, there is another option for de

That process is called quench

excited molecule (M*) and a quenching molecule (Q) resulting in decreased or even inhibited 

fluorescence emission. There a number of different photophysical processes taking place 

between molecules, which can lead to fluorescence quenching, such as collision with heavy 

atoms, photoinduced electron transfer (PET), photoinduced proton transfer (PPT), excimer or 

exciplex formation as well as energy transfer. Here, two types of quenching, which compris

some of the mentioned processes, will be described: dynamic and static quenching. 

 

Figure 10: Illustration of

 

Dynamic quenching is the diffusion

excited molecule (M*) and a quencher molecule (Q) and takes place during the lifetime of S

Such quencher molecules can be oxygen, acrylamide, iodide, succinimide, etc. When the 

excited molecule and the quencher molecule collide 

Hence, M* is forced to revert to the ground state. The likelihood of this process is higher at 

increased excited state lifetimes. 

Furthermore, dynamic quenching influences luminescence intensity as well as the lifet

is, as already mentioned, diffusion controlled. Thus, the time
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Luminescence Quenching 

ossibilities of intrinsic de-excitation an excited molecule (M*) can experience were 

, which involved the various transitions between electronic states. 

Additionally, there is another option for de-excitation competing with the intrinsic processes. 

That process is called quenching and involves the intermolecular interaction between one 

quenching molecule (Q) resulting in decreased or even inhibited 

fluorescence emission. There a number of different photophysical processes taking place 

s, which can lead to fluorescence quenching, such as collision with heavy 

atoms, photoinduced electron transfer (PET), photoinduced proton transfer (PPT), excimer or 

exciplex formation as well as energy transfer. Here, two types of quenching, which compris

some of the mentioned processes, will be described: dynamic and static quenching. 

Illustration of two types of quenching: dynamic and static quenching.

is the diffusion-controlled and time-dependent collision between the 

) and a quencher molecule (Q) and takes place during the lifetime of S

Such quencher molecules can be oxygen, acrylamide, iodide, succinimide, etc. When the 

excited molecule and the quencher molecule collide a non-radiative energy transfer occurs. 

is forced to revert to the ground state. The likelihood of this process is higher at 

increased excited state lifetimes.  

Furthermore, dynamic quenching influences luminescence intensity as well as the lifet

is, as already mentioned, diffusion controlled. Thus, the time-dependency comes with the 

 

) can experience were 

, which involved the various transitions between electronic states. 

excitation competing with the intrinsic processes. 

ing and involves the intermolecular interaction between one 

quenching molecule (Q) resulting in decreased or even inhibited 

fluorescence emission. There a number of different photophysical processes taking place 

s, which can lead to fluorescence quenching, such as collision with heavy 

atoms, photoinduced electron transfer (PET), photoinduced proton transfer (PPT), excimer or 

exciplex formation as well as energy transfer. Here, two types of quenching, which comprise 

some of the mentioned processes, will be described: dynamic and static quenching.  

 

two types of quenching: dynamic and static quenching. 

ent collision between the 

) and a quencher molecule (Q) and takes place during the lifetime of S1. 

Such quencher molecules can be oxygen, acrylamide, iodide, succinimide, etc. When the 

radiative energy transfer occurs. 

is forced to revert to the ground state. The likelihood of this process is higher at 

Furthermore, dynamic quenching influences luminescence intensity as well as the lifetime and 

dependency comes with the 
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importance of the quenching rate constant 𝑘  for this process, which can be depicted with the 

help of these facts and by the Stern-Volmer equation:   

 

𝚽𝟎

𝚽
=

𝐈𝟎

𝐈
= 𝟏 + 𝒌𝒒𝝉𝟎[𝑸] = 𝟏 + 𝑲𝑺𝑽[𝑸]                                        (5.6.1) 

 

In this equation (5.6.1) the steady-state fluorescence intensities I0 and I describe the quencher 

absence or presence, respectively. This I0/I ratio is in a proportional relation to the ratio 𝜏 /𝜏 

of the lifetimes. The quenching rate constant 𝑘  together with the non-quenched excited state 

lifetime 𝜏  make up the Stern-Volmer constant 𝐾  and Q stands for the quencher molecule 

concentration. In a Stern-Volmer plot the ratio I0/I is then plotted against the quencher 

concentration. If a linear behaviour is depicted, the slope can define the Stern-Volmer 

constant.  

 

Static quenching entails two possibilities which either is the development of a ground-state 

non-emitting complex or the presence of a sphere of effective quenching. The former occurs 

as soon as quencher molecules are added and due to that the fluorescence intensity 

experiences a decrease. However, no impact is observed on the excited-state lifetime. Some 

formations of these complexes can be demonstrated by observing alterations in the absorption 

spectrum as soon as complexation took place. If this observation is not the case, a non-

specific interaction could be the explanation, and therefore the model of an effective sphere of 

quenching may provide a better justification. In this model it is assumed that an excited 

molecule M* is enclosed in an active sphere (or quenching sphere) and if a quencher (Q) is 

located inside this sphere the fluorescence intensity of M* is quenched. Hence, M* is not 

affected by Q if the quencher is situated outside the quencher sphere. The idea of the sphere 

should explain the eventuality of a viscous media or rigid matrices in which M* and Q are 

unable to modify their positions in space, especially towards one another, while the excited-

state lifetime of M* remains. 
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III. Experiments for Optode Development 

6. Materials and Methods 

6.1. Materials 

 

Table 1:List of Chemicals. 

Chemical Supplier 

Hydrochlorid acid Merck 

Sodium hydroxide Merck 

Sodium dithionite  Sigma Aldrich 

Sodium Chloride Sigma Aldrich 

Ammonium chloride Bie&Bernsten 

Trimethylamine hydrochloride Merck 

Sodium phosphate monobasic monohydrate Sigma Aldrich 

Sodium phosphate dibasic dihydrate Sigma Aldrich 

Oxazin 170 perchlorate Sigma Aldrich 

Macrolex® fluorescence yellow 10GN Lanxess 

Macrolex® fluorescence red G Lanxess 

Bromophenol blue Sigma Aldrich 

Platinum(II)-meso(2,3,4,5,6-pentafluoro)phenyl-

porphyrin 

Frontier Scientific 

1-Hydroxypyrene-3,6,8- tris-bis(2-

ethylhexyl)sulfonamide 

Dr. Sergey Borisov, Graz University of 

Technology, Austria 

Perylene Sigma Aldrich 

4’, 4’’(5’’)-Di-tert-butyldibenzo-18-crown-6 Sigma Aldrich 

Ethyl eosin Sigma Aldrich 

Methane sulfonic acid Sigma Aldrich 
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Table 2: List of Polymers. 

Polymer Supplier 

Hydromed D4 AdvanSource Biomaterials 

Polystyrene MW 192,000 g mol-1 Sigma Aldrich 

Ethyl cellulose Merck 

Cellulose acetate propionate Sigma Aldrich 

Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-

dioxole-co-tetrafluoroethylene] 

(Teflon AF) 

Sigma Aldrich 

PDMS (Silicone Elastomer Kit, Sylgard 184) DOW Europe 

 

 

 

Table 3: List of Solvents. 

Solvent Supplier 

Chloroform Merck 

Tetrahydrofuran Sigma Aldrich 

Isopropanol Sigma Aldrich 

Ethanol Sigma Aldrich 

Hexane Merck 

Perfluorocyclohexane Sigma Aldrich 
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Table 4: List of other Chemicals and Materials. 

Other chemicals or materials Supplier 

Monocrystalline diamond powder Microdiamant 

Silicone glue (Elastosil E43) Wacker 

UV curing glue (Loctite 3494) Henkel Adhesives 

Isolation tape (Super 33+ Vinyl electrical tape) Scotch TMBrand 

Film applicator Byk Gardner 

Polyethylene terephthalate foil PuetzFolien 

PTFE Fluoropore membrane filter Advantec 

Microscope glass slides Hounisen 

Tissue culture test plates (12 wells)  TPP Techno Plastic Products 

pH meter (PHM 210) Meterlab, Radiometer Analytical 

FireSting GO2 PyroScience 

SLR camera (EOS 1300D) Canon 

Macro objective lens (Macro 100 F2.8 D) Tokina 

BlueLED(470 nm) r-s components, Copenhagen 

UV LED (405 nm) r-s components, Copenhagen 

Orange 530 nm longpass filter (OG530 

SCHOTT, 52 mm x 2 mm) 

Schott 

Yellow 455 nm long-pass filter (GG455 

SCHOTT, 52 mm x 2 mm) 

Schott 

#10 Medium Yellow Plastic Filter Leefilters 
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6.2. Methods 

 

6.2.1. Optical Characterization 

 

Absoprtion Spectra 

Absorption Spectra of the Oxazine perchlorate 170 dye, which was immersed in Hydromed 

D4 and knife coated onto a polyethylene terephthalate (PET) foil and covered with a layer of 

9 µm Teflon AF, were obtained on a Thermo ScientificTMGenesys 10S UV-Vis Spectrometer 

from Fisher Scientific GmbH (Schwerte, Germany) in a 10 mm precision cuvette made of 

Quartz SUPRASIL® by Hellma Analytics (Type 104-QS). The optode was cut to fit the size 

of the inside of the cuvette and placed to face the light source. Baseline correction of the 

spectra were acquired using a 1 M sodium hydroxide solution and a small piece of an 

uncoated PET foil. 

 

Emission Spectra 

Emission spectra of sensor foils were measured on a CLARIOstar Plus microplatereader from 

BMG Labtech (Ortenberg, Germany) in tissue culture test plates with 12 wells. The respective 

optodes were cut to fit the size of the wells, with the optical sensitive side of the optode facing 

down, which was fixated with PDMS (Silicone Elastomer), and the side with the proton 

impermeable PTFE Fluoropore membrane filter facing upwards. This way the change in 

emission intensity was measured upon different concentrations of ammonia were added into 

the wells. Baseline correction of the spectra were acquired using a 1 M sodium hydroxide 

solution. 

 

6.2.2. Optical Measurements 

 

Calibrations and Imaging set up  

Calibrations as well as experiments were measured using a single-lens reflex (SLR) camerain 

combination with a macro objective lens and depending on the excitation source an 

appropriate filter was utilized. For excitation with a blue (470 nm) LED in combination with a 

short-pass filteran orange 530 nm longpass filter was chosen whereas for a 405 nm UV LED a 

yellow 455 nm long-pass filter was used. The LEDs were controlled by a trigger 

box(imaging.fish-n-chips-de). The software look@RGB (imaging.fish-n-chips-de) allowed 
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the gathering of the images and enabled the simultaneous control of the SLR camera and the 

LED light. 

For the calibrations, sensor foils were mounted into a small (350 mL) or into a large aquarium 

(2 L), these were then filled with different buffer solutions or sodium hydroxide solutions.  

 

Buffer and analyte solutions 

Various buffer or analyte solutions were prepared for the respective calibrations dissolving 

adequate amounts of buffer salts or analyte salt in deionized water (Milli-Q, 18 MΩ cm). In 

order to set different pH values as requested NaOH and HCl standard solutions were utilized 

for adjustment. 

 

6.2.3. Sensor foils  

 

Sensor foil fabrication 

Sensor foils were prepared via knife-coating sensor cocktails onto dust-free transparent 

polyethylene terephtalate (PET) foils. After applying the sensor chemistry in form of a 

cocktail onto the foil it can be distributed onto the foil by dragging a film applicator across the 

PET foil. Optical insulations as well as proton barriers were applied as will be discussed in 

section7.  
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7. Experimental 

 

7.1. Ammonia Sensor with the pH Indicator Dye Ethyl Eosin (TM01& TM02) 

The ratios and the fabrication steps for these sensor foils were derived from a prior study61. 

Implementations of a few deviations to the suggested sensor cocktail were the addition of a 

reference dye in order to conduct ratiometric imaging, the use of a different solvent due to the 

enhanced solubility of the indicator dye and varying insulation layers against pH and ionic 

strength. The sensor cocktails for each sensor foil consisted of 0.8 mg of the indicator dye 

ethyl eosin, 0.7 mg of the reference dye perylene, 2 g of 10 wt.% cellulose acetate propionate 

(CAP) in acetone, 2 mg of 4’, 4’’(5’’)-Di-tert-butyldibenzo-18-crown-6 and 0.3 mg of 

methane sulfonic acid. This cocktail was knife coated onto a PET foil resulting in a layer with 

a thickness of ~12 µm after solvent evaporation. The subsequent steps were either applying a 

polytetrafluoroethylene (PTFE) Fluoropore membrane onto the wet sensor film or knife 

coating a 50 wt.% PDMS in hexane layer (30 µm) onto the dry sensor chemistry (see Table 

5). 

 

7.2. Ammonia Sensor with the pH Indicator Dye Bromophenol Blue (TM03 & 

TM06) 

Additional sensor layers were fabricated according to a previous study62with different proton 

barriers applied. Therefore, each optode consisted of a cocktail of 1.3 mg Bromophenol Blue, 

which is the indicator dye, two fluorescent dyes, 2 mg Macrolex yellow and 0.2 mg Macrolex 

red, and 2 g of a mixture of 5 wt.% polymer, Hydromed D4, in THF. This was knife coated on 

top of a dust free PET foil and after the solvent evaporated a hydrogel layer of 6 µm 

remained. The various layers used as proton barriers were either a PTFE Fluoropore 

membrane, 90 wt.% PDMS in hexane or a 3.5 wt.% Teflon layer. The layer thicknesses as 

well as whether or not an additional layer containing diamond powder (DP) in order to 

increase the signal intensity was used can be obtained from Table 5. Only the PTFE 

Fluoropore membrane was applied instantly onto the still wet sensor cocktail whereas the 

other proton impermeable layers were applied using the film applicator. For further 

calibration measurements only the sensor foils TM03 and TM06 were used as TM04 turned 

out to show slow dynamics and hardly any reversibility in preliminary tests.  
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Table 5:  Composition of proton barriers and film thicknesses of sensor foils TM01-TM06. 

Sensor Proton barrier Additional layer 

containing DP 

Wet film 

thickness 

[µm] 

Resulting film 

thickness [µm] 

TM01 PTFE Fluoropore 

membrane 

- - 75 

TM02 50 wt.% PDMS in 

hexane 

- 60 30 

TM03 PTFE Fluoropore 

membrane 

- - 75 

TM04 90 wt.% PDMS in 

hexane 

- 60 54 

TM06 3.5 wt.% Teflon 

layer + 1.1 wt.% DP 

3.5 wt.% Teflon layer 

+ 1.1 wt.% DP 

240 22 

 

 

7.3. Sensor Foils containing the pH Indicator Dye Oxazine 170 perchlorate 

(TM07-TM16) 

Optodes containing the indicator dye Oxazin 170 perchlorate were prepared based on the 

work of a former study.55The difference made was the amount used for each sensor foil. For 

the first ones 120 µL of a 2 mg/mL dye stock in EtOH were mixed with 2.4 mL of a 10 wt.% 

ethyl cellulose in EtOH stock and a Fluoropore membrane placed onto the still wet cocktail, 

which had been knife coated (120 µm wet film) onto a PET foil beforehand. These sensor 

foils were then dried in a drying oven at 55 °C overnight. In subsequent sensor foils the 

amounts of the indicator dye and the polymers as well as the solvents were altered but the 

procedure remained the same. The used polymers were ethyl cellulose (EC), cellulose acetate 

propionate (CAP), hydromed D4 and the solvents ethanol, chloroform, toluene/ethanol (8/2), 

isopropanol/H2O (9/1) and tetrahydrofuran (THF). The concentrations of the polymer in the 

polymer solvent cocktails were 5 wt.% or 10 wt.%. As ion impermeable filters either served a 

polytetrafluoroethylene (PTFE) Fluoropore membrane, which was attached onto the wet 

sensor layer, or a Teflon AF layer knife coated (120 µm wet film) on top of the dried sensor 

layer with a concentration of either 10 wt.% or 13.5 wt.% Teflon AF.  The compositions can 

be seen in Table 6.  
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Table 6: Composition of all sensor foils containing pH indicator dye Oxazine 170 perchlorate 

Sensor Dye 

[mg] 

Used 

Polymer 

Polymer 

[wt.%] 

Used 

Solvent 

Polymer stock 

added 

Used proton 

barrier 

TM07 0.24 EC 10 EtOH 2.4 mL FP membrane 

TM08 0.3 EC 10 EtOH 3 mL 13.5 wt.% 

Teflon AF 

TM09 0.3 EC 10 EtOH 3 mL FP membrane 

TM10 0.6 EC 5 EtOH 3 mL - 

TM11 0.8 EC 10 Toluene/EtOH 1.3 g - 

TM12 0.7 CAP 10 CHCl3 1.2 g - 

TM13 0.5 D4 10 Isoprop/H2O 1.2 g - 

TM14 1.2 D4 7.5 Isoprop/H2O 1.7 g 10 wt.% 

Teflon AF 

TM15 1.2 D4 7.5 Isoprop/H2O 1.7 g FP membrane 

TM16 0.9 D4 5 THF 2 g FP membrane 
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7.4. Sensor Foils containing Oxazine 170 Perchlorate and a Reference Dye 

(TM17-TM25) 

The manufacturing of these optodes was analogously to the approach described in the 

methods section of the manuscript within this thesis and can be found in section 12.1. The 

only distinction is constituted by varying amounts of the sensor components and these are 

listed in Table 7. 

 

Table 7: Composition of all sensor foils containing pH indicator dye Oxazine 170 perchlorate 
and reference dye Macrolex yellow. 

Sensor Dye 

[mg] 

Reference 

Dye [mg] 

Used 

Polymer 

Polymer 

[wt.%] 

Used 

Solvent 

Polymer 

stock 

added 

Used 

proton 

barrier 

TM17 1.0 1.1 D4 5 THF 2.0 FP 

membrane 

TM20 1.3 1.4 D4 5 THF 2.1 g FP 

membrane 

TM21 1.0 1.2 D4 5 THF 2.0 g FP 

membrane 

TM22 1.0 1.15 D4 5 THF 1.5 g FP 

membrane 

TM25 0.8 0.8 D4 5 THF 1.5 g FP 

membrane 

 

7.5. pH and O2 Sensitive Sensor Foils 

The fabrication of the sensor foils sensitive towards pH and oxygen as well the used amounts 

and the subsequent calibration steps can be found in section12under the methods part of the 

manuscript.  

 

7.6. Calibrations and Cross-sensitivity Measurements 

For the calibration of the sensor foils the appropriate amounts of ammonium chloride for 

addition to the aquarium filled with either a phosphate buffer solution or a sodium hydroxide 

solution were calculated with the Henderson-Hasselbalch equation (see equation 4.1.1.). 

TM01, TM02, TM03 and TM06 were measured in an aquarium filled with 2 L phosphate 

buffer (0.1 M, pH 7) and via addition of an ammonium chloride stock solution with a 

concentration of 225 g L-1. The aquarium was not emptied after each concentration step 
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throughout a calibration. Hence, the already added NH4Cl stock solution volumina were taken 

into consideration to reach the respective total volume for each calibration step. As an 

example, the calibration steps and calculated concentrations for TM03 and TM06 can be seen 

in Table 8. TM01 and TM02 were calibrated between 0-1000 ppb.  

 

Table 8: Ammonium chloride amounts for calibration in 2 L. Total NH4Cl volume represents 
the entire volume of NH4Cl in the 2 L tank per concentration. Added NH4Cl volume takes the 
already added NH4Cl into consideration. 

NH3 

[ppm] 

NH3 

[mmol/L] 

NH4
+ [mmol/L] NH4Cl [ppm] TotalNH4ClVolu

me [mL] 

NH4Cl Volume 

added [mL] 

0 0 
 

0 
 

0 
 

0 
 

0 
 

0.03 0.002 0.306 16.375 0.146 0.146 

0.1 0.006 1.02 54.584 0.485 0.340 

0.3 0.018 3.061 163.750 1.456 0.970 

1 0.059 10.204 545.841 4.852 3.396 

3 0.176 30.613 1637.523 14.556 9.704 

10 0.587 102.04 5458.410 48.519 33.963 

 

 

Other calibrations were conducted in a small aquarium filled with 300 mL 0.5 M sodium 

hydroxide solution with pH > 12 and addition of an ammonium chloride solution with a 

concentration of 300 g L-1(see Table 9). For all calibrations the chosen calibration steps were 

maintained for around 12-15 minutes and pictures taken every 3-5 minutes.  

 

To investigate the response of the ammonia O17MY optode towards possible cross-

sensitivities calibrations of TM17 and TM20 were conducted via addition of different 

quantities of ammonium chloride with a concentration of 300 g L-1 for ammonia calibration 

curves. The addition of various volumes of a 300 g L-1 trimethylamine hydrochloride stock 

solution lead to a TMA calibration curve. Table 9shows the calculated amounts of the two 

amines.  

In order to measure towards hydrogen sulphide a small aquarium, with the optode TM20 

attached to the inside, was filled with distilled water, made acidic by adjusting the pH to pH 4 

by adding a 1 M HCl solution and saturated the water with nitrogen to make it oxygen free. A 

0.01 M sodium sulphide solution was then added to obtain various concentrations.  
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Table 9: Ammonium chloride and trimethylamine hydrochloride amounts for 300 mL. Total 
NH4Cl Volume added takes the already added NH4Cl into consideration. 

 

 

 

7.7. Data analysis 

The determination of the calibrations as well as the analysis of images from the experiments 

were conducted similarly to the steps mentioned in section 12.3 under the calibration and data 

analysis part of the manuscript as the utilization of the software ImageJ was consulted for all 

measurements.  

  

NH3 

[ppm] 

NH3 

[mmol/L] 

TMA 

[mmol/L] 

NH4Cl [ppm] TMAHCl 

[ppm] 

NH4Cl / 

TMAHClTotal 

Volume added [mL] 

5 0.249 0.085 
 

15.7 
 

8.08 
 

0.016/ 0.008 
 

10 0.587 0.169 31.4 16.2   0.016/ 0.008 

20 1.174 0.338 62.8 32.3   0.031/ 0.016 

30 1.762 0.508 94.2 48.5   0.031/ 0.016 

40 2.349 0.677 125 64.7   0.031/ 0.016 

60 3.523 1.015 188 97.0   0.063/ 0.032 

80 4.698 1.35 251 129   0.063/ 0.032 

100 5.872 1.69 314 162   0.063/ 0.032 

160 9.395 2.71 502 259   0.188/ 0.097 
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7.8. Biological Applications 

 

Sediment experiment  

Sediment was collected from a lake in Vennelystparken, Aarhus (Denmark, 56°09’53.7"N, 

10°12’28.7"E). The sediment was sieved with a sieve of a 1.78 mm2mesh size before utilizing 

it for analysis and stored wrapped in plastic to prevent withering.  

 

An aquarium able to hold 2 L was filled one third with the prepared sediment and on top of 

that with another third of water. Half of the ammonia sensitive optode (TM17) of interest was 

covered in sediment and the other half in the water phase.  

 

For the first three hours images of the optode immerged in the sediment and water phase were 

taken every 30 minutes. Upon that, 25 mL of a 300 g L-1 ammonium chloride solution were 

added into the water phase. Images were gathered every five minutes for a total of 30 minutes. 

This was followed by another addition of 12.5 mL ammonium chloride solution and pictures 

taken for the same amount of time and also in an interval of five minutes. The last addition 

occurred via injecting 12 mL of the same NH4Cl solution directly into the sediment right in 

front of the sensor. Again, recording times were chosen every five minutes for a total of 40 

minutes for this last addition step.  

 

 

Soil – pig manure experiment I  

The soil sandwiches were fabricated as can be seen in Figure 11 and similar to the procedure 

described in section 12.4 within the manuscript. The only preliminary deviations to the 

sandwich that was built afterwards are the thickness of the sandwich as only two rows of 

microscope slides were glued to one of the glass plates with an UV curing glue resulting in an 

inner thickness of 2 mm of the soil sandwich. Also, the positioning of the optodes was 

different. A pH sensor foil and an ammonia sensitive optode (TM22) were fixated onto the 

glass plate with the microscope slides. Soil (m=72.93 g) was applied on top of these two 

optodes until the soil almost covered the entire sensors. The other glass plate was fitted with a 

big O2 optode, which was placed a few mm lower compared to the optodes on the opposite 

side resulting in the oxygen sensor being covered completely in soil. This side was utilized to 

close and then seal the sandwich with isolation tape. The pig manure was introduced into the 

sandwich with the help of a syringe.  
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The soil was collected and treated according to the methods part in section 12.5 within the 

manuscript as the same soil was involved in both experiments. The pig manure was collected 

from Aarhus University and provided by Jesper Nørlem Kamp with features as follow: total-

N: 3.93 kg/ton (NH4-N: 2.89 kg/ton; organic-N 1.04 kg/ton), phosphorus: 0.62 kg/ton and a 

dry matter content of 3.09%. 

 

The imaging set up was similar to the one elucidated in the manuscript under the methods part 

(section 12.2). Therefore, one ratiometric RGB set-up per side was used with the only 

alteration lying in the choice of excitation light. For the side with the NH3 and pH optode an 

UV LED (405 nm) paired with a yellow long-pass filter (455 nm) and for the other side with 

the O2 optode facing the set-up a blue LED (470 nm) together with an orange long-pass filter 

(530 nm) were employed.  

 

Firstly, an image with dry soil of all three optodes was recorded. Thereafter, 10 mL of water 

and after that another 5 mL were added on to the soil and images taken, respectively. This was 

followed by adding 7 mL of pig manure with a syringe to the soil surface. Images were then 

collected for the next 50 minutes with an interval of every five minutes. Moreover, about 3 

mL of pig manure were injected in front of each optode (pH and ammonia) and this was 

tracked by taking images every five minutes again for a total of 50 minutes.  
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Figure 11: Fabrication of soil sandwich. 1) Glass slide one with the microscope slides 

attached and an ammonia optode positioned ready to be fixated. 2) Taping of the sensor foil 

onto the glass plate with the sensitive side of the optode facing upwards and the non

PET side being attached against the glass. 3) View of the readily prepared glass plate of the 

side facing the SLR camera and excitation light. 4) Fixation of the pH and O

isolation tape on the second glass plate. 5) Application of the soil before the sandwich is 

closed. 6) Closed soil sandwich with the ammonia optodes facing the camera. 7) Closed soil 

sandwich with the pH and O2 optodes facing the camera.
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Fabrication of soil sandwich. 1) Glass slide one with the microscope slides 

attached and an ammonia optode positioned ready to be fixated. 2) Taping of the sensor foil 

the sensitive side of the optode facing upwards and the non

PET side being attached against the glass. 3) View of the readily prepared glass plate of the 

side facing the SLR camera and excitation light. 4) Fixation of the pH and O

solation tape on the second glass plate. 5) Application of the soil before the sandwich is 

closed. 6) Closed soil sandwich with the ammonia optodes facing the camera. 7) Closed soil 

optodes facing the camera. 

 

Fabrication of soil sandwich. 1) Glass slide one with the microscope slides 

attached and an ammonia optode positioned ready to be fixated. 2) Taping of the sensor foil 

the sensitive side of the optode facing upwards and the non-sensitive 

PET side being attached against the glass. 3) View of the readily prepared glass plate of the 

side facing the SLR camera and excitation light. 4) Fixation of the pH and O2 optodes with 

solation tape on the second glass plate. 5) Application of the soil before the sandwich is 

closed. 6) Closed soil sandwich with the ammonia optodes facing the camera. 7) Closed soil 
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7.9. Measurement Set-up

 

A general overview of the setup for the optical measurements. A single

camera was equipped with a macro objective lens and attached to that was a longpass filter 

(Filter 1), either an orange (530 nm) or a yellow (455 nm) one. Immediately

filter a second filter (Filter 2), a #10 medium yellow plastic filter, was mounted onto the lens 

hood. Various LED lights were used as excitation light and controlled by a trigger box, which 

was connected to the camera and to the light its

managed via a software. The respective optodes were mounted into an aquarium for 

calibration purposes. For subsequent experiments the distance between the camera and the 

aquarium or the experiment setup was kep

 

Figure 12: Measurement setup utilized for all calibrations and experiments showing the 
single-lens reflex camera, two different filters, a trigger box together with an excitation light 
and the optode to be measured.
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up 

A general overview of the setup for the optical measurements. A single

camera was equipped with a macro objective lens and attached to that was a longpass filter 

(Filter 1), either an orange (530 nm) or a yellow (455 nm) one. Immediately

filter a second filter (Filter 2), a #10 medium yellow plastic filter, was mounted onto the lens 

hood. Various LED lights were used as excitation light and controlled by a trigger box, which 

was connected to the camera and to the light itself as well as to the computer in order to be 

managed via a software. The respective optodes were mounted into an aquarium for 

calibration purposes. For subsequent experiments the distance between the camera and the 

aquarium or the experiment setup was kept the same.  

Measurement setup utilized for all calibrations and experiments showing the 
lens reflex camera, two different filters, a trigger box together with an excitation light 

and the optode to be measured. 

 

 

A general overview of the setup for the optical measurements. A single-lens reflex (SLR) 

camera was equipped with a macro objective lens and attached to that was a longpass filter 

(Filter 1), either an orange (530 nm) or a yellow (455 nm) one. Immediately after the first 

filter a second filter (Filter 2), a #10 medium yellow plastic filter, was mounted onto the lens 

hood. Various LED lights were used as excitation light and controlled by a trigger box, which 

elf as well as to the computer in order to be 

managed via a software. The respective optodes were mounted into an aquarium for 

calibration purposes. For subsequent experiments the distance between the camera and the 

 

Measurement setup utilized for all calibrations and experiments showing the 
lens reflex camera, two different filters, a trigger box together with an excitation light 
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8. Results and Discussion 

 

8.1. Scope of this Thesis 

 

This thesis aimed for the development of a novel optical ammonia sensor and the application 

of such in biological systems in order to gather better understanding of the nitrogen dynamics 

by visualizing NH3 using an optode. There are great differences in ammonia concentrations 

that are present and therefore expected for detection within sediments and soils. Microbial 

processes within sediments show concentrations in a low ppb range, whereas in soils 

ammonia volatilization through fertilization results in concentrations of up to 200 ppm.63,2  

This demand for detecting different levels of ammonia and as there are a number of already 

existing ammonia sensors able to sense in the ppb range, the path of this thesis started with 

the reproduction of some of those optodes paired with the implementation of varying 

protective layers. Thereupon, the combination of a pH sensitive dye, which has previously 

been used for sensing ammonia from 0-60 ppm55, with an inert reference dye and a proton 

impermeable layer in order to facilitate ratiometric based imaging of ammonia followed.  

Hence, different sensor materials, cross-sensitivities, the response behaviour of the sensor foil, 

optical characterizations as well as the application of the optode into a biological system were 

studied and conducted. The biological system of choice was pig manure being applied onto 

soil and therefore the changing chemical microenvironment after this process and the 

headspace above the soil were of interest. The outcomes of this study amounted to a 

manuscript, which makes up part IV of this thesis.  Thus, the exact design of the newly 

developed optode and the imaging approach can be found in section 11.1 (Results and 

Discussion in the manuscript). 

The work leading towards the manuscript as well as the related additional experiments and 

results are shown and discussed within this section.  
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8.2. Characterization and Calibrations of Ammonia Sensitive Optodes at ppb 

Concentration Levels 

 

8.2.1. Calibration of TM01, TM02, TM03 and TM06 

 

The measurement of ammonia in a trace level range due to the toxicity of ammonia at 

concentrations from 25 ppb towards fish and organisms as well as the prevalence of NH3 

within sediments was pursued within the work of Waich et al , from which the sensors TM01 

and TM02 are derived, and Abel et al, providing the ratios for sensors TM03 and TM06.61,62 

The possibility to implement a ratiometric two wavelength imaging approach with both 

sensors lead to the fabrication of such with some alterations but the utilization of the 

suggested general principles and chemicals. 

 

Calibrations of the ammonia sensitive foils TM01, TM02, TM03 and TM06 were conducted 

with the optical measuring set up described in section 6.2.2 using an UV LED as excitation 

source and a yellow longpass filter but different ammonia concentrations.  

 

The sensing principle of TM01 and TM02 consists of the deprotonation of the pH indicator 

dye (ethyl eosin), where the inert reference dye (perylene) does not change in emission 

intensity. Thus, the fluorescence of the TM01 and TM02 optodes increased when the sensors 

were exposed to ammonia and this can be detected and compared via a colour camera. This 

camera utilizes different colour channels (red, blue and green) in order to gather an image. 

Here, the altered fluorescence of the ethyl eosin is located in the green channel whereas the 

emission of perylene identifies with the blue one. This is why the green channel was divided 

by the blue channel in order to get an increasing ratio, which was plotted against the ammonia 

concentrations. The comparison of the calibration curves can be found inFigure 13 as well as 

the influence of the two different gas permeable membranes (a PTFE fluoropore membrane 

and a PDMS layer) that have been applied onto the planar optodes. It became apparent that 

the ratio of TM01 is enhanced compared to the ratio of TM02, which probably is a result of 

the white and reflecting fluoropore membrane increasing the intensity because of light 

scattering.59 

 

Also, there is an increased difference in the change of the ratio within TM01 as the 

enhancement of intensity between 0-1000 ppb of ammonia is less pronounced in TM02. The 
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reason for this could be the altered dynamic properties due to the PDMS layer as the sensor 

cocktail remained the same for both optodes. In addition, formation of aggregates or 

inhomogeneous distribution of the dyes could be responsible for the initial decrease of the 

ratio for the first two calibration steps.  

 

Figure 13: Calibration curve of TM01 (Fluoropore membrane) and TM02 (PDMS layer) in 
comparison illustrating the impact of the used layers. 

 

Figure 14 shows the change in colour of the already discussed optodes TM01 and TM02 at 0 

ppb NH3 (protonated indicator dye) and at 1000 ppb NH3 (deprotonated indicator dye). These 

photographic images emphasize the mentioned differences in intensities of the two sensor 

foils, where an increase in intensity is noticeable for TM01 but a rather weak enhancement for 

TM02 upon exposure towards ammonia.  

 



Experiments for
 

Figure 14: Photographic images of the optodes TM01 and TM02 in buffer solution while 

calibration under 405 nm LED excitation.

 

The calibration curves of the planar optodes TM03 and TM06 are shown in 

illustrate the different responses to ammonia exposure between 0

sensing principle relies on a Förster resonance energy transfer (FRET) between the donor 

(Macrolex yellow) and the acceptor (

fluorescent indicator dye (bromophenol blue) when protonated. As soon as the indicator dye 

gets deprotonated by ammonia the FRET cascade is quenched due to the changing absorbanc

behaviour of bromophenol blue.

dyes can be detected again using a colour camera and is referenced by dividing the colour 

channels of interest. Here, the red channel was divided by the blue channel. The sensor foil 

with the fluoropolymer membrane (TM03) showcased a stepwise decrease of the ratio 

(red/blue) suggesting that the indicator dye is protonated at 0 ppm of ammonia and gets 

increasingly deprotonated, thus, quenching occurs with enhanced ammonia concentrations. In 

contrast, the optode with the Teflon AF membrane (TM06) had a diminished intensity and it 

seems that it got completely quenched at a lower NH

possible factors influencing these outcomes, one explaining the diminished ratio in general 

can be derived from the fact that the Teflon AF layer lacks in the ability of light scattering 

effects59, which helps to generate higher intensities talking of the PTFE membrane. The other 

factor influencing the seemingly quick deprotonation can be attributed to 

Teflon AF leaving holes for the buffer solution to enter and therefore interactions of pH and 

ions with the sensor chemistry take place instead of providing an ammonia selectivity. This 

can also be seen in Figure 16

diffused into the sensor and when deprotonated at the highest NH
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Photographic images of the optodes TM01 and TM02 in buffer solution while 

calibration under 405 nm LED excitation. 

rves of the planar optodes TM03 and TM06 are shown in 

illustrate the different responses to ammonia exposure between 0-10 ppm NH

sensing principle relies on a Förster resonance energy transfer (FRET) between the donor 

lex yellow) and the acceptor (Macrolex red), which is not affected by the non

dye (bromophenol blue) when protonated. As soon as the indicator dye 

gets deprotonated by ammonia the FRET cascade is quenched due to the changing absorbanc

behaviour of bromophenol blue.62 This behaviour together with the signals of the fluorescent 

dyes can be detected again using a colour camera and is referenced by dividing the colour 

e red channel was divided by the blue channel. The sensor foil 

with the fluoropolymer membrane (TM03) showcased a stepwise decrease of the ratio 

(red/blue) suggesting that the indicator dye is protonated at 0 ppm of ammonia and gets 

ed, thus, quenching occurs with enhanced ammonia concentrations. In 

contrast, the optode with the Teflon AF membrane (TM06) had a diminished intensity and it 

seems that it got completely quenched at a lower NH3 concentration already. There are two 

factors influencing these outcomes, one explaining the diminished ratio in general 

can be derived from the fact that the Teflon AF layer lacks in the ability of light scattering 

, which helps to generate higher intensities talking of the PTFE membrane. The other 

factor influencing the seemingly quick deprotonation can be attributed to 

Teflon AF leaving holes for the buffer solution to enter and therefore interactions of pH and 

ions with the sensor chemistry take place instead of providing an ammonia selectivity. This 

16 as TM03 is of an orange colour when protonated and no NH

diffused into the sensor and when deprotonated at the highest NH3 concentration no colour 

 

Photographic images of the optodes TM01 and TM02 in buffer solution while 

rves of the planar optodes TM03 and TM06 are shown in Figure 15 and 

10 ppm NH3. In general, the 

sensing principle relies on a Förster resonance energy transfer (FRET) between the donor 

acrolex red), which is not affected by the non-

dye (bromophenol blue) when protonated. As soon as the indicator dye 

gets deprotonated by ammonia the FRET cascade is quenched due to the changing absorbance 

This behaviour together with the signals of the fluorescent 

dyes can be detected again using a colour camera and is referenced by dividing the colour 

e red channel was divided by the blue channel. The sensor foil 

with the fluoropolymer membrane (TM03) showcased a stepwise decrease of the ratio 

(red/blue) suggesting that the indicator dye is protonated at 0 ppm of ammonia and gets 

ed, thus, quenching occurs with enhanced ammonia concentrations. In 

contrast, the optode with the Teflon AF membrane (TM06) had a diminished intensity and it 

concentration already. There are two 

factors influencing these outcomes, one explaining the diminished ratio in general 

can be derived from the fact that the Teflon AF layer lacks in the ability of light scattering 

, which helps to generate higher intensities talking of the PTFE membrane. The other 

factor influencing the seemingly quick deprotonation can be attributed to a porous layer of 

Teflon AF leaving holes for the buffer solution to enter and therefore interactions of pH and 

ions with the sensor chemistry take place instead of providing an ammonia selectivity. This 

as TM03 is of an orange colour when protonated and no NH3 

concentration no colour 
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can be seen suggesting the quenching process took place. Whereas the intensity of TM06 

showcased to be quenched at an earlier ammonia concentration already also illustrating some 

inhomogeneous spots.  

 

Unfortunately, the requirements of measuring in a ppm range were not met by these optodes, 

which is not surprising due to the low pKa values of both pH indicator dyes, Ethyl eosin has a 

pKa of 3.8 and Bromophenol blue a pKa of 4.1.61,62These low values enable ammonia sensing 

in the ppb range as the sensitivity of a pH indicator dye is dependent on the pKa. Therefore, 

this led to the use of a different pH indicator able to operate in higher concentration levels, 

which will be further discussed in the next section.  

 

Figure 15: Calibration curve of TM03 (Fluoropore membrane) and TM06 (Teflon AF 
membrane) in comparison illustrating the effectiveness of the used layers. 
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Figure 16: Photographic ima
calibration under 405 nm LED excitation.

 

 

 

8.3. Characterization, Calibration and 

ppm Concentration Levels

 

The fluorescent pH sensitive dye 

sensing ammonia from 0 to 60 ppm in a previous study

polymer ethyl cellulose (EC). When the dye is deprotonated a colour change from blue to 

pink occurs as the absorption and the emission propert

mentioned in section7.3, where the exact a

listed, the sensor foils TM07-

and EC dissolved in ethanol. The materials were used in varying amounts as all optodes 

turned whitish instead of staying blue due to crystallisation of the polymer, which can be seen 

in Figure 17A. This did not lead to any improvement, thus, the choice of another solvent 

followed (TM11). Upon evaporation of the solvent mixture toluene/ethanol (8:2) the sensor 

turned purple instead of staying blue (

polarity.  
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Photographic images of the optodes TM03 and TM06 in buffer solution while 
calibration under 405 nm LED excitation. 

Characterization, Calibration and Screening of the new 

evels 

The fluorescent pH sensitive dye Oxazine 170 perchlorate (O17) has already been utilized for 

sensing ammonia from 0 to 60 ppm in a previous study55 where it was immobilised in the 

polymer ethyl cellulose (EC). When the dye is deprotonated a colour change from blue to 

pink occurs as the absorption and the emission properties change (Figure 

, where the exact amounts and materials of the prepared optodes are 

-TM10 were manufactured according to the literature with O17 

and EC dissolved in ethanol. The materials were used in varying amounts as all optodes 

ing blue due to crystallisation of the polymer, which can be seen 

A. This did not lead to any improvement, thus, the choice of another solvent 

). Upon evaporation of the solvent mixture toluene/ethanol (8:2) the sensor 

turned purple instead of staying blue (Figure 17B), which could be due to the change in 

 

ges of the optodes TM03 and TM06 in buffer solution while 

the new O17 Optodes at 

170 perchlorate (O17) has already been utilized for 

where it was immobilised in the 

polymer ethyl cellulose (EC). When the dye is deprotonated a colour change from blue to 

Figure 20). As already 

mounts and materials of the prepared optodes are 

TM10 were manufactured according to the literature with O17 

and EC dissolved in ethanol. The materials were used in varying amounts as all optodes 

ing blue due to crystallisation of the polymer, which can be seen 

A. This did not lead to any improvement, thus, the choice of another solvent 

). Upon evaporation of the solvent mixture toluene/ethanol (8:2) the sensor 

B), which could be due to the change in 
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Figure 17: A) Image of the sensor foil upon ethanol evaporated and left a crystallized 
polymer (EC) in which the indicator dye was immersed. B) Image of the sensor foil upon 
evaporation of a different solvent mixture
purple. 

 

Adjacently, cellulose acetate propionate (CAP) was mixed with the dye and chloroform 

(TM12) leading to a blue optode without signs of crystallisation. Unfortunately, no change in 

colour was observed upon addition of drops of HCl, NaOH or NH

composition was altered once more to the polymer hydromed D4 and the solvent combination 

isopropanol/H2O (9:1) (TM13, TM14, TM15) or the solvent tetrahydrofuran (TM16) together 

with the indicator dye yielding blue optodes. These showed a response when drops of the 

already mentioned base, ammonium chloride solution and then to reverse the colour change 

drops of an acid were applied onto the sensor chemistry.  

These findings lead to the plana

impermeable layers Teflon AF and two fluoropore membrane PTFE filters, respectively. As 

can be seen in Figure 18, t

concentrations of ammonia. In terms of increased ratios, the optodes with the PTFE 

fluoropore membranes are advantageous over TM14 and, even though the sensor foil with the 

highest intensities turned out to be TM15, the composition of TM16 was selected for further 

steps. As it was observed that the sensor chemistry of TM15 diffused through the applied 

polytetrafluoroethylene filter and got augmented there whereas this was not the case for 

TM16, perhaps due to the lower boiling point of THF, hence a faster evaporation of such. 

Also, an easier application of the membrane was enabled using THF as solvent. 
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A) Image of the sensor foil upon ethanol evaporated and left a crystallized 
polymer (EC) in which the indicator dye was immersed. B) Image of the sensor foil upon 

solvent mixture, toluene/ethanol (8:2), and EC, which turned 

Adjacently, cellulose acetate propionate (CAP) was mixed with the dye and chloroform 

(TM12) leading to a blue optode without signs of crystallisation. Unfortunately, no change in 

n addition of drops of HCl, NaOH or NH4Cl solution. Therefore, the 

composition was altered once more to the polymer hydromed D4 and the solvent combination 

O (9:1) (TM13, TM14, TM15) or the solvent tetrahydrofuran (TM16) together 

icator dye yielding blue optodes. These showed a response when drops of the 

already mentioned base, ammonium chloride solution and then to reverse the colour change 

drops of an acid were applied onto the sensor chemistry.   

These findings lead to the planar optodes TM14, TM15 and TM16 with the proton and ion 

impermeable layers Teflon AF and two fluoropore membrane PTFE filters, respectively. As 

, the calibration curves show diverse responses to various 

concentrations of ammonia. In terms of increased ratios, the optodes with the PTFE 

fluoropore membranes are advantageous over TM14 and, even though the sensor foil with the 

out to be TM15, the composition of TM16 was selected for further 

steps. As it was observed that the sensor chemistry of TM15 diffused through the applied 

polytetrafluoroethylene filter and got augmented there whereas this was not the case for 

due to the lower boiling point of THF, hence a faster evaporation of such. 

Also, an easier application of the membrane was enabled using THF as solvent. 

 

A) Image of the sensor foil upon ethanol evaporated and left a crystallized 
polymer (EC) in which the indicator dye was immersed. B) Image of the sensor foil upon 

, and EC, which turned 

Adjacently, cellulose acetate propionate (CAP) was mixed with the dye and chloroform 

(TM12) leading to a blue optode without signs of crystallisation. Unfortunately, no change in 

Cl solution. Therefore, the 

composition was altered once more to the polymer hydromed D4 and the solvent combination 

O (9:1) (TM13, TM14, TM15) or the solvent tetrahydrofuran (TM16) together 

icator dye yielding blue optodes. These showed a response when drops of the 

already mentioned base, ammonium chloride solution and then to reverse the colour change 

r optodes TM14, TM15 and TM16 with the proton and ion 

impermeable layers Teflon AF and two fluoropore membrane PTFE filters, respectively. As 

he calibration curves show diverse responses to various 

concentrations of ammonia. In terms of increased ratios, the optodes with the PTFE 

fluoropore membranes are advantageous over TM14 and, even though the sensor foil with the 

out to be TM15, the composition of TM16 was selected for further 

steps. As it was observed that the sensor chemistry of TM15 diffused through the applied 

polytetrafluoroethylene filter and got augmented there whereas this was not the case for 

due to the lower boiling point of THF, hence a faster evaporation of such. 

Also, an easier application of the membrane was enabled using THF as solvent.  
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Figure 18: Calibration curve of TM15 (Fluoropore membrane, Isopropanol/H2O, D4), TM14 
(Teflon AF membrane, Isopropanol/H2O, D4) and TM16 (Fluoropore membrane, THF, D4) 
in comparison illustrating the results of the different approaches. 

 

However, the inert dye Macrolex yellow (MY) was introduced into the sensor chemistry of 

TM16 resulting in the optode TM17. A ratiometric two-wavelength imaging approach was 

already feasible before implementing the reference dye but as becoming apparent in Figure 19 

the introduction of MY appears to result in an increase in emission of the planar optode upon 

excitation in the calibration and measuring set up and also the change in colour is easier to 

recognize. This alteration of the different colours dependant on the protonated or deprotonated 

state of the indicator dye is illustrated in Figure 20, where an optode with only containing 

Oxazine 170 perchlorate undergoes the transition from blue (protonated dye) to pink 

(deprotonated dye). In contrast, the sensor including MY together with O17 showcases a 

transition from green (protonated dye) to orange (deprotonated dye). Further details about the 

newly developed planar optode TM17 as well as the calibration curve can be found in section 

11.1 within the manuscript.   
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Figure 19: TM14-16 O17 optodes prepared with different solvents and membranes/layers
top: after excitation with a (470 nm) blue LED combined with an orange long
no addition of ammonia. bottom: after excitation with blue LED and addition of 450 ppm 
NH3. On the right: TM17 optode with O17 and MY and Fluoropore membrane 
with (405 nm) UV LED and a yellow longpass filter and also no addition of ammonia and at 
the bottom after adding 450 ppm NH

 

Figure 20: Top: Photographic images of the optode only containing the indicator dye 
170 perchlorate (O17) when it is protonated (blue) and deprotonated (pink). Bottom: 
Photographic images of the optode containing the indicator dye O17 in combination with the
reference dye Macrolex yellow (MY) when it is protonated (green) and deprotonated 
(orange). 
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16 O17 optodes prepared with different solvents and membranes/layers
top: after excitation with a (470 nm) blue LED combined with an orange long
no addition of ammonia. bottom: after excitation with blue LED and addition of 450 ppm 

On the right: TM17 optode with O17 and MY and Fluoropore membrane 
with (405 nm) UV LED and a yellow longpass filter and also no addition of ammonia and at 
the bottom after adding 450 ppm NH3. 

 

Top: Photographic images of the optode only containing the indicator dye 
170 perchlorate (O17) when it is protonated (blue) and deprotonated (pink). Bottom: 
Photographic images of the optode containing the indicator dye O17 in combination with the

yellow (MY) when it is protonated (green) and deprotonated 

 

 

 

16 O17 optodes prepared with different solvents and membranes/layers-
top: after excitation with a (470 nm) blue LED combined with an orange long-pass filter and 
no addition of ammonia. bottom: after excitation with blue LED and addition of 450 ppm 

On the right: TM17 optode with O17 and MY and Fluoropore membrane - excitation 
with (405 nm) UV LED and a yellow longpass filter and also no addition of ammonia and at 

Top: Photographic images of the optode only containing the indicator dye Oxazine 
170 perchlorate (O17) when it is protonated (blue) and deprotonated (pink). Bottom: 
Photographic images of the optode containing the indicator dye O17 in combination with the 

yellow (MY) when it is protonated (green) and deprotonated 
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8.4. Optical Characterization

 

8.4.1. Absorption and Emission Spectra

 

The change in color, which is already mentioned and shown in section 

change of absorption and fluorescence properties takes place and this was further investigated 

by recording absorption and emissio

 

Figure 21: A: Changes of the absorption properties of 
onto a PET foil and consisting of a transparent Teflon
concentrations of NH3. B: Normalized 
Teflon layer exposed to different pH values. C: Normalized absorption at 631 nm as a 
function of pH to gather the pK

 

Hence, in Figure 21A the absorption properties of an optode with just the O17 dye 

immobilized in Hydromed D4 and a Teflon AF membrane, which is transparent in order to 

enable absorption measurements, is depicted.

maximum at 639 nm to the maximum at 513 nm with increasing ammonia concentration is 
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Optical Characterization 

Absorption and Emission Spectra 

The change in color, which is already mentioned and shown in section 8.3

change of absorption and fluorescence properties takes place and this was further investigated 

by recording absorption and emission spectra. 

A: Changes of the absorption properties of Oxazine 170 perchlorate (O17) coated 
onto a PET foil and consisting of a transparent Teflon AF layer upon exposure to various 

. B: Normalized absorption of another piece of the O17 optode
Teflon layer exposed to different pH values. C: Normalized absorption at 631 nm as a 
function of pH to gather the pKa. 

the absorption properties of an optode with just the O17 dye 

ydromed D4 and a Teflon AF membrane, which is transparent in order to 

enable absorption measurements, is depicted. There the alteration from the absorption 

maximum at 639 nm to the maximum at 513 nm with increasing ammonia concentration is 

 

8.3, indicates that a 

change of absorption and fluorescence properties takes place and this was further investigated 

 

170 perchlorate (O17) coated 
layer upon exposure to various 

absorption of another piece of the O17 optodewithout a 
Teflon layer exposed to different pH values. C: Normalized absorption at 631 nm as a 

the absorption properties of an optode with just the O17 dye 

ydromed D4 and a Teflon AF membrane, which is transparent in order to 

There the alteration from the absorption 

maximum at 639 nm to the maximum at 513 nm with increasing ammonia concentration is 
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displayed, indicating a blue shift (hypsochromic shift). This behavior was further investigated 

in Figure 22B, which illustrates the emission spectra of another O17 optode with the only 

difference being the protective layer, a PTFE Fluoropore membrane. The fluorescence 

emission maximum at 662 nm declined when the dye got deprotonated and so did another, 

diminished emission peak at 502 nm. Contrary to that, the intensity at 602 nm rose with an 

enhancement of the level of ammonia. These observations of the alternating emission peaks 

are in accordance with literature but there are differences in the positions of the peaks. In 

there the rising emission peak lies at 565 nm when deprotonation of the O17 dye takes place 

and the declining peak at 630 nm.55 These shifts of 37 nm and 32 nm, respectively, can be due 

to the different materials that were used for the optodes as well as the choice of fluorescence 

detection devices, which were not the same either. The involvement of the reference dye MY 

within the sensor is shown in Figure 22D, where the emission peak at 502 nm then showed 

higher intensities, which were still declining the more ammonia was introduced. In addition, 

the emission peak at 658 nm slightly shifted but also remained the same behavior of depletion 

due to deprotonation of the indicator dye. In connection with that the peak at 602 nm gained 

in intensity and as can be found in Figure S1 within the supporting information of the 

manuscript (sectionIV.13) this is the reason for the rising ratio when the ratiometric imaging 

approach via a color camera was conducted. The red channel got divided by the green channel 

and the declining emission peak at 502 nm of MY can be assigned to the green one. And even 

though the emission peak at 658 nm, which lies within the red color channel, lost in intensity, 

the surge in intensity of the peak at 602 nm also located within the red channel lead to a 

higher ratio.  

Since the Oxazine 170 perchlorate is a pH indicator dye, absorption spectra at various pH 

values of an optode without a membrane were recorded. Hence, Figure 21B demonstrates the 

normalized absorbance spectrum and shows a similar course to the one shown Figure 21A of 

the peak alterations due to deprotonation of the dye. Moreover, in the attempt to find out 

about the pKa of the used pH indicator dye the normalized absorbance at 631 nm was plotted 

against the pH values resulting in a pKa of 8.2. The higher pKa can be seen as an explanation 

for the potential of measuring in a higher ammonia concentration range. 
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Figure 22: A: Excitation spectrum with normalized intensity of 
(O17) immersed in hydromed D4 and doctorblate
membrane applied on top. B: Emission spectra of the same O17 optode mentioned in A with 
an excitation of 440 nm. C: Excitation spectrum with normalized intensity of O17 together 
with the reference dye Macrolex
onto a PET foil with a PTFE fluoropore membrane applied on top. D: Emission spectra of the 
same O17/MY optode mentioned in C with an excitation of 445 nm.
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A: Excitation spectrum with normalized intensity of Oxazine
(O17) immersed in hydromed D4 and doctorblated onto a PET foil with a PTFE fluoropore 
membrane applied on top. B: Emission spectra of the same O17 optode mentioned in A with 
an excitation of 440 nm. C: Excitation spectrum with normalized intensity of O17 together 

Macrolex yellow (MY) immersed in hydromed D4 and doctorblated 
onto a PET foil with a PTFE fluoropore membrane applied on top. D: Emission spectra of the 
same O17/MY optode mentioned in C with an excitation of 445 nm. 

 

 

Oxazine 170 perchlorate 
d onto a PET foil with a PTFE fluoropore 

membrane applied on top. B: Emission spectra of the same O17 optode mentioned in A with 
an excitation of 440 nm. C: Excitation spectrum with normalized intensity of O17 together 

w (MY) immersed in hydromed D4 and doctorblated 
onto a PET foil with a PTFE fluoropore membrane applied on top. D: Emission spectra of the 
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8.5. Cross-Sensitivity 

 

There are several other amines with the potential to interfere with ammonia measurements 

due to their ability to also diffuse through the gas permeable protective layer and 

deprotonation of the indicator dye. As there is one amine in particular, which is 

trimethylamine, occurring within several organisms, cross sensitivity measurements of such 

and ammonia from 0 to 150 ppm were conducted. The diminished response of the sensor foil 

towards trimethylamine compared to the response to ammonia can be seen in the calibration 

curves in Figure 23. This enhanced response to ammonia over trimethylamine could be due to 

the bulky and hydrophobic properties of trimethylamine, which influence diffusion into the 

rather polar matrix of the sensor.61 

In addition, hydrogen sulphide, which also occurs in sediments, is an acidic gas and is able to 

also diffuse through the gas permeable membrane.64 Therefore, the investigated cross-

sensitivity towards H2S is depicted in Figure 24 where no response was demonstrated by the 

sensor system. In contrast, the same optode was calibrated towards ammonia as well showing 

the expected response. 

 

Figure 23: Calibration curves of TM17 for ammonia and trimethylamine showing a 
diminished response of the TM17 optode towards trimethylamine. 
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Figure 24: Calibration curve of TM20 for ammonia and H2S – illustrating no response for 
H2S. 

 

 

 

 

 

8.6. Response curves 

 

A response curve towards NH3 concentrations from 0 to 800 ppm was recorded (Figure 25) 

together with the recovery of the sensor, which showed that the planar optode is fully 

reversible. However, a specific recovery time was not identified as the first image was taken 

30 minutes after the aquarium was filled with tab water and air introduced with the help of an 

aquarium pump in order to eliminate remains of ammonia. Figure 26 demonstrates a close up 

outlining that the sensor response lies at around 90 seconds. These tests were carried out with 

the ammonia optode TM22 which was prepared according to the steps mentioned in section 

7.4with the amounts listed in Table 7. 
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Figure 25: Response curve of an NH3optode(TM22) at different ammonia concentrations and 
the recovery after 30 minutes due to the addition of H2O and an aquarium pump. 

 

 

 

Figure 26: A close up of the same ammonia optode (TM22) to investigate the response time 
upon addition of various ammonia concentrations (0-50 ppm). 
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8.7. Measurement in Sediment

 

In order to test the planar optode and its ability to visualize ammonia within a water

biological system a sensor foil with the same composition as the in section 

TM17 was attached to the inside of an aquarium. Half of that optode was covered in sediment 

and the other half in the water phase that was poured on top of the sediment layer (see 

27). The imaging set up remained the same as it was for the calibration, which is described 

within the manuscript together with the calibration curve of the sensor foil (section 

 

Figure 27: Set up of the aquarium, with an NH
sediment and water. A SLR camera together with an UV LED lamp as excitation source were 
placed in front of the side with the optode attached to it.

Sediments are valuable parts of ecosystems for converting, eliminating or assimilating 

nitrogen.65 This is possible because of aerobic as 

nitrogen cycle. This way, sediments are capable of counterbalancing between assimilatory and 

dissimilatory actions on a spatially small

tool. The consumption of ammonia or

assimilatory part. Whereas dissimilatory pathways are nitrification or denitrification, where 

either NH3 gets oxidized to nitrite and then to nitrate, which is an aerobic process, or under 

anoxic conditions where NO3

gases, such as NO and N2O and subsequently resulting in N

without the dependence on oxygen is called the anammox process. Within which NH

oxidized with nitrite producing N

in ammonia. In contrast, another possible course that can take place under anoxic conditions 

but implying an increase in NH
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Sediment 

In order to test the planar optode and its ability to visualize ammonia within a water

biological system a sensor foil with the same composition as the in section 

TM17 was attached to the inside of an aquarium. Half of that optode was covered in sediment 

and the other half in the water phase that was poured on top of the sediment layer (see 

). The imaging set up remained the same as it was for the calibration, which is described 

within the manuscript together with the calibration curve of the sensor foil (section 

 

Set up of the aquarium, with an NH3 optode mounted to the inside, filled with 
camera together with an UV LED lamp as excitation source were 

placed in front of the side with the optode attached to it. 

 

Sediments are valuable parts of ecosystems for converting, eliminating or assimilating 

This is possible because of aerobic as well as anaerobic processes within the 

nitrogen cycle. This way, sediments are capable of counterbalancing between assimilatory and 

dissimilatory actions on a spatially small-scale65, making an optode a good choice of sensing 

tool. The consumption of ammonia or nitrate, helping certain species to grow, makes up the 

assimilatory part. Whereas dissimilatory pathways are nitrification or denitrification, where 

gets oxidized to nitrite and then to nitrate, which is an aerobic process, or under 

3
- gets reduced to NO2

- and then via several steps to nitrogen 

O and subsequently resulting in N2. Also, ammonia oxidation 

without the dependence on oxygen is called the anammox process. Within which NH

oxidized with nitrite producing N2. All of the described possibilities thus far entail a decrease 

in ammonia. In contrast, another possible course that can take place under anoxic conditions 

but implying an increase in NH3 is the dissimilatory nitrate reduction to ammonia (DNRA). 

 

In order to test the planar optode and its ability to visualize ammonia within a water-locked 

biological system a sensor foil with the same composition as the in section 7.4 mentioned 

TM17 was attached to the inside of an aquarium. Half of that optode was covered in sediment 

and the other half in the water phase that was poured on top of the sediment layer (see Figure 

). The imaging set up remained the same as it was for the calibration, which is described 

within the manuscript together with the calibration curve of the sensor foil (section 11.1).  

optode mounted to the inside, filled with 
camera together with an UV LED lamp as excitation source were 

Sediments are valuable parts of ecosystems for converting, eliminating or assimilating 

well as anaerobic processes within the 

nitrogen cycle. This way, sediments are capable of counterbalancing between assimilatory and 

, making an optode a good choice of sensing 

nitrate, helping certain species to grow, makes up the 

assimilatory part. Whereas dissimilatory pathways are nitrification or denitrification, where 

gets oxidized to nitrite and then to nitrate, which is an aerobic process, or under 

and then via several steps to nitrogen 

. Also, ammonia oxidation 

without the dependence on oxygen is called the anammox process. Within which NH3 is 

. All of the described possibilities thus far entail a decrease 

in ammonia. In contrast, another possible course that can take place under anoxic conditions 

reduction to ammonia (DNRA). 
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This respiratory reduction, which can involve NO3
- or NO2

-, together with the other anoxic 

pathways mainly occur in surroundings lacking in oxygen, such as sediments. Other reasons 

for released ammonia are nitrogen fixation or ammonification. The latter is a common process 

within sediments as well and is realized via the mineralization of organic compounds. 65,66,67,1 

Another factor that needs to be taken into consideration is the pH dependent equilibrium 

between ammonia and ammonium, where ammonium is present in acidic to neutral conditions 

and ammonia under alkaline ones as the pKa amounts to 9.25. Also, this optode only detects 

the gaseous base of these two, the NH3. Additionally, temperature does of course play a role 

as well as it has an impact on the NH3/NH4
+ equilibrium.68 

In this attempt to apply the sensor foil within a sediment, the opening of the aquarium was 

covered in order to minimize ammonia volatilization. The temperatures of the sediment and 

the water were gathered throughout this experiment and so was the pH. Images of this set up 

with half of the optode immerged in sediment were taken for the first three hours, the results 

of three chosen regions of interest (ROIs) plotted against the time can be found in Figure 28B. 

These regions of interest were picked to get a better insight into the varying concentrations at 

the specific locations. It can be seen that ammonia concentrations for the ROIs in the water 

phase remained constant whereas a slight rise in NH3 concentration becomes apparent for ROI 

2 within the sediment. This could be due to dissimilatory processes, such as the already 

mentioned DNRA or ammonification, which mainly takes place in the surface sediment 

layer.63  Another reason could be due to the monitored increase in temperature especially seen 

in the sediment. Where a temperature change of 5°C within the first three hours was 

determined. After that the temperature stayed at 20°C throughout the rest of the experiment. 

The pH of the sediment resulted in pH 6.8 and the water phase above showed a pH of 7.2. 

However, it should be noted that the sensor was not temperature compensated and the 

measurement can be influenced by temperature fluctuations. This should be considered by 

interpretation of the data.  

After the addition of 25 mL of a NH4Cl in phosphate buffer solution (pH 7.5) on top of the 

sediment a sudden increase in ammonia levels of the ROIs in the water layer (ROIs 1 and 3) 

up to 18 and 30 ppm occurred. This together with selected images is depicted in Figure 28C 

and Figure 28A. A diminished rise in ammonia concentrations was deduced from the second 

addition of ammonium chloride solution, as only half of the first amount was poured into the 

water phase. And only after the third addition of NH4Cl solution, which then was injected 
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directly in front of the optode and into the sediment, did the region of interest within the 

sediment show a significant spike in ammonia concentration rea

Figure 28: A: False colour images of the NH3 levels and their distribution in the sediment 
and in the overlaying water phase at various time points after applying and injecting an 
ammonium chloride solution. B: Ammonia level profile of the 3 regions of interest (ROI
for the first 3 hours without any addition of NH
3 ROIs (1-3) for nearly 2 hours and throughout various additions of NH

 

Reasons for the decline of ammonia levels for all regions of interests

of ammonia evaporation as the lid on top of the aquarium was not airtight or the turnover to 

ammonium due to the low pH of both media. Another reason, though mainly applicable for 

the sediment, could be the assimilation of ammonium

Either way, we were able to answer the main questions with this experiment whether or not 

this sensor foil can be utilized in a water locked system and if it is possible to make the 

dynamics within the sediment visible. 

range usually can be found within sediments the addition of an ammonium chloride solution 

to assure higher ammonia concentration was chosen as an aid. 

processes that might take place, other planar optodes or s

would be of great help to find the respective answers. 
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directly in front of the optode and into the sediment, did the region of interest within the 

sediment show a significant spike in ammonia concentration reaching > 300 ppm.

A: False colour images of the NH3 levels and their distribution in the sediment 
and in the overlaying water phase at various time points after applying and injecting an 
ammonium chloride solution. B: Ammonia level profile of the 3 regions of interest (ROI
for the first 3 hours without any addition of NH4Cl solution. C: Ammonia level profile of the 

3) for nearly 2 hours and throughout various additions of NH4Cl solution.

Reasons for the decline of ammonia levels for all regions of interests could either be because 

of ammonia evaporation as the lid on top of the aquarium was not airtight or the turnover to 

ammonium due to the low pH of both media. Another reason, though mainly applicable for 

the sediment, could be the assimilation of ammonium.65 

ither way, we were able to answer the main questions with this experiment whether or not 

this sensor foil can be utilized in a water locked system and if it is possible to make the 

dynamics within the sediment visible. Moreover, as low NH3 concentrations w

range usually can be found within sediments the addition of an ammonium chloride solution 

to assure higher ammonia concentration was chosen as an aid. To further investigate the exact 

processes that might take place, other planar optodes or sensors, such as pH or O

would be of great help to find the respective answers.  

 

directly in front of the optode and into the sediment, did the region of interest within the 

ching > 300 ppm. 

 

A: False colour images of the NH3 levels and their distribution in the sediment 
and in the overlaying water phase at various time points after applying and injecting an 
ammonium chloride solution. B: Ammonia level profile of the 3 regions of interest (ROIs 1-3) 

Cl solution. C: Ammonia level profile of the 
Cl solution. 

could either be because 

of ammonia evaporation as the lid on top of the aquarium was not airtight or the turnover to 

ammonium due to the low pH of both media. Another reason, though mainly applicable for 

ither way, we were able to answer the main questions with this experiment whether or not 

this sensor foil can be utilized in a water locked system and if it is possible to make the 

concentrations within the ppb 

range usually can be found within sediments the addition of an ammonium chloride solution 

To further investigate the exact 

ensors, such as pH or O2 optodes, 
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8.8. Soil – pig manure experiment I

 

As mentioned above, to get a better understanding of the processes taking place within a 

biological system more than one analyte 

new NH3 optode, also a pH and an O

implemented into the first soil sandwich with a thickness of 2 mm. The ammonia and the pH 

planar optode were mounted onto one glass plate and on the opposite glass plate a fairly big 

O2 sensor foil was attached. In between those glass plates a certain amount of soil was 

applied. This arrangement together with the imaging setup can be seen in 

was the preliminary soil sandwich to the one described in the manuscript (section 

optode design, imaging approach as well as the calibration curves are not illustrated again as 

they are elucidated within the manuscript. Only the differences to the subsequent setup are 

described such as the already mentioned diverging positioning of the sensor foils. Due to this, 

the excitation sources and the respective filters were altered as well. Thus, in contrast to the 

second soil sandwich, NH3 and O

 

Figure 29: Experimental and imaging setup. The two glass plates 
with a thickness of 2 mm. The used optodes (one NH
to the inside and soil was distributed in between. 
together with an UV LED and a blue LED were placed facing the respective sides of the soil 
sandwich. Therefore, ratiometric and simultaneous imaging of the three parameters took 
place. The manure was introduced using a 
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pig manure experiment I 

As mentioned above, to get a better understanding of the processes taking place within a 

biological system more than one analyte needs to be investigated. Hence, together with the 

optode, also a pH and an O2 optode were deployed. These three sensor foils were 

implemented into the first soil sandwich with a thickness of 2 mm. The ammonia and the pH 

onto one glass plate and on the opposite glass plate a fairly big 

sensor foil was attached. In between those glass plates a certain amount of soil was 

applied. This arrangement together with the imaging setup can be seen in 

was the preliminary soil sandwich to the one described in the manuscript (section 

optode design, imaging approach as well as the calibration curves are not illustrated again as 

they are elucidated within the manuscript. Only the differences to the subsequent setup are 

described such as the already mentioned diverging positioning of the sensor foils. Due to this, 

the excitation sources and the respective filters were altered as well. Thus, in contrast to the 

and O2 or pH and O2 were analysed.  

Experimental and imaging setup. The two glass plates build up a soil sandwich 
with a thickness of 2 mm. The used optodes (one NH3, one pH and one big O
to the inside and soil was distributed in between. Two single-lens reflex (SLR) cameras 
together with an UV LED and a blue LED were placed facing the respective sides of the soil 
sandwich. Therefore, ratiometric and simultaneous imaging of the three parameters took 
place. The manure was introduced using a pipette and entering from the top.

 

As mentioned above, to get a better understanding of the processes taking place within a 

needs to be investigated. Hence, together with the 

optode were deployed. These three sensor foils were 

implemented into the first soil sandwich with a thickness of 2 mm. The ammonia and the pH 

onto one glass plate and on the opposite glass plate a fairly big 

sensor foil was attached. In between those glass plates a certain amount of soil was 

applied. This arrangement together with the imaging setup can be seen in Figure 29. As this 

was the preliminary soil sandwich to the one described in the manuscript (section 12.4) the 

optode design, imaging approach as well as the calibration curves are not illustrated again as 

they are elucidated within the manuscript. Only the differences to the subsequent setup are 

described such as the already mentioned diverging positioning of the sensor foils. Due to this, 

the excitation sources and the respective filters were altered as well. Thus, in contrast to the 

 

build up a soil sandwich 
, one pH and one big O2) were mounted 

lens reflex (SLR) cameras 
together with an UV LED and a blue LED were placed facing the respective sides of the soil 
sandwich. Therefore, ratiometric and simultaneous imaging of the three parameters took 

pipette and entering from the top. 
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The ammonia emission from soils resulting from agriculture, manure and ammonia

fertilizers paired with processes going on within the soil upon manure application, were of 

interest. The various actions that can 

nitrogen comes in contact with a microorganism potent system is studied with this setup, as 

manure is added to the sandwiched soil. The roles both, pH and also O

various interactions that can lead to either increasing or decreasing ammonia levels, were tried 

to illustrate and are discussed in more detail within the manuscript (section 

Figure 30: A: False color images of the 
the soil, around the soil/air interphase
within the soilat different time points a
color images of the O2 concentration opposite to the NH
mirroring the NH3 images though without depicting the 
concentration profile of the 5 regions of interest (ROIs 1
concentration profile of the 3 ROIs (
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The ammonia emission from soils resulting from agriculture, manure and ammonia

fertilizers paired with processes going on within the soil upon manure application, were of 

interest. The various actions that can occur when something rich in organic matter and 

nitrogen comes in contact with a microorganism potent system is studied with this setup, as 

manure is added to the sandwiched soil. The roles both, pH and also O

lead to either increasing or decreasing ammonia levels, were tried 

to illustrate and are discussed in more detail within the manuscript (section 

A: False color images of the ammonia level propagation in the headspace above 
around the soil/air interphase, where the dashed line alludes the soil surface

within the soilat different time points after manure application and manure injection
concentration opposite to the NH3optode at the same time point 

though without depicting the headspace above the soil
concentration profile of the 5 regions of interest (ROIs 1-5) throughout the experiment.

ROIs (3-5) throughout the experiment. 

 

The ammonia emission from soils resulting from agriculture, manure and ammonia-based 

fertilizers paired with processes going on within the soil upon manure application, were of 

occur when something rich in organic matter and 

nitrogen comes in contact with a microorganism potent system is studied with this setup, as 

manure is added to the sandwiched soil. The roles both, pH and also O2 play within the 

lead to either increasing or decreasing ammonia levels, were tried 

to illustrate and are discussed in more detail within the manuscript (section 11.3).  

 

propagation in the headspace above 
the soil surface, and 

and manure injection. B: False 
optode at the same time point 

headspace above the soil. C: NH3 
the experiment. D: O2 
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The first ten minutes within the time trace for specifically chosen regions of interest (ROIs) 

for the NH3/O2 combination (Figure 30) show the response when the dry soil and the 

subsequent addition of 10 mL and then another 5 mL of water were imaged. In Figure 31 the 

same initial 

treatment is illustrated for the pH/O2 combination, starting with pH 5 and rising to pH 6-6.5 

with addition of water. The pH values for ROIs 1 and 2 stay low as they measure the 

headspace above the soil, which is not in an aqueous solution. This was followed by the 

addition of 7 mL manure, which lead to a steep rise in NH3, up to 50 ppm, though this only 

was the case for the selected ROIs in the headspace of the air/soil interphase, indicating the 

immediate volatilization of the ammonia from the manure. The ROI located directly 

underneath the air/soil interphase, thus within the soil, suggested the diffusion of ammonia 

into the soil and also showed the progress of this with increasing ammonia levels with time. 

This course of ammonia proliferation is accompanied by a decrease in oxygen for the upper 

regions of interest within the soil.  

It is worth mentioning that the O2optode was attached in such a manner that only the soil 

could be analysed without the headspace above it. The already discussed addition of 7 mL of 

manure also entailed a surge in pH to pH 7-8.5. And also, the anoxic regions expanded on this 

side with time. Then after one hour 3 mL manure were injected in front of each optode (NH3 

and pH) and this time a sudden decline in ammonia levels occurred, at least for the top 3 

ROIs. This could be due to the fact that the soil sandwich was closed with laboratory film and 

needed to be opened in order to conduct the second manure addition, leading to a loss of the 

gaseous headspace ammonia out of the sandwiched glass plates. Even though there is a 

significant decrease of ROIs 1-3 in the beginning and a rather insignificant increase for ROI 

4, all of them result in a complete diminishment of ammonia after 135 minutes. In regard to 

the O2 and pH levels lead the injection of manure to a further decrease in oxygen as manure 

extensively leached into the soil, with the exemption of ROI 3 opposite the NH3optode, which 

underwent an increase due to seemingly heterogeneities. However, the pH in the headspace 

depicted hardly any change despite the regions where the injection took place resulting in an 

increase of pH to pH 7.25 and 6.5.   
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Figure 31: A: False color images of the 
around the soil/air interphase, where the 
soilat different time points afte
images of the O2 concentration opposite to the 
NH3 images though without depicting the headspace above the soil. C
ROIs (1-5) throughout the experiment.
throughout the experiment. 
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A: False color images of the pH level propagation in the headspace above the soil,
, where the dashed line alludes the soil surface

soilat different time points after manure application and manure injection
concentration opposite to the pH optode at the same time point mirroring the 

though without depicting the headspace above the soil. C: pH
experiment. D:O2 concentration profile of the 

 

 

propagation in the headspace above the soil, 
the soil surface, and within the 

and manure injection. B: False color 
optode at the same time point mirroring the 

pH profile of the 5 
concentration profile of the 3 ROIs (3-5) 
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For an even better understanding of the interplay of the particular analytes, the alterations of 

the analyte levels over time can be gathered from so called rate images. Therefore, two 

images at two different times are subtracted from each other and then divided by the 

respective time.69 Thus, inhomogeneous changes upon the first manure addition (

and B) affecting either emissions of ammonia or propagation of O

rates and this together with the uneven seepage of manure within the soil also becomes 

apparent in Figure 32 C and D after the injection of manure. This comparison shows that this 

irregular distribution takes place in both cases, when manure is added on top of the soil and 

also when injected. Unfortunately, the comparison between the various behaviours of the 

analytes was not that approachable due to the rather bad positioning of the O

as the lack in visible changes within the soil, which was the case for both, the NH

optode (Figure 33). However, injection of the manure brought a more impactful response as 

alterations of the respective analytes became more detectable and enabled to gather mirrored 

impacts within the soil environment.

 

Figure 32: A: False color image of the rate of NH
first manure addition on the wetted soil. B: False color image of the rate of O
air sat. min-1 directly upon the first manure addition on the wetted soil.
NH3 emission in ppm min-1 after manure injection. D: Similar to B rate of O
air sat. min-1 after manure injection.
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For an even better understanding of the interplay of the particular analytes, the alterations of 

over time can be gathered from so called rate images. Therefore, two 

images at two different times are subtracted from each other and then divided by the 

, inhomogeneous changes upon the first manure addition (

and B) affecting either emissions of ammonia or propagation of O2 decrease can be se

rates and this together with the uneven seepage of manure within the soil also becomes 

C and D after the injection of manure. This comparison shows that this 

irregular distribution takes place in both cases, when manure is added on top of the soil and 

also when injected. Unfortunately, the comparison between the various behaviours of the 

alytes was not that approachable due to the rather bad positioning of the O

as the lack in visible changes within the soil, which was the case for both, the NH

). However, injection of the manure brought a more impactful response as 

alterations of the respective analytes became more detectable and enabled to gather mirrored 

impacts within the soil environment. 

 

False color image of the rate of NH3 emission in ppm min-1 directly upon the 
first manure addition on the wetted soil. B: False color image of the rate of O

directly upon the first manure addition on the wetted soil. C: Similar to A rate of 
after manure injection. D: Similar to B rate of O

after manure injection. 

 

For an even better understanding of the interplay of the particular analytes, the alterations of 

over time can be gathered from so called rate images. Therefore, two 

images at two different times are subtracted from each other and then divided by the 

, inhomogeneous changes upon the first manure addition (Figure 32 A 

decrease can be seen in 

rates and this together with the uneven seepage of manure within the soil also becomes 

C and D after the injection of manure. This comparison shows that this 

irregular distribution takes place in both cases, when manure is added on top of the soil and 

also when injected. Unfortunately, the comparison between the various behaviours of the 

alytes was not that approachable due to the rather bad positioning of the O2 optode as well 

as the lack in visible changes within the soil, which was the case for both, the NH3 and the pH 

). However, injection of the manure brought a more impactful response as 

alterations of the respective analytes became more detectable and enabled to gather mirrored 

directly upon the 
first manure addition on the wetted soil. B: False color image of the rate of O2 depletion in % 

C: Similar to A rate of 
after manure injection. D: Similar to B rate of O2 depletion in % 
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Figure 33: A: False color image of the rate of pH in pH min
addition on the wetted soil. B: False color image of the rate of O
directly upon the first manure addition on the wetted soil. C: Similar to A 
min-1 after manure injection. D: Similar to B rate of O
manure injection. 

 

Overall, this first soil sandwich was crucial in order to determine the possibility of such 

application and the improvements th

the glass plates resulting in an increased thickness of the setup and a more constructive 

positioning of the sensor foils. Moreover, it was important to show that this experiment is 

reproduceable, thus the interpretations regarding the microbial and chemical processes within 

the microenvironment of the soil are further elucidated within the 

next chapter. 
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A: False color image of the rate of pH in pH min-1 directly upon the first manure 
addition on the wetted soil. B: False color image of the rate of O2 depletion in % air sat. min
directly upon the first manure addition on the wetted soil. C: Similar to A 

after manure injection. D: Similar to B rate of O2 depletion in % air sat. min

Overall, this first soil sandwich was crucial in order to determine the possibility of such 

application and the improvements that need to be implemented such as the distance between 

the glass plates resulting in an increased thickness of the setup and a more constructive 

positioning of the sensor foils. Moreover, it was important to show that this experiment is 

the interpretations regarding the microbial and chemical processes within 

the microenvironment of the soil are further elucidated within the manuscript attached in the 

 

 

directly upon the first manure 
depletion in % air sat. min-1 

directly upon the first manure addition on the wetted soil. C: Similar to A rate of pH in pH 
depletion in % air sat. min-1 after 

Overall, this first soil sandwich was crucial in order to determine the possibility of such 

at need to be implemented such as the distance between 

the glass plates resulting in an increased thickness of the setup and a more constructive 

positioning of the sensor foils. Moreover, it was important to show that this experiment is 

the interpretations regarding the microbial and chemical processes within 

manuscript attached in the 
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IV. Visualizing the NH3 emission and the local O2 and pH 

microenvironment of soil upon manure application 

 

The manuscript within this chapter is accepted for publication in  

Environment International 

 

9. Abstract 

 

The application of fertilizers and manure on fields is the largest source of ammonia (NH3) in 

the atmosphere. NH3 emission from agriculture has negative environmental consequences and 

is largely controlled by the chemical microenvironment and the respective biological activity 

of the soil. While gas phase and bulk measurements can describe the emission on a large 

scale, those measurements fail to unravel the local processes and spatial heterogeneity at the 

soil air interface. We report a two dimensional (2D) imaging approach capable of visualizing 

three of the most important chemical parameters associated with NH3 emission from soil. 

Besides the released NH3 itself also O2 and pH microenvironments are imaged using 

reversible optodes in real-time with a spatial resolution of < 100 µm. This combined optode 

approach utilizes a specifically developed NH3 optode with a limit of detection of 2.11 ppm 

and a large working range (0 – 1800 ppm) ideally suited for studying NH3 volatilization from 

soil.  This NH3 optode will contribute to a better understanding of the driving factors for NH3 

emission on a microscale and has the potential to become a valuable tool in studying NH3 

dynamics.  
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10. Introduction 

 

The application of livestock manure and synthetic fertilizers ensures high crop yield and 

sustains production in agriculture. Nevertheless, extensive use of fertilizers is expensive and 

harms the environment globally, as access nutrients leach into waterbodies and greenhouse 

gasses are emitted 70. Gas emission from agricultural fields is a strong contributor to climate 

change 71. One of those gasses is ammonia (NH3)
72,73. While less in the public focus than 

greenhouse gasses, NH3 emission is linked to various processes concerning the environmental 

and public health. NH3 contributes to the formation of atmospheric particulate matter, 

decreases visibility, accelerates global warming, shows toxicity at elevated concentrations and 

can act as a source of nitrogen to sensitive ecosystems due to atmospheric deposition68. On a 

global scale livestock production with the associated manure management and the application 

of synthetic fertilizers contribute each to around 30-40% of the global NH3 emission 68. This, 

therefore, makes agriculture the biggest source of NH3 emission74. 

While globally NH3 emission happens on a large scale 3,75, the underlying chemical and 

biological processes are controlled by small-scale (µm to mm) chemical gradients within the 

soil and soil/air interface 76. Kim and Or recently showed that the pH microenvironment has a 

critical role in controlling the emission of NH3 and nitrous acid (HONO) from drying soils 

and biocrusts 77. As the pH determines the speciation between the volatile NH3 and the non-

volatile ionic NH4
+ the local pH regulates the emission of NH3 directly 78.  Similarly, the 

bacteria catalyzed transformation of NH3 is affected by the local oxygen microenvironment 
5,79. Ammonia oxidizing bacteria for example consume O2 to convert NH3 to nitrite, so the 

local O2 availability has a direct impact on this bacterial NH3 sink. In addition, the uptake of 

NH4
+ by plants as well as microbes within the soil is an essential process contributing to the 

depletion of free NH3. It is thus clear that the chemical microenvironment plays a crucial role 

in NH3 emission and that considering the local microenvironment is essential for a deeper 

understanding of NH3 emission dynamics and the underlying processes 76. While gas phase 

measurements of NH3 are technically easy to realize using sensors 2 as well as other 

methods80, such approaches only provide bulk measures and do not account for the local 

chemical conditions at the relevant scale. So far, no study was able to visualize and quantify 

the spatial and temporal heterogeneity of NH3 at the soil/air interface at below 1 mm 

resolution. This certainly is the case due to the lack of an appropriate method, like an optode 

for NH3.  
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Planar optical sensors, so called optodes 81, are among the best tools to visualize complex 

chemical microenvironments 17 in two dimensions (2D). Optodes for O2
23,82,83 and pH 84 have 

been applied extensively in marine and terrestrial systems 18,85 and greatly improved our 

understanding of the biogeochemical processes involving those analytes 86,87 in particular for 

structurally complex systems. For example, studies using optodes have shown that the local 

O2 availability within the soil affects the emission of N2O and other greenhouse gases 23,83.  

While optodes for O2 and pH are rather well established, optodes for other important species 

(like H2S 64, NH4
+26,88 and CO2

89–91) are sparse, often based on in house synthesized 

specialized indicators and therefore less well established and used within environmental 

sciences. This limits our ability to investigate chemical transformations in heterogeneous 

natural systems. So far, to the best of our knowledge, no dedicated NH3 optode was developed 

to study NH3 emission. Currently most NH3 optodes aim at monitoring low (ppb) levels of 

dissolved NH3 in aquatic systems 54,57,92  due to the toxic effects NH3 has to aquatic organisms 

even at those low levels 6. Such optodes working in the ppb range are unsuited for studying 

NH3 emissions from soil where concentrations up to 200 ppm can be reached 2.  

In here, we present a dedicated NH3 optode capable of imaging NH3and demonstrate that this 

optode can be a valuable tool to study the processes at the soil/air interface in 2D. We also 

combine the NH3 optode with other optodes sensitive to either pH or O2 to quantify the 

chemical microenvironment at the soil air interface upon manure application. This study is the 

first 2D visualization of NH3 emission from a soil surface and the first application of chemical 

imaging within a terrestrial system showing the temporal and spatial heterogeneity of the 

chemical microenvironment for three critical parameters related to NH3 emission.  

 

 

11. Results and Discussion 

11.1. Optode design and imaging approach 

 

Our newly developed optode (Figure 1) enables measurements of NH3 in the ppm range with 

a limit of detection (LOD) of 2.11 ppm and a large dynamic range up to 1800 ppm. The 

sensing principle of this planar optode is based on the fluorescent pH indicator Oxazine 170 

perchlorate, which is immobilized in a hydrogel. The indicator dye was combined with an 

inert reference dye (Macrolex yellow) enabling a ratiometric approach to reference intensity-

based signals (see supporting Figure S1 for spectra) 93,94. Cross-sensitivity towards pH and 

interferences with all other ionic species were overcome by using agas permeable and ion 
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impermeable fluoropolymer membrane on top of the sensing layer

is deprotonated by gaseous NH

deprotonation, the indicator changes its fluorescence properties (see supporting 

which can be detected using a color camera. 

range (0-1800 ppm) with a linear 

imaging approach allows using a regular single

the red, green and blue channels that are used to assemble an image 

used as well as the utilized trigger box t

and similar to the equipment, which is widely applied for O

possible to combine those optodes within a single setup. Thus, we combined the here 

developed NH3 optode with optodes for O

the soil/air interface in detail.  

Figure 1: A: Composition of the planar NH

leads to a changed emission of the indicator dye. B: 

(data fitted with an exponential decay function; R

(linear fit; R2> 0.993). The NH

 

11.2. Setup for combined O

 

All three optodes were integrated into a thin (4 mm) soil sandwich 

volume of soil was sandwiched between two glass plates equipped with optodes. Two NH

optodes were placed on one side and one O

2). In combination with two opposing cameras and excitation sources, this enabled the parallel 

imaging of three parameters. Given the spatial arrangement of the optodes, it was possible to 

analyze either NH3 and O2 or NH

emission and the local O2 and pH microenvironment of soil upon manure 
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ropolymer membrane on top of the sensing layer59. Hence, the indicator dye 

by gaseous NH3 that diffuses through the hydrophobic membrane. Upon 

deprotonation, the indicator changes its fluorescence properties (see supporting 

which can be detected using a color camera. The optode enables imaging of NH

1800 ppm) with a linear response from 0-60 ppm (see Figure 

imaging approach allows using a regular single-lens reflex (SLR) camera taking advantage of 

the red, green and blue channels that are used to assemble an image 93. All optical components 

used as well as the utilized trigger box to analyze the NH3 optode are commercially available  

and similar to the equipment, which is widely applied for O2 and pH optodes 

e to combine those optodes within a single setup. Thus, we combined the here 

optode with optodes for O2 and pH to study the chemical microenvironment at 

the soil/air interface in detail.   

Figure 1: A: Composition of the planar NH3 optode and the interaction with ammonia that 

leads to a changed emission of the indicator dye. B: Calibration curve of the NH

(data fitted with an exponential decay function; R2> 0.996) and a close up of the linear range 

he NH3 optode has an LOD of 2.11 ppm.  

Setup for combined O2, pH and NH3 visualization 

All three optodes were integrated into a thin (4 mm) soil sandwich 96,97. This means that a 

ched between two glass plates equipped with optodes. Two NH

optodes were placed on one side and one O2 and one pH optode on the other side (see 

2). In combination with two opposing cameras and excitation sources, this enabled the parallel 

f three parameters. Given the spatial arrangement of the optodes, it was possible to 

or NH3 and pH together. The calibration curves of the O

and pH microenvironment of soil upon manure 

 

. Hence, the indicator dye 

that diffuses through the hydrophobic membrane. Upon 

deprotonation, the indicator changes its fluorescence properties (see supporting Figure S1) 

The optode enables imaging of NH3 over a broad 

 1). The ratiometric 

lens reflex (SLR) camera taking advantage of 

. All optical components 

optode are commercially available  

and pH optodes 84,93,95, making it 

e to combine those optodes within a single setup. Thus, we combined the here 

and pH to study the chemical microenvironment at 

 

optode and the interaction with ammonia that 

Calibration curve of the NH3 optode 

) and a close up of the linear range 

. This means that a 

ched between two glass plates equipped with optodes. Two NH3 

and one pH optode on the other side (see Figure 

2). In combination with two opposing cameras and excitation sources, this enabled the parallel 

f three parameters. Given the spatial arrangement of the optodes, it was possible to 

together. The calibration curves of the O2 and pH 
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optodes (see supporting Figure

optode at different ammonia concentrations (see supporting 

Figure 2: Experimental setup. Two transparent glass plate

with an internal thickness of 4 mm. O

the insides as shown. Soil was filled in between the slides and the optodes leaving a 

headspace. Two single-lens reflex cameras as well as a blue LED and 

positioned at the respective sides of the soil sandwich. This enabl

the three parameters. Manure was applied on the soil surface from the top using a pipette. 

 

11.3. The chemical microenvironment and its impact on NH

 

With the described setup at hand, we were able to visualize what happens t

microenvironment of soil upon manure application. As mentioned, manure and synthetic 

fertilizers are the main sources of NH

substantial amounts of dissolved organic carbon, mineral nitrogen and 

mixture to stimulate a variety of chemical and microbial processes within the soil. In terms of 

NH3 emission, the following processes need to be considered. The degradation of urea, uric 

acid or undigested proteins are the main pr

that local pH and O2 availability affects the catalytic performance of the enzymes used to 

degrade the respective precursors 

water to convert uric acid into CO

the fast degradation processes already happened within

emission and the local O2 and pH microenvironment of soil upon manure 
application 
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Figure S2) as well as the response curves of the develope

optode at different ammonia concentrations (see supporting Figure S3) are available. 

Figure 2: Experimental setup. Two transparent glass plates formed a so-called soil sandwich

with an internal thickness of 4 mm. Optodes (one O2, one pH and two NH

. Soil was filled in between the slides and the optodes leaving a 

lens reflex cameras as well as a blue LED and 

positioned at the respective sides of the soil sandwich. This enabled simult

the three parameters. Manure was applied on the soil surface from the top using a pipette. 

The chemical microenvironment and its impact on NH3 emission

With the described setup at hand, we were able to visualize what happens t

microenvironment of soil upon manure application. As mentioned, manure and synthetic 

fertilizers are the main sources of NH3 emission into the atmosphere. Manure contains 

substantial amounts of dissolved organic carbon, mineral nitrogen and water. In short, an ideal 

mixture to stimulate a variety of chemical and microbial processes within the soil. In terms of 

emission, the following processes need to be considered. The degradation of urea, uric 

acid or undigested proteins are the main processes producing NH3 within manure. It is clear 

availability affects the catalytic performance of the enzymes used to 

degrade the respective precursors 68. Take for example the enzyme uricase that uses O

water to convert uric acid into CO2 and NH3. Due to the common storage of manure most of 

the fast degradation processes already happened within the manure tank, resulting in a readily 

and pH microenvironment of soil upon manure 
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available NH3. Besides NH3 sources there are also several processes including nitrification 

and assimilation that decrease the local NH3 concentration. Nitrifying microorganisms (e.g. 

ammonia oxidizers) oxidize NH4
+ consuming O2

79 which again demonstrates the 

interconnection between those analytes. Additionally, it is essential to remember that NH3 is 

in a pH dependent equilibrium with ammonium (NH4
+), the sum of both forms is called total 

ammonia nitrogen (TAN). Only NH3 can be emitted from the soil surface into the air and only 

this form can be detected by the optode. Several theoretical models exist that account for 

those as well as other chemical and physical processes, but they still fall short of fully 

predicting the emission of NH3
98–100; likely due to the problem of accurately modeling local 

heterogeneities.    

In the system presented here, we combine a specially developed NH3 optode with optodes for 

two of the main chemical parameters governing the faith of NH3 within soil, namely O2 and 

pH. We chose to use a rather thin sieved soil sample and sandwiched the soil between the 

respective optodes for this proof of concept study. By doing so, it was possible to correlate the 

obtained quantitative images for NH3 and O2 or NH3 and pH directly, as the sample is only 4 

mm thin, heterogeneity within the width of the soil slice was kept to a minimum, while still 

allowing the addition of manure from the top. This limits the sample volume, but this 

approach enables a rather direct correlation of the obtained images from the respective sides 

of the soil sandwich.  

The dry soil was first exposed to 10 mL of water to humidify the soil before 7mL of manure 

were added. The headspace of the soil sandwich was sealed with laboratory film, and 

chemical imaging started immediately before the water addition. Selected images and a time 

trace for selected regions of interest (ROIs) are shown in Figure 3 for the NH3/O2 optode 

combination and in Figure 4 for the NH3/pH optode combination. It is evident that the 

addition of manure had an immediate effect on the chemical microenvironment of the soil. 

While the just wetted soil was well oxygenated and showed an acid pH of 4-5, manure 

addition resulted in the formation of an anoxic layer on the top soil and a sudden pH increase 

up to pH 7.5 to 8. A sudden spike in the NH3 emission accompanied this. Ammonia in the gas 

phase above the soil reached levels > 150 ppm.  

To illustrate the differences in local concentration and dynamics we selected ROIs 

representing the gas phase on top of the soil sample as well as ROIs at the air/soil interphase. 

The initial emission of NH3 was instantaneous, this indicates that the application released the 

NH3 already present within the manure. Due to the increased surface area upon application, 

dissolved NH3 within the manure can reach the gas phase quickly. Also, the alkaline manure 
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. The observed emission profile is largely in agreement with 

previously obtained gas phase measurements 102 and can be explained with a transport

reaction model taking also into account the role of CO2 emission and surface pH 

ormation reactions within the soil play likely no role in this initial very fast emission. 

Figure 3: A: False color images of the NH3 concentration distribution within the soil, around 

the soil/air interphase (dashed line indicates the soil surface) and in the headspace above the 

at different time points after manure application. B: False color image

and pH microenvironment of soil upon manure 
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concentration opposite to the NH3 optode at the same time point mirroring the NH3 images. 

C: NH3 concentration profile of the 5 regions of interest (ROIs 1-5) throughout the 24 hour 

manure application experiment. D: O2 concentration profile of the 5 ROIs (1-5) throughout 

the 24 hour manure application experiment.  

 

After the initial peak NH3 levels within the headspace and at the air/soil interface decreased. 

As the soil sandwich is not airtight NH3 can leave the headspace and/or be consumed via e.g. 

nitrification. The expansion of the anoxic zone within the soil could result from O2 

consumption during active nitrification, but this process is generally considered slow and not 

supposed to contribute to a significant reduction of TAN within the first 24 h 76. After one 

hour an additional 10 mL of manure were added on top of the soil. Again, NH3 emission 

spiked, but reaching lower peak concentrations. This is likely, because the soil surface was 

already covered by a thin manure film at that point and therefore the increase in surface area 

was less pronounced. The peak was again followed by a decline in headspace and interface 

NH3 levels. The second addition of manure had minimal effect on the surface pH as well as 

on the O2 levels within the soil. Soil pH remained at around 7.75 to 8.25 and the anoxic zone 

within the soil continued to expand with manure seeping into the soil. Ammonia levels in both 

the gas phase and interface decreased then for around 5 hours. In this period between it is 

likely that aerobic microbial respiration (ammonia oxidation) and NH4
+ assimilation 103 

contributed to the decrease in NH3 levels, as both O2 and pH decrease. Aerobic respiration 

consumes O2 and results in the formation of acidic CO2. The apparent change in the signal 

from the pH optode above the soil surface indicates that increased levels of acidic gasses like 

CO2 are released from the soil at this point 78. Afterwards NH3 emission gradually increased 

again. Degradation processes of organic procurers (like urea, or proteins) or desorption of 

previously absorbed NH4
+ from soil particles can explain the observed slow increase of NH3 

at this point. A general slight increase in the soil pH (see zoom in Figure 4) accompanies the 

increasing emission and further supports a slow release of NH3fuelled either by biological 

production or desorption.  
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False color images of the NH3 concentration distribution within the soil, around 

the soil/air interphase (dashed line indicates the soil surface) and in the headspace above the 

at different time points after manure application. B: False color image

 at the same time points mirroring the NH

 regions of interest (ROIs 6-10) throughout the 24 hour manure 

pH profile of the 5 ROIs (6-10) throughout the 24 hour

application experiment with a zoom showing the pH region between 7.75 and 8.50. 

and pH microenvironment of soil upon manure 

 

 

concentration distribution within the soil, around 

the soil/air interphase (dashed line indicates the soil surface) and in the headspace above the 

. B: False color images of the pH 

at the same time points mirroring the NH3 images. C: NH3 

) throughout the 24 hour manure 

) throughout the 24 hour manure 

application experiment with a zoom showing the pH region between 7.75 and 8.50.  
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Furthermore, line profiles obtained at the air/soil interface show the change in the 

microenvironment and enable a direct alignment of O2 and NH3 (Figure 5) or pH and NH3 

(supporting Figure S4).  Extracting concentration profiles from the chemical images allows 

for the in depth analysis of the chemical and biological processes as shown otherwise by 

microsensors 19,104–106. With as resolution of around 100 µm per pixel the chemical images 

generated in this study can provide high-resolution profiles of three important analytes related 

to the emission of NH3. The high nutrient content of manure results in a very active 

respiration within the manure layer as seen by a rapid O2 consumption at the air/soil interface 

(Figure 5C and D). The respective NH3 profiles also show a consumption of NH3 that aligned 

with the O2 consumption. Directly after manure addition the consumption happen just 

underneath the soil surface, where the biggest O2 consumption is observed. This could 

indicate active nitrification, but one has to keep in mind only the gaseous NH3 and not the 

total ammonia nitrogen (TAN) is measured here. The concentration of TAN can be obtained 

via using the simultaneous pH measurement to calculate the estimated NH4
+ that exists in 

equilibrium to the measured NH3 at a given pH using the Henderson–Hasselbalch equation 

(see supporting figures S4 for a calculated TAN profile). While for those TAN profiles the 

respective O2 profile at the same location is not available, it appears that TAN consumption 

happens a few mm underneath the soil/air interface at the initial manure application and 

deeper with the soil (at the bottom of the anoxic front) at the end of the experiment. A slight 

NH3 and TAN production can be observed at the soil surface at the end of the experiment, 

which is in line with the observed overall increase in NH3 emission. While outside the scope 

of this study, further analysis of the profiles could be used to look at the biological and 

chemical processes involved as shown previously using microsensor based approaches 107,108.  
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Figure 5: A and B: False color images of NH

Panel A shows the images directly after manure addition and B at the end of the experiment

(25 hours). C: O2 and NH3 concentration profiles extracted at the two depicted time points 

along the longer line shown in panels A and B. D: O

extracted at two depicted time points along the shorter line shown in panels A and B.  

 

While the extraction of line profiles is an excellent way to study concentration gradients and 

to determine e.g. fluxes in a similar manner don

using the 2D information from the images is not exploited. Therefore, changes in the analyte 

concentration over time can be depicted as rate images by simply subtracting two images 

from subsequent time points with each other and tak

the images 69. This enables a close look on the 2D heterogeneity of the O

emission, as shown in Figure 

the rates of NH3 release and O

with the infiltration of manure being non

emission and the local O2 and pH microenvironment of soil upon manure 
application 

79 

Figure 5: A and B: False color images of NH3 and O2 concentrations at different time points. 

Panel A shows the images directly after manure addition and B at the end of the experiment

concentration profiles extracted at the two depicted time points 

along the longer line shown in panels A and B. D: O2 and NH3 concentration profiles 

extracted at two depicted time points along the shorter line shown in panels A and B.  

While the extraction of line profiles is an excellent way to study concentration gradients and 

to determine e.g. fluxes in a similar manner done by using microsensors 109

using the 2D information from the images is not exploited. Therefore, changes in the analyte 

concentration over time can be depicted as rate images by simply subtracting two images 

from subsequent time points with each other and taking into consideration the time between 

. This enables a close look on the 2D heterogeneity of the O2

 6 for the first addition of manure on the wet soil. It is clear that 

release and O2 depletion show a heterogeneous pattern that can be associated 

with the infiltration of manure being non-uniformly on a soil surface. Structural features like 

and pH microenvironment of soil upon manure 
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While the extraction of line profiles is an excellent way to study concentration gradients and 
109, the possibility of 

using the 2D information from the images is not exploited. Therefore, changes in the analyte 

concentration over time can be depicted as rate images by simply subtracting two images 

ing into consideration the time between 

2 depletion and NH3 

addition of manure on the wet soil. It is clear that 

depletion show a heterogeneous pattern that can be associated 
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the small elevation visible in the two images leads to a concentration of liquid manure in the 

valleys besides the elevation. This further results in a heterogeneous infiltration and 

consequently in a matching pattern of local O

structural features here are just bumps of a few mm they already result in a distinct shift in 

soil chemistry. In non-sieved natural soils containing also stones and plant roots a way more 

heterogeneous chemical microenvironment can be expected. As demonst

other analytes than NH3, optodes are ideal tools to look at such complex microenvironments 
84,89,97.   

 

 

Figure 6: A: False color image of 

manure addition on the wetted soil. B:

sat. min-1 directly upon the first manure addition on the wetted soil. 
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evation visible in the two images leads to a concentration of liquid manure in the 

valleys besides the elevation. This further results in a heterogeneous infiltration and 

consequently in a matching pattern of local O2 depletion and NH3 emission. While the 

structural features here are just bumps of a few mm they already result in a distinct shift in 

sieved natural soils containing also stones and plant roots a way more 

heterogeneous chemical microenvironment can be expected. As demonst

, optodes are ideal tools to look at such complex microenvironments 

 

False color image of the rate of NH3emission in ppm min-1 directly upon the first 

manure addition on the wetted soil. B: False color image of the rate of O

directly upon the first manure addition on the wetted soil.  

In conclusion, we developed and applied the first NH3 optode dedicated to visualizing the 

from a soil surface, together with the main driving factors, O

of commercially available compounds enabling reproduction 

without the need of e.g. indicator synthesis. We believe that this is a great advantage, as this 

will enable other researchers to readily use this optode. In addition, the used imaging and 

calibration method only requires a standard single-lens camera, an excitation light source, 

er box. The entire setup is available at low costs 

facilitate a widespread use of this method. We demonstrated the potential of the system by 

and pH microenvironment of soil upon manure 
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imaging NH3 emission from soil upon manure application. It was not the aim of this study to 

elucidate the entire soil biogeochemistry, but it is evident that the optode and combination 

approach presented here enables studying biological and chemical processes related to NH3 in 

detail. The use of NH3, O2 and pH optodes allows analysis of all three parameters in real-time 

with a sub-mm (<100 µm) resolution. As pH and a variety of microbial processes, like the 

oxygen consuming nitrification, affect the availability of free NH3, this combinatory imaging 

approach gives more detailed insides into those processes than pure gas phase measurements. 

The hope is that in the future even additional optodes; e.g. CO2
89,90 or multianalyte optodes 

110, could be included, to visualize even more of the complex chemical microenvironment of 

soil. While in this study a rather thin soil sample was analyzed, the optode could in the future 

be included into other setups like rhizotrons 28 or even fitted on equipment that could be 

installed in-situ at a field 111.  As soil is a heterogeneous and complex matrix, results from 

optode based studies are needed to better understand the chemical microenvironment at a fine 

scale and to provide essential data to help improve our understanding 77 and current models on 

NH3 emission 99,100. The presented optode has the potential to become a valuable tool in 

environmental monitoring related to NH3 emission from not only soil, but also other 

important sources where the chemical microenvironment matters (e.g. biofilters).   

 

12. Materials and Methods 

12.1. Optode fabrication 

 

The NH3 optode used was prepared by knife-coating a sensor cocktail onto a transparent dust-

free polyethylene terephthalate (PET) foil (PuetzFolien, Taunusstein, Germany) using a film 

applicator (Byk-Gardner GmbH). The cocktail consisted of 0.8 mg of the indicator dye 

Oxazin 170 perchlorate (Sigma Aldrich), 0.8 mg of the reference dye MY (Macrolex® 

fluorescence yellow 10GN, Lanxess, Köln, Germany) and 1.5 g of a mixture of 5% wt. 

polymer (Hydromed D4, AdvanSource Biomaterials) dissolved in THF (Tetrahydrofuran, 

Sigma Aldrich). Instantly after the coating a PTFE Fluoropore membrane filter (purchased 

from Advantec, Japan) was placed onto the still wet sensor film and carefully applied with a 

soft painting brush. As the THF evaporates through the filter a thin (~6 µm) hydrogel layer, 

which acts as a matrix for the dyes, is enclosed between the membrane filter and the PET foil. 

In order to ensure complete proton impermeability, the edges of the filter were sealed with 

PDMS, a mixture of 10:1 Silicone elastomer base and Silicone elastomer curing agent 

(Sylgard 184 Silicone Elastomer Kit, DOW Europe GmbH). 
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The preparation of the O2 and the pH optodes were conducted similar to a previous study 84 

and to the ammonia optode though using different dyes, solvents and ratios of such. 

Therefore, for the O2 optical sensor film 1.3 mg MY, 1.3 mg PtTFPP (Platinum(II)-

meso(2,3,4,5,6-pentafluoro)phenyl-porphyrin, Frontier Scientific), 100 mg PS (Polystyrene, 

MW 192,000 g mol-1, Sigma Aldrich) were dissolved in 1 g of CHCl3 (Merck KGaA, 

Darmstadt, Germany). This cocktail was spread on a PET foil and a layer of ~10µm was 

obtained after the chloroform evaporated. For different reasons as reaching high resolution 

and minimizing the impact of background light an optical isolation needed to be applied on 

top of the sensor layer. This cocktail consisted of 4% wt. (40 mg) of carbon black dispensed 

in 1 g 20% wt. solution of silicone glue (Elastosil E43, Wacker Chemie AG, Germany) in 

hexane (Merck KGaA, Darmstadt, Germany). After applying this layer with the help of a 

knife coater the optical isolation had a thickness of ~24 µm. 

The pH optode cocktail consisted of 1.5 mg of the lipophilic pH indicator HPTS (1-

Hydroxypyrene-3,6,8- tris-bis(2-ethylhexyl)sulfonamide, provided by Dr. Sergey Borisov, 

Graz University of Technology, Austria) 112, 1.5 mg Perylene (Sigma Aldrich), 75 mg D4 and 

75 mg diamond powder (Monocrystalline diamond powder, Microdiamant AG) 

dissolved/dispersed in 1.5 g THF and subsequently knife coated onto a PET foil resulting in a 

layer thickness of ~10 µm due to solvent evaporation. The necessity of an isolation layer met 

the same requirements for the pH optode as for the O2 optode. It contained 1.5 mg HPTS, 1.5 

mg Perylene, 75 mg D4 and 24 mg carbon black dissolved in 1.5 g THF. Since this isolation 

layer was coated on top of the sensor layer and thereafter the solvent evaporated a layer 

thickness of ~8 µm was achieved.  

 

12.2. Imaging setup 

 

The imaging setup consisted of two ratiometric RGB setups per side, as two NH3 optodes 

were imaged on one side and a pH and an O2 optode on the opposite side. The imaging of the 

NH3 optodes was conducted with a SLR camera (EOS 1300D, Canon, Japan) in combination 

with a macro objective lens (Macro 100 F2.8 D, Tokina, Japan), an orange 530 nm longpass 

filter (OG530 SCHOTT, 52 mm x 2 mm) with another plastic filter (#10 medium yellow; 

LEEfilters.com) attached in front of the long-pass filter in order to minimize background 

fluorescence. For excitation of the NH3 optode a blue (470 nm) LED (r-s components, 

Copenhagen, Denmark) together with a short-pass filter was used. The LED was controlled by 

a trigger box, which is a USB-controlled LED driver unit (imaging.fish-n-chips-de). The 
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software look@RGB (imaging.fish-n-chips-de) allowed the gathering of the images and to 

control of the SLR and LED.  

The pH and O2 optode imaging set up was similar to the one of the NH3 optodes with certain 

exceptions. A yellow 455 nm long-pass filter (GG455 SCHOTT, 52 mm x 2 mm) and a 405 

nm UV LED (r-s components, Copenhagen, Denmark) were used instead of the filter and 

excitation light mentioned above.  

 

12.3. Calibration and data analysis 

 

A calibration curve for the ammonia optode (Figure 1) was obtained as follows. A small piece 

of the optode used in the experiment was mounted into a small aquarium (350 mL) which was 

filled with 300 mL of a 0.5 M sodium hydroxide solution (pH > 12). Different ammonia 

concentrations (0, 5, 10, 30, 50, 70, 100, 200, 300, 400, … , 1800 ppm) were facilitated 

through subsequent addition of a stock solution of ammonium chloride (NH4
+Cl from 

Bie&Bernsten A-S, Denmark) with a concentration of 300 g L-1. Due to the high pH in the 

experimental chamber the equilibrium between NH3 and NH4
+ was on the side of NH3 (pKa 

9.25) at all times. After every addition, each calibration step was held for at least 12 minutes 

and images were taken every 3 minutes. In order to determine the calibration, images were 

analyzed using the software ImageJ (imagej.nih.gov/ij/). For the NH3 optode, the red channel 

(analyte sensitive emission of the indicator dye) was divided by the green channel (emission 

of the inert reference dye) utilizing the ImageJ plugin Ratio Plus. This ratio was correlated to 

the NH3 concentration (see Figure S1). For the soil experiments also the red/green ratios were 

obtained and fitted to the calibration curve with the help of the Calibrate tool of ImageJ 

(function: exponential with offset). The limit of detection (LOD) was determined from the 

mean of measured ratios of the blank plus three times the measured standard deviation (0.250 

± 0.00141). This resulted in the LOD of 2.11 ppm.  

O2 and pH optode calibration and data analysis were conducted similar to a previous study 84 

with a few differences as follows. For the determination of a calibration curve for the O2 

optode a small piece of the sensor foil was positioned and fixed on the inside of a small 

aquarium. The water inside the aquarium was titrated with a 2% sodium dithionite solution 

(Sigma Aldrich) to obtain different O2 levels up until a fully deoxygenized state of the water. 

These O2 levels were controlled via an optical O2 microsensor (FireSting GO2, PyroScience 

GmbH, Aachen, Germany; calibrated by 2- point calibration with 0 % and 100 % air saturated 

water). Similar to the steps mentioned above the calibration curve was obtained by using the 
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red/green image ratios and plotting them against the titrated and measured O2 levels. 

Furthermore, a macro (programmed for ImageJ) was used to apply the calibration to the soil 

experiment images for O2. Therefore, the red/green ratios of the calibration were normalized 

(ratio at zero Oxygen divided by the ratio) and fitted using a modified Stern-Volmer fit as 

shown in equation 1 (see Figure S2 for the data). This fit gives the parameters (Ksv and f) 

needed for the macro in addition to R0. This approach is well established and further 

information on O2 imaging can be found within literature  93,97,113. 

 

=
 ∗[ ]

( )
                                         (equation 1) 

 

For the pH optode calibration a pH sensor foil was placed inside a small glass tank (350 mL) 

and filled with a 0.1 M phosphate buffer solution (pH 7; ionic strength = 0.377 M adjusted 

with NaCl). Different calibration points (pH 2, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 12) were 

adjusted by using a 1 M NaOH solution and 1 M HCl solution. A pH meter (PHM210 

Meterlab, Radiometer Analytical, Lyon, France) facilitated the monitoring of the pH 

throughout the calibration. Images were taken every five minutes for a total of 15 minutes at 

each pH to ensure that equilibrium was achieved. Here, ratio images were generated dividing 

the blue channel by the red channel and the gathered ratios were opposed to the measured pH 

points to receive a calibration curve. A different macro was created to ensure a more precise 

use of the calibration curve for the target experimental images received from the soil 

sandwich set up. For this a Sigmoidal fit was utilized again generating parameters (A, B, x0 

and dx) needed to put into the macro (see data and fit in Figure S2) and by adjusting the 

formula pursuant to the already mentioned study 93. 
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12.4. Soil sandwiches 

 

The soil sandwiches were assembled according to the rhizo-sandwiches in an earlier study 96 

with a few alterations. A total of four rows of microscope slides (Hounisen, Denmark) were 

glued to three of the edges of a glass plate (29 x 17 cm2) with an UV curing glue (Loctite 

3494, Henkel-Adhesives). Two ammonia optodes were taped on the inside of the glass plate. 

Soil (m= 96.95 g) was spread out, distributed evenly and covered two thirds of the optodes. A 

second glass plate equipped with one pH and one O2 optode next to each other was used to 

close the sandwich, sealing it with modeling clay and isolation tape (Super 33+ Vinyl 

electrical tape, Scotch TM Brand, USA). The sandwich then had an inner thickness of 4 mm, 

which left just enough space to apply the pig manure using a volumetric pipette.  

 

12.5. Biological application 

 

Soil (loamy sand; 87% sand, 10% slit, 3% clay with a soil pH of around 6) was collected at a 

garden close to Aarhus (Denmark). The soil was sieved (1.78 mm2 mesh size) prior to 

analysis and stored dry and in darkness. The soil had a water content of 15% when filled into 

the soil sandwich. The pig manure used in this study was generously provided and had the 

following characteristics: total-N: 3.11 kg/ton (NH4-N: 2.72 kg/ton; organic-N 0.38 kg/ton), 

phosphorus: 0.13 kg/ton and a dry matter content of 1.3%. Soil was filled into the soil 

sandwich as described above. 

At first, images of the optodes with dry soil were taken. After that, 10 mL of water were 

applied evenly, and two images were acquired in an interval of five minutes. Thereupon, 7 

mL of pig manure were applied again with an attempt of even distribution and images taken 

every five minutes for a total of 60 minutes. After every manure addition the soil sandwich 

was sealed with PARAFILM®. Another 10 mL of manure were added with recording times 

of every 5 minutes for 35 minutes in the beginning, then migrating to one image per hour for 

14 hours to in the end changing it to an image taken every two hours, which mounts up to 24 

hours. The subsequent additions increased the soil water content from initial 15% to final of 

approximately 43%.  
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13. Supporting Information

Supporting figures: 

S1: Spectral change of the NH

A: absorption spectra of an optode

to different levels of NH3. Note that in this optode a transparent Teflon membrane 

solution from Sigma-Aldrich was coated 

previously used hydrophobic fluoropore membrane. As this membrane 

the dynamic properties of the sensor 

B: changes in the emission spectra of the NH

(O17) and the reference dye (MY),

emission spectra as in B with the spectral properties of the respective color channels of the 

camera in the background. While in 

reference) decreases the increase observed at around 600 nm leads to the measured overall 

increase in the ratio of the red/green channel seen in the calibration cur

same time, this explains why the calibration cur

Note: Absorption Spectra of the 
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Supporting Information 

S1: Spectral change of the NH3 optode when exposed to the analyte.

absorption spectra of an optode only consisting of oxazin 170 perchlorate (O17)

. Note that in this optode a transparent Teflon membrane 

Aldrich was coated on top of the sensing layer) was us

used hydrophobic fluoropore membrane. As this membrane showed an impact on 

the dynamic properties of the sensor the used concentrations of NH3 are substantially higher. 

changes in the emission spectra of the NH3 optode, here consisting of the indicator dye 

(O17) and the reference dye (MY), exposed to the analyte at different concentrations. 

with the spectral properties of the respective color channels of the 

camera in the background. While in fact the peak emission of both dyes (indicator and 

reference) decreases the increase observed at around 600 nm leads to the measured overall 

increase in the ratio of the red/green channel seen in the calibration curve in 

plains why the calibration curve is linear at first and then flattens. 

Note: Absorption Spectra of the Oxazine perchlorate 170 dye (A), were measured on a 

and pH microenvironment of soil upon manure 

 

 

optode when exposed to the analyte. 

only consisting of oxazin 170 perchlorate (O17) exposed 

. Note that in this optode a transparent Teflon membrane (Teflon AF 

on top of the sensing layer) was used instead of the 

showed an impact on 

are substantially higher. 

consisting of the indicator dye 

exposed to the analyte at different concentrations. C: Same 

with the spectral properties of the respective color channels of the 

fact the peak emission of both dyes (indicator and 

reference) decreases the increase observed at around 600 nm leads to the measured overall 

e in Figure 1. At the 

e is linear at first and then flattens.  

perchlorate 170 dye (A), were measured on a 
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Thermo ScientificTMGenesys 10S UV

(Schwerte, Germany) in a 10 mm precision

the cuvette and placed to face the light source. Baseline correction of the spectra were 

acquired using a 0.5 M sodium hydroxide solution and a small piece of an uncoated PET foil. 

Emission spectra of the optodes (B) were measured on a CLARIOstar Plus microplatereader 

from BMG Labtech (Ortenberg, Germany) in tissue culture test plates with 12 wells by TPP 

Techno Plastic Products AG (Trasadingen, Schwitzerland). The respective optodes w

to fit the size of the wells, with the proton impermeable PTFE Fluoropore membrane facing 

upwards and were fixated with PDMS on the edge.

S2: Calibration plots of the O

against the O2 levels fitted with an exponential decay function, R

ratio (R0/R) plotted against the O

(equation 1), R2> 0.999).C: the blue/red channel ratios versus the pH values fitted with 

Sigmoidal function, R2> 0.998
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Genesys 10S UV-Vis Spectrometer from Fisher Scientific GmbH 

n a 10 mm precision. The optode was cut to fit the size of the inside of 

the cuvette and placed to face the light source. Baseline correction of the spectra were 

acquired using a 0.5 M sodium hydroxide solution and a small piece of an uncoated PET foil. 

ission spectra of the optodes (B) were measured on a CLARIOstar Plus microplatereader 

from BMG Labtech (Ortenberg, Germany) in tissue culture test plates with 12 wells by TPP 

Techno Plastic Products AG (Trasadingen, Schwitzerland). The respective optodes w

to fit the size of the wells, with the proton impermeable PTFE Fluoropore membrane facing 

upwards and were fixated with PDMS on the edge. 

the O2 and pH optode. A: the values of the red/green ratios plotted 

levels fitted with an exponential decay function, R2> 0.999. B: the normalized 

/R) plotted against the O2 levels fitted with a modified Stern

.C: the blue/red channel ratios versus the pH values fitted with 

> 0.998.   

and pH microenvironment of soil upon manure 

 

Vis Spectrometer from Fisher Scientific GmbH 

. The optode was cut to fit the size of the inside of 

the cuvette and placed to face the light source. Baseline correction of the spectra were 

acquired using a 0.5 M sodium hydroxide solution and a small piece of an uncoated PET foil. 

ission spectra of the optodes (B) were measured on a CLARIOstar Plus microplatereader 

from BMG Labtech (Ortenberg, Germany) in tissue culture test plates with 12 wells by TPP 

Techno Plastic Products AG (Trasadingen, Schwitzerland). The respective optodes were cut 

to fit the size of the wells, with the proton impermeable PTFE Fluoropore membrane facing 

 

and pH optode. A: the values of the red/green ratios plotted 

> 0.999. B: the normalized 

modified Stern-Volmer equation 

.C: the blue/red channel ratios versus the pH values fitted with a 
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S3: Response curves of an NH

at the ammonia concentrations of the calibration points. B: close up of ammonia 

concentration from 0 to 100 ppm.
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Response curves of an NH3 optode at various ammonia concentrations. A: response curve 

at the ammonia concentrations of the calibration points. B: close up of ammonia 

concentration from 0 to 100 ppm. 

and pH microenvironment of soil upon manure 

 

optode at various ammonia concentrations. A: response curve 

at the ammonia concentrations of the calibration points. B: close up of ammonia 
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S4: A and B: False color images of NH

A shows the images directly after manure addition and B 

hours). C: pH and NH3 concentration profiles extracted at the two depicted time points along 

the longer line shown in panels A and B. 

two depicted time points along the shor

TAN profiles using the respective pH and NH3 profiles in combination for the respective time 

points (E directly after manure addition and F after 25 hours). 
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S4: A and B: False color images of NH3 concentrationand pH at different time points. Panel 

A shows the images directly after manure addition and B at the end of the experiment (25 

concentration profiles extracted at the two depicted time points along 

er line shown in panels A and B. D: pH and NH3 concentration profiles extracted at 

two depicted time points along the shorter line shown in panels A and B. 

TAN profiles using the respective pH and NH3 profiles in combination for the respective time 

points (E directly after manure addition and F after 25 hours). 

and pH microenvironment of soil upon manure 

 

 

at different time points. Panel 

at the end of the experiment (25 

concentration profiles extracted at the two depicted time points along 

concentration profiles extracted at 

ter line shown in panels A and B. E+F: Calculated 

TAN profiles using the respective pH and NH3 profiles in combination for the respective time 

points (E directly after manure addition and F after 25 hours). 



Conclusion and Outlook 
 
 

91 
 

V. Conclusion and Outlook 

 

In this thesis a novel ammonia optode was developed, characterized and applied in order to 

monitor the NH3 emission from a soil surface upon application of manure. In addition, two 

other parameters, pH and O2, which have an impact on these emissions and the 

microenvironment within the soil were visualized as well. All this was done utilizing optical 

sensors and a ratiometric imaging approach. The measurement set-up for that was kept fairly 

simple as standard single-lens cameras, optical filters, LED lights as excitation light sources 

and trigger boxes were sufficient to conduct the calibrations and the subsequent 

measurements. Moreover, the newly developed NH3 optode does only comprise materials that 

are commercially available, through which laborious synthesis of an indicator has been ruled 

out.  

 

The underlying principle of this optode is based on the deprotonation of a pH sensitive 

indicator dye (Oxazine 170 perchlorate), which is immersed in a polymer matrix, hydrogel 

D4, together with a reference dye (Macrolexyellow). The use of a proton impermeable 

membrane, PTFE Fluoropore membrane, protecting the sensing chemistry enables ammonia 

diffusion without interferences of pH or ions. Ammonia induces the deprotonation of the pH 

fluorophore that then experiences a shift in its absorption and emission bands, which provides 

the signal that can be translated into the desired information. The optode shows fast response 

times, full reversibility, a detection limit of 2.11 ppm and a broad dynamic range up to 1800 

ppm.  

 

The concentration range in which the sensor foil can operate in enables to receive a better 

understanding of biological systems with NH3 concentrations of higher levels. As most of the 

ammonia optodes developed so far work in lower concentration levels, mainly within the ppb 

range, these optodes are more commonly found in literature. Hence, this thesis started with 

manufacturing some of the low concentration ammonia optical sensors allowing to test 

various polymer materials and proton impermeable layers. These investigations and the 

demand for a NH3 optode able to measure within the ppm range led to the novel, already 

presented optode.  

 

The application of this new optode within various set ups shows that it is possible to conduct 

measurements in waterlogged systems, such as sediments, as well as in soil. Also, the offered 
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combination approach of NH3, pH and O2 optodes facilitates analysis of these parameters in 

real time with a sub-mm (< 100 µm) resolution. This simultaneous and two-dimensional 

monitoring of the three parameters not only enables to gather more information about the 

biological and chemical processes linked to ammonia within the microenvironment but also 

allows to improve the gathered information through line profiles and rate images. This 

supplements currently performed gas phase and microsensor measurements help to gain a 

better understanding of the local microenvironment and its role in NH3 emission.  

 

However, there still is room for improvement in both, the sensor design and the application of 

such. For instance, the selectivity is one of the desired optimisations. So far cross-sensitivity 

towards trimethylamine, one of many volatile amines able to also diffuse through the gas 

permeable membrane, was obtained. This could be diminished by incorporating ionophores, 

which would then bind the resulting ammonium ion upon deprotonation of the pH indicator. 

Other alterations of desire concerning the sensor design would be to implement pH sensitive 

dyes with lower pKa values as this value is decisive for the sensor sensitivity. Hence, pH 

sensitive fluorophores with values between pKa 4 to ~7 could pave the way for ammonia 

optodes able to measure in a concentration range from high ppb to low or medium ppm, 

which is of great interest for further chemical and biological process investigations.  

 

While in this thesis combined optode imaging already took place, the addition of optodes 

sensitive towards other parameters could help to expand the understanding of the complexity 

of microenvironments. Furthermore, better planned and more sophisticated set ups and optode 

positionings will lead to an increased exploitation of the potential of this novel ammonia 

optode, especially in ammonia emission studies from and within soils. One example for future 

studies is to monitor the efficiency of nitrification inhibitors to reduce the fertilizer loss of 

agricultural fields.  
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DRNA STANDS FOR DISSIMILATIVE REDUCTION TO AMMONIA. 2 
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FLUOROPHORES CAN REVERSIBLY BIND THE ANALYTE AND CLASS 3 FLUOROPHORES ARE LINKED TO A 

RECEPTOR EITHER IN A SPACED OR IN AN INTEGRATED MANNER. CEF: CHELATION/COMPLEXATION 

ENHANCEMENT OF FLUORESCENCE. CEQ: CHELATION/COMPLEXATION ENHANCEMENT OF QUENCHING.
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