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Abstract

Combinatorial thin-film deposition is an innovative technique for the synthesis and
discovery of new materials, designed to efficiently explore a wide range of compositions
and process parameters. This is a technique widely used in various areas of chemical
engineering to create nanometer-thick layers of material on a substrate.

Research teams from Ben-Gurion University of Negev (Beersheva, Israel) and the
Polytechnic of Turin recently collaborated to study combinatorial in-flow deposition of
thin films, publishing the results in the paper “4 Combinatorial Approach for the Solution
Deposition of Thin Films.” The research offers a combinatorial method for the deposition
of thin films from solution that allows two crucial parameters - temperature and deposition
time - to be examined simultaneously on a single sample.

This thesis aims to develop innovative combinatorial deposition systems for
multicomponent thin films and to study the impact of reagents concentration changes on
film properties. The challenge is to create and measure a pH gradient using a linear
alkaline solution blower and optical fibers to monitor pH changes through the solution
optical transmittance, using fluorescent dyes. Light reflected from the sample surface is
directed to an array of photodiodes to measure changes in optical transmittance as a
function of time. The thesis employs a continuous flow reactor developed at Ben Gurion
University's Department of Materials Engineering, designed to establish a pH gradient
within an alkaline range from pH 12.5 to 14.25.

The investigated dyes are Rhodamine B, Rhodamine 6G, Indigo Carmine, and Titan
Yellow. The effect of pH on fluorescence was analyzed by examining the changes in
fluorescence intensity and in characteristic wavelength of the peak_for each dye once
added to alkaline solutions. All tests were conducted in cuvettes, and signal acquisition
was performed by an Avantes spectrometer. To simulate the behavior of the dyes within
the continuous flow reactor as accurately as possible, several key parameters were
examined: Temperature, stability over time, mixing, stability in the presence of metallic
cations (Pb*" and Sn*") and kinetic response.

The analyses identified Rhodamine 6G as the most suitable dye for the application,
demonstrating enhanced stability in the presence of metal cations and over time.
Additionally, Rhodamine 6G showed a rapid and reliable kinetic response to pH changes
compared to the other dyes analyzed.



Abstract (italiano)

La deposizione combinatoria di film sottili ¢ una tecnica innovativa per la sintesi e la
scoperta di nuovi materiali, progettata per esplorare una vasta gamma di composizioni €
parametri di processo. Si tratta di una tecnica ampiamente utilizzata in vari settori
dell'ingegneria chimica per creare strati di materiale di spessore nanometrico su un
substrato.

I gruppi di ricerca dell'Universita Ben-Gurion del Negev (Beersheva, Isracle) e del
Politecnico di Torino hanno recentemente collaborato per studiare la deposizione
combinatoria in flusso di film sottili, pubblicando i risultati nell’articolo "4 Combinatorial
Approach for the Solution Deposition of Thin Films". La ricerca propone un metodo
combinatorio per la deposizione di film sottili da soluzione che consente di esaminare
simultaneamente due parametri cruciali - temperatura e tempo di deposizione - su un
singolo campione.

Questa tesi mira a sviluppare sistemi innovativi di deposizione combinatoria per film
sottili multicomponente e a studiare l'impatto delle variazioni di concentrazione dei
reagenti sulle proprieta dei film. La sfida consiste nel creare e misurare un gradiente di pH
utilizzando un soffiatore lineare di soluzione alcalina e fibre ottiche per monitorare i
cambiamenti di pH tramite la trasmissione ottica della soluzione, con 1'uso di coloranti
fluorescenti. La luce riflessa dalla superficie del campione ¢ diretta verso una serie di
fotodiodi per misurare le variazioni nella trasmissione ottica nel tempo. La tesi utilizza un
reattore a flusso continuo, sviluppato presso il Dipartimento di Ingegneria dei Materiali
dell'Universita Ben Gurion, progettato per stabilire un gradiente di pH compreso tra 12,5 e
14,25.

I coloranti studiati sono: Rhodamine B, Rhodamine 6G, Indigo Carmine e Titan Yellow.
L'effetto del pH sulla fluorescenza ¢ stato analizzato esaminando le variazioni di Intensita
della fluorescenza e Lunghezza d'onda del picco per ciascun colorante una volta aggiunto
a soluzioni alcaline. Tutti i test sono stati condotti in cuvette e l'analisi della fluorescenza ¢
stata eseguita con uno spettrometro Avantes. Per simulare il comportamento dei coloranti
all'interno del reattore a flusso continuo nel modo piu accurato possibile, sono stati
esaminati diversi parametri chiave: Temperatura, stabilitd nel tempo, miscelazione,
stabilita in presenza di cationi metallici (Pb** e Sn**) e risposta cinetica.

Le analisi hanno identificato Rhodamine 6G come il colorante piu adatto per
I'applicazione della tesi, dimostrando una maggiore stabilita in presenza di cationi
metallici e nel tempo.

Inoltre, la Rhodamine 6G ha mostrato una risposta cinetica rapida e affidabile ai
cambiamenti di pH rispetto agli altri coloranti analizzati.









1. Introduction

Combinatorial thin-film deposition is an innovative technique for the synthesis and
discovery of new materials, designed to efficiently a wide range of compositions and
process parameters. This is a technique widely used in various areas of chemical
engineering to create nanometer-thick layers of material on a substrate.

This method enables the systematic study of the effect of various deposition parameters
(namely temperature, deposition time, pH, and reagent concentration) on the properties of
thin films and allows identification of optimal combinations of reagents and deposition
parameters. Research teams at Ben-Gurion University of Negev (Beersheva, Israel) and
the Polytechnic of Turin recently collaborated to study combinatorial in-flow deposition
of thin films.

The results were published in the paper “A Combinatorial Approach for the Solution
Deposition of Thin Films.” [1]

The research offers a combinatorial method for thin-film deposition from solution that
enables the examination of two crucial parameters - temperature and deposition time - to
be examined simultaneously on a single sample. The method creates a horizontal
temperature gradient varied by adding cold solution to a heated reactor.

The reactor used in the research establishes regulated conditions for deposition, maintains
temperature gradients, and guarantees uniformity of the deposition process and facilitates
the systematic investigation of the impact of the crucial parameters on thin film growth.

(Figure 1.1.1).
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Figure 1.1.1. A schematic illustration of the experimental conditions depicting discrete deposition
time steps along the z-axis and the temperature gradient along the x-axis. Blue represents the cold
solution temperature, and red represents the hot solution temperature. Image taken from [1].



This thesis aims to develop innovative combinatorial deposition systems for multi-
component thin films and study the impact of concentration changes on the film
properties.

The challenge is to create and measure a pH gradient along the flow direction by adding a
horizontal, linear showerhead that introduces concentrated alkaline solutions along the
flow direction. To assess the pH gradient, fluorescent organic dyes were employed in the
solution within the reactor. The pH is measured at designated points along the horizontal
direction of the sample by using a linear array of fiber optic light sources that will emit
monochromatic light onto the sample. The light reflected from the sample surface will be
directed to a corresponding array of photodiodes for measuring time-dependent changes in
optical transmittance.

The reactor used in this study is a custom-designed open-top continuous flow reactor. This
open design facilitates access and manipulation of the substrate during deposition, and it is
designed to maintain uniform and constant deposition conditions throughout the process.

By placing the optical sensor outside the glass reactor, out of direct contact with the
solution, it avoids interference with the ongoing chemical process. This is an advantage
over traditional pH sensors that require immersion in the environment to be perform the
measurement.

1.1. Organic dyes

Fluorescent organic dyes are preferred for their cellular characteristics, simplicity, and
sensitivity. They were chosen for the following properties:

- They rely on pH-induced changes in electronic structure that alter fluorescence
characteristics for pH measurement and adjust their emitted light in reaction to pH change.

- They are sensitive to pH over a wide range of concentration, from acidic to alkaline
values.

- They are unaffected by the presence of common ions, allowing accurate measurements
even in the presence of interfering species.

-The fluorescent response of the dyes is reversible to changes in pH. This allows real-time
tracking of pH variations throughout the process. [2][3]

Organic fluorescent dyes, such as coumarins, BODIPY dyes, fluoresceins, cyanines, and
rhodamines, are frequently employed as fluorescent markers in a range of applications.

[4](7]



B =

Coumarins  BODIPY dyes  Fluoresceines Cyanines

Borron . - _nit
2H-chromen-2-one dipyrromethane 3,6-dihydroxyxanthene RaN-(CH=CH) ,-CH=N "Rz

N @ CL (o] NH,

Rhodamines
3,6-diaminoxanthene SiR dyes Janelia Fluor dyes Fluorinated dyes

Figure 1.1.2. “Examples of fluorescence dyes with the background colored according to the
wavelength maxima of fluorescence emission and examples of modifications of the rhodamines
dye family.” Image taken from [7].

e Coumarins are blue fluorescent dyes that can be excited by UV light and have short
emission wavelengths, approximately between 390 and 480 nm. They are helpful for
direct imaging of high-abundant targets, cell tracking, and the detection of enzyme
activity. They are frequently employed for labeling biomolecules such as antibodies,
proteins, nucleic acids, and oligonucleotides. [4][8]

e The extremely adaptable class of fluorophores known as BODIPY (boron-
dipyrromethene) dyes is distinguished by its vivid fluorescence and resistance to
environmental fluctuations. [5]

e Green fluorescent dyes such as fluoresceines are frequently utilized as fluorescent
markers because of their high quantum yields and extinction coefficients. They are
frequently used with other dyes in multicolor fluorescence applications. [5]

e A class of fluorescent dyes known as cyanine dyes emits light at a variety of
wavelengths, ranging from blue to near-infrared. They are frequently employed in FRET-
based applications and as luminous markers. [5]

e Reddish-orange fluorescent dyes called rhodamines are highly photostable and brilliant.
They are widely employed as fluorescent markers for nucleic acids, peptides, and
proteins.[5][6]



1.2.  Techniques for Measuring pH

pH plays a critical role in many aspects of environmental, chemical and biological fields,
as well as in industry and in the development of new materials.

The pH measurement methods are of two types: electrochemical and non-electrochemical.
(Figure 1.2.1)
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Figure 1.2.1. Techniques for Measuring pH Levels. Image taken from [34].

1.2.1. Electrochemical method

These systems utilize the electrical properties of solutions to determine pH, relying on the
measurement of the potential difference between electrodes immersed in the solution.

Among electrochemical methods, the most widely used is the glass electrode method,
which employs glass electrodes to measure pH.

The glass pH electrode is able to detect pH from acid to neutral and alkaline conditions
with performance, offering a low detection limit, long-term stability and high
reproducibility.
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In its simplest form, the glass electrode is a thin glass bulb filled with a pH-controlled
solution, typically hydrochloric acid or a phosphate buffer containing potassium chloride.

This solution contains an electrode, usually silver coated with silver chloride.
The electrode response is generated by the exchange of ions in the glass membrane.

The pH-sensitive tip is stored in a buffer solution containing potassium chloride at pH 7.
(Figure 1.2.2.)
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Figure 1.2.2. Glass electrode system. Image taken from [33].

This type of system presents some limitation:

- Glass electrodes must always be calibrated before use using standard buffer solutions,
due to the existence of an asymmetry potential in the glass/liquid interface.

- The internal solution undergoes a constant degradation by diffusion inside and outside
the electrode over several months, resulting in a decrease in the inclination of the
electrodes response.

- The mechanical structure is fragile.

- It is difficult to manufacture pH electrodes of small size to measure small-volume
samples.

1.2.2. Non electrochemical method

Among the non-electrochemical methods, optodes are the most widespread for pH
measurement. They are optical systems that are based on fluorescence change or
absorption of pH-sensitive indicators in response to changes in H ions in the solution to
be analyzed. The basic equipment for optical sensing includes a light source, an adjustable
monochromator, a sample holder and a detector, with the monochromators selecting the



excitation and emission wavelengths and monitoring the variations in the light intensity of
the source. (Figure 1.2.3.) Fluorescence-based indicators are more sensitive than
absorption-based ones and require a lower concentration of the indicator, offering high
sensitivity, quick response times, and technical simplicity.
The pollution of the sample and diffused or dispersed light can compromise the accuracy
of the instrument. The emission spectrum of the sample and the reference sample must be
accurately assessed to ensure the reliability of the measurements. [33] [34] [35]
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IS“t (:;/Mirror Output
Excitation
Monochromator

Figure 1.2.3. Optical Systems for pH Measurement. Image taken from [35].

1.3. Fluorescence

Theoretical background

Fluorescence is a phenomenon whereby light is absorbed by a substance at one
wavelength then emitted at a longer wavelength. When photons strike a fluorescent
molecule, it absorbs the light's energy and becomes excited, elevating it to a higher
electronic state. The molecule eventually relaxes by emitting a photon as it returns to the
ground state, often emitting in the visible light spectrum. The precise wavelengths
involved in absorption and emission determine the observed color of fluorescence.

Luminescence is a process where light is released by certain materials when electronically
stimulated. It encompasses both fluorescence and phosphorescence, which differ in their
excited state properties. Phosphorescence occurs when the electron remains in an
electronically excited state for an extended time following excitation before releasing
energy. Fluorescence differs in that the time period spent in the excited state is typically
extremely short.

Fluorescence is prevalent in both natural and manufactured materials, including minerals,
biological systems, and man-made materials such as fluorescent lighting and dyes.
Fluorescence has a wide range of practical uses, including mineralogy, gemology,
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medicine, chemical sensors, biological detectors, and cosmic ray detection. It is also
employed in daily products like fluorescent lights and LED bulbs, which transform UV or
blue light into longer wavelengths and generate white light.

Fluorescence generally arises from aromatic molecules. Figure 1.3.1 illustrates some
typical fluorescent substances known as fluorophores. [9]

Quinine

CHaN = NCH3

CHa CHa

Fluorescein

+
(CoHglaN 0 =] O N{C Hg)5 (1
TP "r'!a !EH=CH|‘2—@—H1EH3|‘?
S

Pyridine 1

\

Quenine dAcridine. e
Sulphatn = Crange

| — s }
FLUOROPHORES - UV to Red

Figure 1.3.1. Chemical configurations of common fluorescent substances. Image taken from [9].

Jablonski diagrams

Jablonski diagrams are often used to represent the shift from light absorption to emission
and is an effective tool for visualizing the various transitions that may occur after a
molecule has been photoexcited. These diagrams illustrate the processes of light
absorption and emission, highlighting molecular events that occur in excited states.
[10][11] Figure 1.3.2 depicts a typical Jablonski diagram, with explanations of the
diagram's essential components and transitions below.
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Figure 1.3.2. Jablonski diagram. Image taken from [10].

Energy Levels

The horizontal black lines represent a molecule's energy levels, which increase down the
diagram's vertical axis. The bold lines reflect each electrical state's lowest vibrational
level, whereas thinner lines represent higher vibrational levels.

As energy grows, the vibrational levels become closer together and finally form a
continuum.
The electronic states are named for their spin angular momentum configurations.

Singlet states (a total spin angular momentum of zero) are designated by an S, and triplet
states (a total spin angular momentum of one) by a T.

S0 represents the molecule's singlet ground state;
S1 is the first excited singlet state;
Sn is the nth excited singlet state;

T1 is the initial excited triplet state, while 7n is the subsequent excited triplet state.

Radiative and Non-radiative Transitions

The coloured arrows depict the various energy-transfer transitions between molecular
states, which are classified as radiative or non-radiative. Radiative transitions are
transitions between two chemical states in which photons emit or absorb the energy
difference, and they are depicted by straight arrows on a Jablonski diagram. Non-
radiative transitions are transitions between two chemical states that do not involve photon
absorption or emission, and they are shown in a Jablonski diagram by undulating arrows.

Absorption
The absorption of a photon promotes a molecule from its ground state to a higher state, as
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shown by the blue arrows in Figure 1.3.2. It is the fastest transition in the Jablonski
diagram, with a timescale of 10> s. At normal temperature, the majority of molecules in a
population will be in the lowest vibrational level of the ground state (Boltzmann
distribution), indicating that absorption begins at this level. When a photon is absorbed,
the molecule moves from SO to a vibrational level of the singlet excited state (S1, S2,
etc.).

Vibrational Relaxation

When a molecule is energized by absorption, it is in a non-equilibrium state. It eventually
dissipates the energy obtained and returns to the ground state. The first way energy is lost
is through vibrational relaxation (orange arrows), which occurs when excess vibrational
energy is lost to vibrational modes within the same molecule (intramolecular) or to
surrounding molecules (intermolecular) until the lowest vibrational level of the electronic
state is achieved. Vibrational relaxation happens on a time scale of 1072 to 10!'° s and
outperforms all other transitions.

Internal Conversion

A molecule in a higher lying singlet electronic state can also undergo internal conversion
to a lower lying singlet electronic state, as illustrated by the purple arrows in Figure 1.3.2.
Vibrational relaxation to the electronic state's lowest vibrational level occurs immediately
after internal conversion. The rate of internal conversion is inversely related to the energy
difference between two electronic states. Internal conversion of the closely spaced higher
lying singlet excited states (S3 — S2, §2 — S1, etc.) will occur fast on a timescale of 107!
to 107 s. In contrast, the energy gap between S1 and S0 is substantially larger, and internal
conversion between these states happens on a slower timeframe, competing with other
transitions like fluorescence and intersystem crossover.

Stokes shift

Fluorescence is the emission of photons from the $1 — S0 radiative transition on a
timeframe of 1071° to 1077 s, as depicted by the green arrows in Figure 1.3.2.

Fluorescence occurs as a result of the quick vibrational relaxation and internal conversion
processes outlined above, from the lowest vibrational level of the first electrically excited
singlet state to the singlet ground state. [9]

The absorption and emission of energy are distinct features of a specific molecular
structure. The Stokes shift refers to the energy differential (or wavelength) between
absorbed and released photons, as seen in Figure 1.3.3. A large Stokes shift is frequently
desired because it eliminates the need for optical filters, which are used to separate
exciting light from fluorescence emission. The fluorescence process's efficiency is
described by its quantum yield, which is the ratio of photons emitted to photons received.

__ Number of photons emitted

(1.3.1)

" Number of photons absorbed



Stokes shift
-

intensity

absorption

wavelength

Figure 1.3.3. The absorption and emission bands of a molecule. The differences in wavelength
between the peaks is known as Stokes shift. Image taken from [9].

The rates of radiative (k) and non-radiative (k.. electron de-excitation can also be used to
characterize this phenomenon.

»=— (1.3.2)

o kr+knr

Quantum yield ranges from O to 1, with 0 indicating non-fluorescing materials and 1
indicating highly fluorescent materials that emit photons for every photon absorbed.
The average duration a molecule spends in an excited state before emitting a photon is
referred to as the lifetime. Fluorescence intensity decreases when excitation stops. This
drop is proportional to the rate of electron de-excitation and can be described as

-t

I, = I,e* (1.3.3)
Where
= kr+ knr (1.3.4)

7 is the fluorescence lifetime and is in the range of 107% s.

Figure 1.3.4. illustrates the decline of fluorescence intensity and the calculation of
lifetime using Egqn. (2.3.4). After a short pulse of electromagnetic radiation, the
fluorescence intensity reaches its peak, known as Lnax.
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The intensity gradually drops to zero, and the time it takes to attain Im% is defined as the
lifetime (7). [9][14]

Excitation pulse

|

|

Fluorescence Intensity ()

Y Time(t)
T
Lifetime

Figure 1.3.4. Fluorescence intensity exponential decay after excitation with a short excitation
pulse. Image taken form [9].

Franck Condom principle

The intensity of vibronic transitions, or the absorption or emission of a photon, is
described by the Franck-Condon Principle. It affirms that a molecule's nuclear
configuration does not significantly alter when it goes through an electronic transition,
such as ionization. This is because the electronic transition occurs faster than the nuclei
can react, and nuclei are way more massive than electrons. According to theory, a
vibration must occur in the nucleus as it realigns itself with the new electrical
arrangement. It asserts that a molecule's nuclear configuration does not significantly alter
when it goes through an electronic transition, such as ionization.

In Figure 1.3.5, the nuclear axis illustrates the effect of internuclear separation, and the
vibronic transition is represented by the blue and green vertical arrows.

This figure shows three concepts:

-Absorption leads to a higher energetic state.

- Fluorescence leaves to a lower energy state.

- The change of the nuclear coordinates between the fundamental state and the excited
state indicates a new balance position for the potential of nuclear interaction.

11



The lower length of the arrow of the fluorescence than that of the absorption indicates that
the fluorescent has less energy, i.e. a larger wavelength.

Energy

—
Qo

Nuclear Coordinates

Figure 1.3.5. Transitions between different electronic states occur very quickly compared to
nuclear movements. Vibrational levels are favored when they involve minimal changes in nuclear
coordinates. Image taken from [37].

1.3.1. Fluorescence-influencing factors
Quenching

The intensity of fluorescence can be decreased by a wide variety of processes. Such
decreases in intensity are called quenching.

The interactions between fluorophores and other molecular entities make fluorescence
environmentally sensitive. Fluorescence quenching occurs when molecular species absorb
the fluorophore's energy. Quenching can be:

e Static or contact: Non-fluorescent complexes arise as a result of contact with a
quenching molecule.

e Dynamic or collisional: when energy is removed from the stimulated molecule through
collision. [15]

12
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Figure 1.3.6. The operation of contact and collisional quenching. Image taken from [15].

Reabsorption

In fluorescence, reabsorption is the phenomenon by which the light emitted by a substance
is again absorbed by the same substance, reducing the intensity of the observed
fluorescence and causing a possible shift in the peak wavelength (increase of Stokes shift).
This phenomenon is due to the transfer of resonance energy (RET).
Reabsorption is most pronounced when the spectra of excitation and emission of a
substance significantly overlap. The smaller the Stokes shift (the distance between the
wavelengths of excitation and emission), the greater the reabsorption.
In a more concentrated solution, there are more excited phosphorus that can be
reabsorbed, causing a shift in the peak emission wavelength towards larger wavelengths.

Figure 1.3.7 illustrates this phenomenon. In the example of Rhodamine 6G, the
absorption and emission spectra overlap considerably, with a Stokes shift of only 23 nm.
Reabsorption may also occur for other reasons related to the concentration of the solution:

-Increased path length: in a highly concentrated solution, the length of the path through
the fluorescence emitted is greater due to the high density of fluorophores.

As a result, there is a greater likelihood that reabsorption will occur along this longer
route.

- Higher probability of collisions: in highly concentrated solutions, the molecular density
is higher, leading to more frequent collisions between fluorophores. These collisions can
lead to energy transfer processes such as Forster Resonance Energy Transfer (FRET) or
Dexter Energy Transfer, contributing to resorption events.
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Figure 1.3.7. Illustration of the reabsorption phenomenon, showing that fluorophores emitted at
overlapping wavelengths can be reabsorbed. Image taken from [9].

Temperature

The quantum efficiency of fluorescence decreases with rising temperature. As the
temperature rises, the number of collisions rises, increasing the likelihood of deactivation
by external conversion. Solvents with lower viscosity are more susceptible to deactivation
through external conversion. A molecule's fluorescence reduces when its solvent contains
heavy atoms like carbon tetrabromide and ethyl iodide, or when heavy atoms are
substituted into the fluorescing compound. Orbital spin interactions cause a rise in the rate
of triplet production, reducing the chance of fluorescence. Heavy atoms are generally
added into the solution to improve the phosphorescence.

Time, mixing and contact with metal cations are other factors that influence fluorescence.
The subsequent paragraphs and chapters in the results will go into additional detail about
these subjects.

1.4. Investigation of Temperature Effects on Dyes

A temperature change was found to be connected with an intensity fluctuation that was
observed during the fluorescence investigation of the selected dyes. Remarkably, the
warming of the cuvettes by the LED was linked to an increase in temperature. Bragg
fibers were used to thoroughly examine this temperature change.

Theoretical background

Distributed Bragg reflector
14



Bragg fibers (FBGs) are symmetrical microstructures several millimeters long that are
photo-inscribed onto a single-mode fibre. The inscription of these gratings causes a local
change in the refractive index of the core. In this region, the fiber functions as a filter,
allowing for the selection of specific wavelengths. Specifically, when light contacts a
grating fringe (showing a change in refractive index), it is partially reflected (Figure
24.1)

. : A
Optical Fiber n
|| -

Fiber Core T~

i

Core Refractive Index

h FTS
Mrnnnnmnrnmn
Plz
Spectral Response 1
Input 4 Transmitted # Reflected 4

Figure 2.4.1. “A Fiber Bragg Grating structure, with refractive index profile and spectral
response.” Image taken from [26].

Reflection occurs at wavelengths close to the grating's Bragg wavelength (4g), which is
determined by the grating pitch (1) and effective refractive index (mey). Changing the
physical or mechanical parameters of the grating will affect the Bragg wavelength (4p).
Applying strain or a temperature gradient to the sensor can change the grating pitch (A1)
and effective refractive index (nef). As a result, FBG sensors are particularly well-suited
to monitoring deformations and temperatures.

The intensity of the sensor's response, or the intensity of the peak reflected by the grating,
is proportional to the length of the FBG. Each fringe reflects a small fraction of the
incident signal, which adds up; increasing the length increases the number of fringes and
hence the intensity of the reflected wavelength. [29]

The infinitesimal Bragg wavelength variation due to strain and temperature is derived by
deriving the wavelength expression:
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Expressing it as the relative change in Bragg wavelength, it is divided by AB, yielding:

% 10A 6neff]d + [1 on +1 1 aneff

R L (2.4.3)

Ap [A de neff de

The Bragg wavelength variations can then be expressed as a function of strain and
temperature changes (Eq. 2.4.4):

A/lB = ksg + kTT (244)

where:

- k. is the strain sensitivity, equal to 1 pm/peg;
- k1 is the sensitivity to temperature, equal to 10 pm/°C;

The structure of the FBG varies according to the refractive index of the core and the
spatial periodicity of the grating. There are various sorts of gratings based on their spatial
periodicity (Fig. 2.4.2):

e Uniform: both the periodicity and the refractive index modulation remain constant.

e Tilted: the periodicity remains constant, but the refractive index modulation is slanted
relative to the core axis.

e Chirped: the periodicity and refractive index modulation vary and are not uniformly
adjusted.

e Superstructure: Refractive index modulation is dispersed in superstructures along the
fiber.
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1) Uniform Fiber Bragg Grating
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2) Chirped Fiber Bragg Grating

3) Tilted Fiber Bragg Grating

4) Superstructure Fiber Bragg Grating

3

Figure 2.4.2. Types of Bragg gratings according to spatial periodicity. Image taken from [26].

The change in refractive index can be (Figure 2.4.3):

1. Uniform positive, if it is constant for each period, with positive offset.

2. Gaussian-apodized, if it has a longitudinal Gaussian shape, with positive offset.
3. Raised-cosine-apodized, if it has a longitudinal raised-cosine shape, with

null offset.

4. Discrete phase shift, if the two halves of the structure are in phase opposition,

with positive offset.
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1) Uniform Positive-Only Index Change
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2) Gaussian-Apodized Index Change
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Figure 2.4.3. “Refractive index profile in the core of, 1) a uniform positive-only FBG, 2) a
Gaussian-apodized FBG, 3) a raised-cosine-apodized FBG with zero-dc change, and 4) a discrete
phase shift FBG.” Image taken from [26].
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2. Materials and methods

The thesis employs a continuous flow thin deposition reactor developed at Ben Gurion
University's Department of Materials Engineering, designed to establish a pH gradient
within an alkaline range, specifically ranging from pH 12.5 to 14.25.

This reactor is housed within the Department of Materials Engineering at Ben Gurion
University of Negev.

The initial step involved searching the literature for dyes most suitable for this pH range.
This exploration revealed that dyes specifically designed for an extremely alkaline
environment are still relatively scarce. However, among the compounds available, the
following dyes were selected for their compatibility with alkaline conditions:

Rhodamine B, Rhodamine 6G, Indigo Carmine, and Titan Yellow. [16][17][18][19]

The following paragraphs describe the successive procedures used:

2.1 Selection of Dyes

2.2 Preparation of solutions at different pH

2.3 Fluorescence Analysis

2.4 Temperature Analysis

2.5 Effect of Metal Cations on Dye Fluorescence
2.6 Kinetic Studies
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2.1. Selection of dyes

2.1.1. Rhodamine B

Rhodamine B, a xanthene dye, is commonly employed as a fluorescent tracer in biology
and medicine. It has a high quantum yield and is extremely soluble in water, making it an
excellent choice for staining cells and tissues.

Its luminescence quantum yield is 0.65 in basic ethanol /2], 0.49 in ethanol /22], and
0.68 in 94% ethanol /23].

Rhodamine B is also employed in dye lasers, as a sensitizer in photodynamic therapy.

Figure 2.1.1. Rhodamine B solution in Figure 2.1.2 Chemical structure of Rhodamine B.
water. Image taken from [20]. Image taken from [20].

Table 2.1.1. Rhodamine B properties. [20]

PROPERTIES:
Chemical formula: C2sH31CIN203
Molar mass: 479.02 g/mol
Appearance red to violet powder
Melting point 210 to 211°C
Solubility in water 8 to 15 g/L (20°C)

Rhodamine B can exist in two states of equilibrium: "open"/fluorescent and
"closed"/nonfluorescent spirolactone. The "open" form predominates under acidic
conditions, whereas the "closed" form is colorless in basic conditions (Figure 2.1.3). [24]
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(A) (B)

Figure 2.1.3. Rhodamine B has two forms: closed (A) and open (B). Image taken from [24].

2.1.2. Rhodamine 6G

Rhodamine 6G, another xanthene dye, is widely employed as a fluorescent tracer and
sensitizer. Its high absorption coefficient and long fluorescence lifetime, make it valuable
in applications such as flow cytometry and fluorescence microscopy.

The dye exhibits a relatively high photostability and high fluorescence quantum yield
(0.95). [21]

Figure 2.1.4. Rhodamine 6G

chloride powder combined with ) Figure 2‘1'5,‘
methanol emits yellow light under Chemical structure of Rhodamine 6G. Image taken
green laser illumination. Image taken from [25].
from [25].
Table 2.1.2. Rhodamine 6G properties. [25]
PROPERTIES:
Chemical formula: C2sH31N203Cl
Molar mass: 479.02 g/mol
Appearance dark reddish purple, brown or black crystalline
solid
Solubility in water 20 g/L (25 °C)
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2.1.3. Indigo Carmine

Indigo Carmine is an indigoid dye that is often used to measure pH and stain tissues and
cells. It has a pKa of approximately 12.0, making it suitable for staining basic structures
like proteins and nucleic acids.

In a 0.2% aqueous solution, Indigo Carmine is blue at 11.4 pH and yellow at 13.0. Indigo
carmine is also a redox indicator, turning yellow after reduction. [26]

It is also used as a food dye, as well as a textile and paper dye.

Figure 2.1.6. Indigo Carmine

solution in water. Image taken . ) )
from [27]. Figure 2.1.7. Chemical structure of Indigo

Carmine. Image taken from [26].

Table 2.1.3. Indigo Carmine properties. [26]

PROPERTIES:
Chemical formula: C16HsN2Na20sS:
Molar mass: 466.36 g/mol
Appearance Purple solid
Melting point >300°C
Solubility in water 10 g/L (25°C)

2.1.4. Titan Yellow

Titan Yellow is a pH indicator with a transition range of 11.0 to 13.0. Titan Yellow is
used as a stain and fluorescent indicator in microscopy, and its hue shifts from yellow to
red between pH 12 and 13.

It has an absorbance peak at 403 nm and is also called Thiazol Yellow G.
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Figure 2.1.8. Titan Yellow solution in Figure 2.1.9. Chemical structure of Titan Yellow.
water. Image taken from [26].

Table 2.1.4. Titan Yellow properties. [27]

PROPERTIES:
Chemical formula: C28H19N5Na:0654
Molar mass: 695.720 g/mol
Appearance Yellow in water
Solubility in water 0.1 g/10 mL

For all these compounds, concentrated solutions were prepared by dissolving 50 mg of
dyes in distilled water and adjusting the final volume to 100 ml.

Each solution was then aliquoted with micropipettes and blended into multiple solutions
of variable pH levels to achieve the necessary dye concentration for fluorescence
investigations.

Additional information and photographs are supplied in the outcomes chapter.
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2.2.  Preparation of solutions at different pH
The second step is to prepare solutions at different pH levels.

The solutions were prepared using sodium hydroxide (NaOH). The resultant solutions
have pH values of 12.5, 13, 13.5, 13.8, 13.9, 14.0, 14.1, and 14.25. The following
approach was used to calculate the molarity of each solution and the amount of NaOH
required:

1. Calculate pOH using
pOH = 14— pH (2.2.1)

2.Calculate the concentration of hydroxide ions [OH"|] and NaOH using the equation

[OH] = [NaOH] = 107°1 (2.2.2)

3. Calculate the molarity of the solution as [OH"]

4. Determine the number of moles of NaOH necessary, which is equivalent to [OH-]

5. To calculate the stoichiometry of NaOH and hydroxide ions, use the balanced
chemical equation for dissociation

NaOH 2 Na' + OH

Since one mole of NaOH generates one mole of OH™ ions, the number of moles of NaOH
needed is the same as [OH]

6.Determine the needed mass in grams of NaOH based on its molar mass as the
following way:

g = Mole X Molar Mass (2.2.3)
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2.3.  Fluorescence Analysis

The effect of pH on fluorescence was analyzed by examining the changes in intensity and
wavelength of the peak for each dye once added to alkaline solutions.

Each pH data point was measured in triplicate. The graphs in the results section show the
average values and their corresponding standard deviations.

2.3.1. Lab setup

The laboratory setup consists of:

1)M450LP2 LEDs (nominal wavelength 450 nm) with LEDD 1B driver (Thorlabs).
2)Avantes spectrometer (AvaSpec-3648) connected to PC with Avantes acquisition
software installed.

3)Standard avantes fiber optic cable (multi-mode).

4)NeoLab E-1641 Disposable Cuvettes PS, Macro, 2.5-4.5 ml

5)Cuvette holder.

6)Micrometric and millimetric pipettes.

The AvaSpec-3648-USB2 is powered by USB and includes a USB interface cable,
AvaSoft-basic, and a comprehensive manual. It is possible to externally couple up to 127
distinct USB2 spectrometers with various types of detectors.

The M450LP2 LED is designed to be installed on the cuvette holder. The M450LP2 has a
broadband spectrum of roughly 100 nm.

The cuvette holder lacks an optical filter, requiring a post-processing (by means of a
Matlab algorithm) to remove the signal related to the LED spectrum.

The optical fiber at one end of the cuvette holder collects the signal. The mounting
location of the optical fiber is determined by the intensity of the LED and the cuvette. If
the LED light is excessively bright, it should be put on a side that is not immediately
facing the LED.

To eliminate any other light interference from the sides, the cuvette holder's unusable
sides must be closed with a cap.

The optical fiber transmits light within the cuvette holder to the Avantes spectrometer and
displays it on the AvaSoft acquisition program on the PC connected via a USB cable. [12]
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Fluorescence Setup

\ LED for cuvette

Avantes spectrometer
connected to a PC with /
holder mounting.

Avantes software.

Figure 2.3.1. Fluorescence setup. Image modified from [12].

Avantes spectrometer
The overall operation of an Avantes spectrometer can be divided into four major steps:

1.Source Illumination: A light source produces light radiation, which is delivered to the
scattering system via optical fiber.

2. Light Dispersion: The light from the optical cable is passed via a diffraction grating or
a prism, which divides it into distinct wavelengths. This occurs when the grating or prism
deflects light beams in slightly varied ways based on their wavelength. This phase is
critical in the spectrometer's ability to study the light spectrum.

3.Detection of Scattered Light: After scattering, the light is detected by a detecting
device such as a photodiode or camera. This apparatus measures the intensity of light at
each wavelength.

4.Data Analysis: The data collected by the sensing device is processed by software linked
to the Avantes spectrometer.

This software analyzes the acquired light spectrum and displays its intensity as a function
of wavelength. This stage involves interpreting the data and presenting the results,
allowing users to acquire useful insights into the qualities of the light being evaluated.
[12] [13]
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Figure 2.3.3. Cuvette holder.
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2.3.2. How to interpret fluorescence peaks

Figure 2.3.4. pH solutions.

The image below depicts one of the experiments performed on Rhodamine 6G.
Fluorescence data was collected with Avantes software.

Two peaks can be seen. The first peak is at the wavelength of the light source (~450 nm)
used to illuminate the sample (Excitation peak). The dye (in this case, Rhodamine 6G)
emits fluorescence, which causes the second peak. This peak occurs at a wavelength other
than that of light and is determined by the substance being studied (Compound emission

peak). (Figure 2.3.5)
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Figure 2.3.5. Experiment conducted to study the fluorescence of Rhodamine 6G.
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2.4. Temperature analysis

During fluorescence tests, it was observed that illuminating the sample with the LED for a
short period caused an increase in the temperature of the solution. This linear temperature
increase led to a corresponding linear decrease in fluorescence intensity.

To accurately assess this effect, temperature sensors were integrated into the experimental
setup. These sensors precisely recorded temperature variations throughout the experiment.
To compensate for the thermal influence and isolate the specific effect of fluorescence, the
mathematical model proposed by Watras et al. was employed.[36]

The mathematical model was subsequently validated through tests conducted under
isothermal conditions.

Details of the model and its results are described in the following paragraphs.

2.4.1. Optical interrogator

The optical interrogator detects the Bragg wavelengths associated with gratings. It
includes a light source, an optical isolator, a circulator, and wavelength filters. There are
two types.

1. Broadband using LEDs or SLEDs;
2. Tunable lasers.

In broadband systems, light is steered through the circulator to the fiber, and reflected
signals are routed through a narrowband optical filter to remove undesired spectral
components. The filtered signal is then routed to a transimpedance amplifier, which
converts current into an analog voltage proportionate to optical power.

Finally, an AC/DC converter converts voltage into digital signals.

A tunable laser optical interrogator with a narrowband light source eliminates spectral
components, allowing reflected signals to be transmitted directly to the photodiode. This
type of interrogator has a higher signal-to-noise ratio (SNR) because the emitted light
signals from the source are consistent in intensity across all wavelengths. [30]

The optical interrogator employed for this thesis is the Micron Optics HYPERION

si155 from Luna Technologies® a tunable laser. This interrogator is operated via software
"ENLIGHT Sensing Analysis Software" to which it is connected via an Ethernet network.

Software allows for real-time display of signals related to each channel and automatic
detection of peaks at Bragg grating wavelengths.

The interrogator is very useful to visualize in real time the changes in the wavelengths of
the Bragg wavelengths due to strain and/or temperature as that processing occurs in real
time with the acquisition. (Figure 2.4.1.)
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Figure 2.4.1. Optical interrogator Micron Optics HY PERION

si155 from Luna Technologies®. Image taken from [31].

Table 2.4.1. Micron Optics HYPERION sil155 specifications. [31]

Number of channels From 1 to 4
Wavelength range 1500-1600 nm
Accuracy and stability Ipm/1pm
Scanning speed Until 5000 Hz
Data interface Ethernet
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In the image below, the spectrum of the sensor used for the analysis is represented, and
there is a photo inserted of one of the tests conducted on a cuvette of an Indigo Carmine

solution at pH 13.5, where the temperature is being monitored with the Bragg fiber:
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Figure 2.4.2. Spectrum of the sensor used for analysis.

Figure 2.4.3. Experimental setup: Monitoring temperature with a Bragg fiber during analysis of an
Indigo Carmine solution at pH 13.5.
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2.4.2. Temperature compensation

To study the thermal influence and isolate the specific effect of fluorescence, the
mathematical model proposed by Watras et al. (2011) was employed. [36]

This method is used to correct fluorescence measurements for temperature effects by
referencing them to a standard, or reference, temperature.

The model is based on the following mathematical equation:

= (1= )(Tn —T) (2.4.2)

Where:

- E. is the fluorescence at the reference temperature.

- E,, is the measured fluorescence at the actual temperature.

- q is the temperature coefficient, which quantifies how much the fluorescence changes
per degree Celsius.

- Ty, is the measured temperature.

- T is reference temperature.

By applying this equation, Watras et al. were able to remove the temperature dependency
in their fluorescence data (chlorophyll and phycocyanin) by referencing all the measured
values to a standard temperature of 20° C.

This temperature referencing approach allows to compare fluorescence measurements
made at different temperatures by normalizing them to a common reference point.

Figure 2.4.4 shows the evolution of phycocyanin fluorescence during a sequence of
heating and cooling. It is evident how temperature variations influence fluorescence
intensity.
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Figure 2.4.4. Evolution of phycocyanin fluorescence during a sequence of heating and cooling.
Image taken from [36].

32



Figure 2.4.5 shows phycocyanin fluorescence data before (panel B) and after (panel D)

temperature compensation to a standard temperature of 20°C, using Equation 2.4.2.
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Figure 2.4.5. Temperature quenching of phycocyanin in panel B. in panel D the temperature

quenching was removed by adjusting the raw data to a reference temperature of 20°C using Eq
2.4.1. Image taken from [36].

2.5. Effect of Metal Cations on Dye Fluorescence

One of the analyses involves determining the fluorescence of the dyes at various pH
values in the presence of metal cations. This was done to simulate the dyes' action in the
presence of metals inside the reactor. To do this, solutions containing 30 mM lead ions
Pb?* and tin ions Sn** were created.

Lead ions were introduced using Pb(NOs3) (lead nitrate) while tin ions were introduced
using SnCls x 2H>0 (Tin(IV) chloride hydrate)
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Figure 2.5.1. Lead nitrate and Tin(IV) chloride hydrate.

From the ion concentration, the required moles of Blei(Il)-nitrate and Tin(IV) chloride
hydrate were calculated, utilizing the formula:

: Number of mol
Molar Concentration = ———T12 (2.5.1)

Solution volume

Given a solution volume of 40 mL and the molar concentration, the moles required were
determined using the formula (2.5.1).

From the mole value, the necessary grams were calculated, considering the molar mass of
the compounds as follows:

g = Mole X Mass Molar (2-5-2)

For thorough mixing of the compounds with the pH solutions, a Stuart Hot Plate and
Stirrer was utilized.
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Figure 2.5.2. Stuart Hot Plate and Stirrer.

2.6. Kinetic Studies

The final analysis was conducted to study the kinetics of the fluorescence phenomenon.
This section will outline the preparation of the solutions, the addition of the dye, and the
procedure followed to monitor the system's response in terms of the rate of intensity
change.

1. Preparation of Solutions:
- Three solutions were prepared:
- One with a pH of 12.5.
- One with a pH of 13.5.
- One with a concentration of 2.37 M.

The solutions were prepared following the procedure described in paragraph 2.2.

2. Addition of the Dye:

The dye was added to all three prepared solutions to achieve a concentration of
1.0438 107> M.
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3. Kinetics Study:

First Phase:
- Started with 3 mL of the pH 12.5 solution.
- 100 pL of the 2.37 molar concentration solution was added every 30 seconds.
- The addition continued until the pH reached 13.5.

- Throughout this process, the fluorescence intensity of the system was constantly
monitored.

Second Phase:
- Started with 2 mL of the pH 13.5 solution.
- 200 pL of the 2.37 molar concentration solution was added until the pH reached 14.

- In this phase as well, the fluorescence intensity of the system was constantly
monitored.

4. Comparison of Results:

- The values obtained from the two phases were compared with the intensity values
obtained from previously prepared solutions.

The results obtained from the kinetic analyses are presented in the results paragraph.
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3. Results

The effect of pH on fluorescence was analyzed by examining the changes in Intensity and
Wavelength of the peak of each dye once added to alkaline solutions.

To simulate the behavior of the dyes within the continuous flow reactor as accurately as
possible, several key parameters were examined: Temperature, stability over time, mixing,
stability in the presence of metallic cations and kinetic response.

3.1. Fluorescence Analysis

3.1.1 Rhodamine B

The fluorescence of Rhodamine B was analyzed at the following pH points: 12.5, 13.0,
13.5,13.8,13.9, 14.0, 14.1, 14.25.

The concentration of Rhodamine B is 1.0438 10~> M, which was chosen because it was
identified as the minimum concentration at which the fluorescence peak of the compound
could be detected.

=
e

Figure 3.0.1. Solutions of Rhodamine B.

Figure 3.0.2 shows the fluorescence spectrum of Rhodamine B at the specified pH points.
The data reveals that the intensity decreases as the pH increases.

In Figure 3.0.4, the change in intensity with pH is plotted with the standard deviations.

This trend has also been confirmed in the scientific literature in the paper "Comparison of
rhodamine 6G, rhodamine B, and rhodamine 101 spirolactam based fluorescent probes: A
case of pH detection”, where the variation of Rhodamine fluorescence with pH is
analyzed. [32] (Figure 3.0.3).
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Figure 3.0.2. Spectrum of Fluorescence of Rhodamine B.
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Figure 3.0.3. Fluorescence spectrum of Rhodamine B. Image taken from [31].
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Figure 3.0.4. Intensity-pH variation with the standard deviations of Rhodamine B.

Linearity was observed in the pH range between 13.5 and 14.25. Figure 3.0.5 shows the
linear polynomial that fits the data.

Equation of linear polynomial:

y = —7000.06 x + 126078.28 (3.1.1)

Coefficient of determination:

R? = 0.9604
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Rhodamine B

5 X10° y = -7000.06x + 126078.28 , R? = 0.9604
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Figure 3.0.5. Linear polynomial interpolation in the range between 13.5 and 14.25.

Regarding the variation of the peak wavelength, it was observed that it does not change
with pH, and it is identified at 590 nm. (Figure 3.0.6).
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Figure 3.0.6. Variation of wavelength of the peak of Rhodamine B.

3.1.2. Indigo Carmine

The fluorescence of Indigo Carmine was analyzed at the following pH points: 12.5, 13.0,
13.5,13.8, 13.9, 14.0, 14.1, 14.25.

The concentration of Indigo Carmine is 4.2886 10~°> M, which was chosen because it was
identified as the minimum concentration at which the fluorescence peak of the compound
could be detected.

From pH 12.5 to pH 14.25

Figure 3.0.7. Indigo Carmine in alkaline solutions.

41



Figure 3.0.8 shows the fluorescence spectrum of Indigo Carmine at the specified pH
points. The data reveal that the intensity increases as the pH increases.

In Figure 3.0.9, the change in intensity with pH is plotted with the standard deviations.
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Figure 3.0.8. Spectrum of Fluorescence of Indigo Carmine.
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Figure 3.0.9. Intensity-pH variation with the standard deviations of Indigo Carmine.

Linearity was observed in the pH range between 12.5 and 13.5. Figure 3.1.1 shows the
linear polynomial that fits the data.

Equation of linear polynomial:

y = 9253.38 x — 111449.39 (3.1.2)

Coefficient of determination:
R? = 0.9925
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Figure 3.1.1. Linear polinomial interpolation in the range between 12.5 and 13.5.
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Regarding the variation of the peak wavelength, it was observed that it does not change

with pH, and it is identified around 537 nm. (Figure 3.1.2).
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Figure 3.1.2. Variation of wavelength of the peak of Indigo Carmine.

3.1.3 Rhodamine 6G

The fluorescence of Rhodamine B was analyzed at the following pH points: 12.5, 13.0,
13.5,13.8, 13.9, 14.0, 14.1, 14.25.

The concentration of Rhodamine 6G used was the same as that of Rhodamine B, which
was 1.0438 107> M.

Figure 3.1.3. Solution of Rhodamine 6G.
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Figure 3.1.4 shows the fluorescence spectrum of Rhodamine 6G at the specified pH
points. The data reveals that the intensity decreases as the pH increases.

In Figure 3.1.5, the change in intensity with pH is plotted with the standard deviations.
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Figure 3.1.4. Spectrum of Fluorescence of Rhodamine 6G.
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Figure 3.1.5. Intensity-pH variation with the standard deviations of Rhodamine 6G.

Both linear and second-order polynomials that fit the data of intensity variation were
plotted. The linear polynomial was constructed by interpolating the data in the pH range
of 13.5 to 14.25 (figure 3.1.6), while the second-order polynomial was fitted to the data
spanning the pH range from 12.5 to 14.25. (Figure 3.1.7)
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Rhodamine 6G
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Figure 3.1.6. Linear polynomial interpolation in the range between 12.5 and 14.25.

Equation of linear polynomial:

y = —17267.79 x — 111449.39 (3.1.3)

Coefficient of determination:
R? = 0.9833
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Rhodamine 6G
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Figure 3.1.7. Second-order polynomial interpolation between pH 12.5 and 14.25.
Equation of second-order polynomial:

y = 9053.25 x2 — 271306.82x + 2030575.14 (3.1.4)
Coefficient of determination:

R? = 0.9949

Regarding the variation of the peak wavelength, it was observed that it does not change
with pH, and it is identified around 560 nm. (Figure 3.1.8).

49



Rhodamine 6G - Wavelength variation
562 T T T T T T T T

L 559

508 1

567 T

555 i i i i i i i i i
124 1286 128 13 13.2 134 136 138 14 14.2 144

pH

Figure 3.1.8. Variation of wavelength of the peak of Rhodamine 6G.

3.1.4. Titan Yellow

The fluorescence of Titan Yellow was analyzed at the following pH points: 12.5, 13.0,
13.5,13.8, 13.9, 14.0, 14.1, 14.25.

The concentration of Titan Yellow is 3.5934 10~° M. (Figure 3.1.9)

The intensity values associated with this dye are notably lower compared to those
observed with previous dyes.

When the Thiazole concentration was increased to 2.8747 10™*M only a minimal
increase in intensity was observed, as depicted in Figure 3.2.1 and separation between the
solution and the dye (Figure 3.2.2)

Subsequent analyses exclude Titan Yellow due to noted limitations.
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Figure 3.1.9. Intensity-pH variation with the standard deviations of Titan Yellow.

Thiazole yellow - C =2.8747e-04 M

12000

ph14.25 t«t

10000

8000

Titan Yellow
emission peak

l

6000

4000

Intensity {a.u.)

2000

_2 DD D i i i i
300 350 400 450 500 550 600 650 YOO V50 800

A (nm)

Figure 3.2.1. Spectrum of Fluorescence of Titan Yellow with a concentration of 2.8747 10™*M

for at pH 14.25
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-

Figure 3.2.2. Titan Yellow solution, a separation is observed.

3.2. Mixing

During the previous analyses, it was noted that the fluorescence intensity occasionally
changed over a few minutes, varying from one solution to another. To better understand
this phenomenon, the effect of solution mixing was examined.

Solutions of the same dye subjected to accurate mixing and poor mixing have been
compared to examine the effects of mixing on fluorescence intensity.

Figure 3.2.3 shows a solution of Rhodamine B with an accurate mixing, while Figure
3.2.4 that shows a solution of Rhodamine B with an inadequate mixing.

The results show that without an accurate mixing, the intensity fluctuates randomly over
time.

In contrast, these fluctuations do not exist when the solution is adequately mixed.

Furthermore, after 45 minutes, the mixing effect appears to be diminished, with the
solution exhibiting behavior similar to that of well-mixed solutions. (Figure 3.2.5)
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Figure 3.2.4. Intensity-Time variation of a solution of Rhodamine B with poor mixing.
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Rhodamine B after 45 min - intensity variation
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Figure 3.2.5. Intensity- Time variation of the solution of Rhodamine B with poor mixing after 45
minutes.
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3.3. Temperature analysis

As indicated in paragraph 2.4 of Materials and Methods, the relation between
fluorescence and temperature has been examined. During the analysis of pH solutions, a
decrease in the intensity of fluorescence of dyes and an increase in temperature was
observed.

To understand whether the temperature increase was due to the heating of the solution by
the LED of the instrument or an exothermic reaction between the dye and the pH solution,
several tests were conducted.

In the first test, the temperature of a solution of Rhodamine B exposed to the LED of the
Avantes instrument for 1000 s was analyzed. It showed an increase of about 9°C. (Figure
3.3.1)

Subsequently, the temperature change of a new solution of Rhodamine B was monitored
for the same period, without led exposure. This second test highlighted an almost constant
temperature over time with negligible variations.

(Figure 3.3.2)
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Figure 3.3.1. Rhodamine B intensity and temperature variation over time when exposed to the
LED of the Avantes instrument.
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Rhodamine B- Temperature variation
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Figure 3.3.2. Temperature variation of Rhodamine B exposed to room temperature.

To confirm that the temperature increase was caused by the LED of the Avantes
instrument, a solution with pH 13.5 without dye was exposed to the LED light. This also
showed an increase in temperature over time (figure 3.2.3).

It clarified that the temperature increase was caused by the led.

Subsequently, the mathematical model of temperature compensation for Rhodamine B
solutions was adapted. By compensating the temperature in relation to the surrounding
environment, as proposed by Watras et al. (2011) [36], the results were consistent with the
expected behavior. (Figure 3.2.4)

To validate the method over time, tests were conducted in isothermal conditions in the
following section.
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Figure 3.2.3. Curves depicting the temperature-influenced data and the compensated data using the

mathematical model proposed by Watras et al. (2011) [36].
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Regarding the Indigo Carmine solution, it was observed that the fluorescence followed the
same pattern over time (Figure 3.2.4), but a color change occurred 10 minutes after the
solution was prepared.

To determine if this phenomenon was related to temperature, two identical solutions of
indigo carmine with a pH of 13.5 were prepared: one was placed on a heating plate with
an increase of temperature of 4-5°C, and the other was left at room temperature. In both
cases, a color change was observed, occurring more rapidly in the heated solution.

In Figure 3.2.5 shows a new prepared Indigo Carmine solution and the two solutions after
10 minutes: the cuvette on the left was kept at room temperature, and the one on the right
was placed on the heating plate.

This has detected the instability of the Indigo Carmine indicator over time, leading to its
exclusion from further analyses.
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Figure 3.2.4. Indigo Carmine intensity and temperature variation over time when exposed to the LED of the Avantes.
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Heated cuvette

New solution Solutions after 10
minutes

Figure 3.2.5. The images display a new Indigo Carmine solution and two solutions observed after 10 minutes.
The cuvette on the left was kept at room temperature, while the one on the right was placed on a heating plate.

3.4. Stability over time

The tests were conducted to evaluate the stability of Rhodamine B and Rhodamine 6G
over time in isothermal conditions at three pH levels: 12.5, 13.5, and 14.25, each lasting
two hours. For each pH point, the tests were conducted in triplicate.

To simulate an environment as isothermal as possible, the LED of Avantes instrument was
turned on and off to capture a singles acquisition.

Data were analyzed with higher frequency during the initial 10 minutes and then at a
reduced frequency for the entire two-hour duration, enabling the construction of time-
dependent curves.

3.4.1. Rhodamine 6G

The graphs showed that the Rhodamine 6G presents an initial transient phase in which the
intensity increases, followed by a plateau in which it remains stable for at least two hours.

It was observed that the duration of the transitional phase decreases as the pH increases: at
pH 12.5 it occurred around 4000 s (Figure 3.4.1), at pH 13.5 about 800 s (Figure 3.4.2),
and at pH 14.25 about 300 s (Figure 3.4.3).

Figure 3.4.4 displays the average intensity-time curves for Rhodamine 6G at each pH
point. The three curves are clearly distinct and well-separated, showing a significant shift
between each pH level.
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Figure 3.4.1. Rhodamine 6G intensity-time variation for three tests in solution at pH 12.5.
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Figure 3.4.2. Rhodamine 6G intensity-time variation for three tests in solution at pH 13.5.
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Figure 3.4.3. Rhodamine 6G intensity-time variation for three tests in solution at pH 14.25.
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Figure 3.4.4 displays the average intensity-time curves for Rhodamine 6G at each pH point.
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3.4.2. Rhodamine B

The same tests were conducted on Rhodamine B. In contrast to the Rhodamine 6G, the B
immediately showed a plateau, with the intensity oscillating within a negligible range.
Figure 3.4.5, Figure 3.4.6, and Figure 3.4.7 represent the three tests conducted at pH
12.5, pH 13.5 and pH 14.25 respectively.

Figure 3.4.8 shows the average intensity curves over time for each pH point. The curves
for the different pH levels tend to oscillate and intersect at certain points, which makes it
challenging to distinguish the three curves.
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Figure 3.4.5. Rhodamine B intensity-time variation for three tests in solution at pH 12.5.
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Figure 3.4.6. Rhodamine B intensity-time variation for three tests in solution at pH 13.5.
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Figure 3.4.7. Rhodamine B intensity-time variation for three tests in solution at pH 14.25.
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Figure 3.4.8 displays the average intensity-time curves for Rhodamine B at each pH point.

3.5. Effect of Metal Cations on Dye Fluorescence

The interactions of Rhodamine B and Rhodamine 6G in the presence of metal cations
(Pb** and Sn*") have been studied.

The tests were conducted according to the same protocol as the previous paragraph: under
isothermal conditions for two hours and for three different pH values (12.5, 13.5 e 14.25).

3.5.1. Rhodamine 6G

The first graph (figure 3.5.1) shows the three curves of Rhodamine 6G at three pH points,
each with the addition of a solution of 30 mM of lead ions Pb*".

The second graph (figure 3.5.2) represents the three curves of Rhodamine 6G at three pH
points, each with the addition of a solution of 30 mM of tin ions Sn**.

In both cases, it was observed that the stability of the dye does not change and that the
intensity values are comparable with the previous ones.
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Figure 3.5.1. Rhodamine 6G Intensity-Time Curves with 30 mM Lead lons.
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Figure 3.5.2. Rhodamine 6G Intensity-Time Curves with 30 mM Tin Ions.
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3.5.3. Rhodamine B

The first graph (figure 3.5.3) shows the three curves of Rhodamine B at three pH points,
each with the addition of a solution of 30 mM of lead ions Pb**.

The second graph (figure 3.5.4) represents the three curves of Rhodamine B at three pH
points, each with the addition of a solution of 30 mM of tin ions Sn**.

The curves of Rhodamine B prove to be stable over time, however, differences in intensity
values have been observed compared to the case discussed in the previous paragraph.
With the addition of 30 mM of lead ions, the pH curve of 12.5 showed a higher intensity
than the others. Instead, with the addition of 30 mM of tin ions, the pH 13.5 curve showed
a higher intensity, while the pH 12.5 showed significantly lower values.
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Figure 3.5.3. Rhodamine B Intensity-Time Curves with 30 mM Lead Ions.
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Figure 3.5.4. Rhodamine B Intensity-Time Curves with 30 mM Tin Ions.

3.6. Kinetic study

A kinetic analysis was conducted to evaluate how quickly the dyes respond to the pH
change, capturing their dynamic behavior across the entire pH spectrum.

This test was carried out for Rhodamine B and Rhodamine 6G.

The experiment began with a solution of pH 12.5, to which a highly alkaline concentrated
solution was added approximately every 30 s until it reached pH 13.5.

Subsequently, the same procedure was repeated starting from a pH 13.5 solution,
continuing until a pH 14 solution was achieved.

The procedure performed is detailed in the Kinetic Studies section of Materials and
Methods.

3.6.1. Rhodamine 6G

Figure 3.6.1 shows the kinetic response starting from pH 12.5, while Figure 3.6.2
illustrates the corresponding variation in intensity.

Figure 3.6.3 and Figure 3.6.4 show similar trends starting from a pH solution of 13.5.

Rhodamine 6G exhibits a rapid and stable response to changes in pH.
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Figure 3.6.1. Kinetic response of Rhodamine 6G starting from pH 12.5 with the addition of a highly
concentrated alkaline solution.
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Figure 3.6.2. Intensity variation of Rhodamine 6G across the pH range from 12.5 to 13.5.
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Figure 3.6.3. Kinetic response of Rhodamine 6G starting from pH 13.5 with the addition of a highly

concentrated alkaline solution.
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Figure 3.6.4. Intensity variation of Rhodamine 6G across the pH range from 13.5 to 14.
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3.6.1. Rhodamine B

Figure 3.6.5 shows the kinetic response starting from pH 12.5, while Figure 3.6.6. show
the same analysis starting form a pH solution of 13.5.

Compared to Rhodamine 6G, Rhodamine B exhibits a much noisier and unstable
response.
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Figure 3.6.5. Kinetic response of Rhodamine B starting from pH 12.5 with the addition of a
highly concentrated alkaline solution.
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Figure 3.6.6. Kinetic response of Rhodamine B starting from pH 13.5 with the addition of a
highly concentrated alkaline solution.
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3.7. Florescence Intensity Analysis of Rhodamine 6G with pH

The final step in the results analysis involved preparing new solutions within the desired
pH range (pH 12.5 to pH 14.25). The number of investigated points was increased,
focusing on the following pH points: 12.5, 12.7, 12.8, 13, 13.1, 13.2, 13.3, 13.4, 13.5,
13.6, 13.7, 13.8, 13.9, 14, 14.1, and 14.25. This test was conducted for the Rhodamine 6G,
selected for its suitability and stability compared the other dyes considered.
Each pH data point was measured in triplicate. Figure 3.7.1 shows the average
fluorescence intensity values across different pH levels, along with their corresponding
standard deviations.

Figure 3.7.2 shows the linear polynomial interpolating the data in the pH range 12.7 to
14, while Figure 3.7.3 displays the second-order polynomial in the same range.
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Figure 3.7.1. Intensity-pH variation with the standard deviations of Rhodamine 6G.
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Figure 3.7.2. Linear polynomial interpolation in the range between 12.7 and 14.

Equation of linear polynomial:

y = —24797.28 x — 350248.39 (3.7.1)

Coefficient of determination:
R? = 0.9851
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Figure 3.7.3. Second-order polynomial interpolation between pH 12.6 and 14.

Equation of second-order polynomial:

y = 6672.56 x> — 203017.58x + 1539227.06 (3.1.4)

Coefficient of determination:
R? = 0.9951

Finally, the data obtained from this latest analysis were compared with those obtained in
the previous section (Kinetic study, specifically with the graphs Figure 3.6.2 and Figure
3.6.3). These results are shown in Figure 3.7.4 and Figure 3.7.5.

The results appear to demonstrate good repeatability and consistency.
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Figure 3.7.4. Comparison of fluorescence intensity profiles of Rhodamine 6G across the pH range from 12.5 to
13.5
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Figure 3.7.5. Comparison of fluorescence intensity profiles of Rhodamine 6G across the pH range from 13.5 to
14.25.
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4. Conclusion

The studies conducted identified that Rhodamine 6G is the most suitable dye for the pH
monitoring applications under continuous flow conditions.

Rhodamine 6G is characterized by:

e A good stability over time, even in the presence of metal cations.
¢ A rapid and stable response to gradual pH changes, characterized by quick variations in
fluorescence intensity at different pH values.

In comparison to other dyes, Rhodamine 6G also showed consistent results in the
fluorescence intensity tests.

These findings are promising and assure the reliability of fluorescence-based methods for
pH monitoring. Fluorescence analysis offers a rapid, compact, and accurate measuring
way, making it a reliable tool for pH monitoring. The analysis provides a technique to
measure the fluorescence without making contact with the solution, which is ideal for
continuous flow reactor applications.

This method can be used for measuring other chemical and physical parameters such as
redox potential, identifying the presence of specific organic compounds (e.g. pollutants),
or the viscosity of the liquids. Its flexibility makes it a valuable tool for improving quality
control in various industrial processes.

Future development could focus on extending the analysis to a wider pH range or in acidic
environments to improve system versatility.

This would involve alternative dyes and require the study of their interactions with
different metals. The application might be furtherly widened to the screening of different
thin-film deposition types.
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