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ABSTRACT

Following the vast array of applications and great optical properties of the dansyl fluor-
ophore, six novel dansyl-based compounds L1 to L6 have been synthesized and fully charac-
terized in solution, solid-state and supported in a PMMA polymer matrix with the aim of dis-
covering new luminescent sensing systems for environmental pollutants.

Within this study, we present an in-depth analysis of the photophysical properties of
L1 to L6 in five different solvents, revealing their distinctive positive solvatochromic behavior.
We also explore their acid-base sensing capabilities in both a CH3CN solution and within a
PMMA polymer matrix. Remarkably, these compounds exhibit an on-off emission response to
highly acidic solutions and demonstrate excellent reversibility when exposed to ammonia.

The metal sensing behaviour was examined in CH3CN solution with all compounds
showing notable sensibility for Hg?* and Cu®* ions, and one compound also showing sensibility
for Ag® ions. The increase in concentration of metal ions was found to induce variations in
absorption spectra and substantial fluorescence emission quenching.

Furthermore, in anion sensing studies, compounds L4 to L6 displayed exceptional sen-
sibility for CN™ and F" ions as evidenced by spectral changes and emission quenching during
spectrophotometric and spectrofluorimetric titrations.

In the modern days of chemistry, the search for novel luminescent sensors has gained
significant momentum due to the advantages they offer over conventional methods. The pre-
sent study introduces an innovative system with a wide range of potential applications in the
field of environmental monitoring, enabling the detection of various pollutants and toxic

agents.

Keywords: Spectroscopy, Luminescence Probes, Dansyl-derivatives, Acid, PMMA Doped

Films, Heavy Metals, Toxic Anions
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RESUMO

Com base na versatilidade e excelentes propriedades épticas do fluoréforo dansilo,
foram sintetizados e caracterizados seis novos compostos baseados no dansilo (L1 a L6) em
solucdo, no estado solido e suportados numa matrizde PMMA, com o objetivo de descobrir
novos sistemas de detecao luminescente para sistemas poluentes.

Neste estudo, apresentamos uma analise aprofundada das propriedades fotofisicas de
L1 a L6 em cinco solventes diferentes, revelando o seu comportamento solvatocrémico
positivo. Também exploramos as suas capacidades de dete¢do acido-base tanto numa solugao
de CH3;CN como numa matriz de polimero PMMA. De forma notavel, estes compostos
apresentam uma resposta de emissao on-offa solucdes altamente acidas e demonstram uma
excelente reversibilidade quando expostos a amoniaco.

O comportamento de detecao de metais foi estudado em solucdo de CH3CN, na qual
todos os compostos mostraram uma sensibilidade notavel aos ides Hg®* e Cu®*, e um
composto a mostrar também sensibilidade a ides Ag®. Verificou-se que a presenca dos ides
metalicos induz variacdes nos espectros de absor¢do e uma diminui¢do substancial da
intensidade de emissao. Nos estudos de detecdo de anides, os compostos L4 a L6 mostraram
sensibilidade excecional para os ides CN™ e F’, tal como evidenciado pelas alteragdes espectrais
e pela diminuicio da emissdo durante as titulagbes espectrofotométricas e
espectrofluorimétricas.

Nos dias modernos da quimica, a procura de novos sensores luminescentes tem vindo
a ganhar um impulso significativo devido as vantagens que apresentam sobre métodos
tradicionais. Este estudo introduz um sistema inovador com uma vasta gama de aplicagdes
potenciais na area ambiental, permitindo a dete¢do de poluentes e agentes toxicos.

Palavras chave: Espectroscopia, Sondas Luminescentes, Derivados de Dansilo, Acido,

Filmes Dopados de PMMA, Metais Pesados, Anides Tdxicos
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INTRODUCTION

1.1 Absorption and Fluorescence Spectroscopy: Key Concepts

1.1.1 Light Absorption

When a molecule absorbs a photon, it experiences an increase in its energy level, tran-
sitioning to an excited state. However, upon emitting a photon, the molecule experiences a
decrease in its energy level, returning to the lowest energy state, commonly referred to as the
ground state. The specific wavelength of absorbed light is crucial because it represents the
molecular processes that can occur. Visible and ultraviolet radiation, which play a central role
in this master thesis, promote the excitation of electrons to higher-energy orbitals. Another
example is infrared radiation, which induces molecular vibrations. On the other hand, short-

wavelength radiation, such as X-rays and gamma-rays, can lead to bond cleavage and ioniza-

1 i| Excited states

¥

tion in molecules.’

Energy

Ground state
Absorption Emission



Figure 1. Absorption and emission effects on energy

1.1.2 Lambert-Beer Law

When a sample is exposed to light, the irradiance of the beam decreases as the sample
absorbs light. The quantification of irradiance can be achieved through transmittance (T), which
denotes the ratio of light passing through the sample. Transmittance is calculated by consid-
ering P, the energy per second per unit area of the incident light beam entering the sample,

and P, the energy per second per unit area of the light beam emerging from the sample. '

Wavelength
Light - Py P | Light
selector —| Sample ——
source detector
(monochromator)

]

Figure 2. Single-beam spectrophotometry. '
p .
T = - (Equation 1)

Absorbance is considerably more practical to use than irradiance since it relies on two
variables that can be easily manipulated during an experiment.
The Lambert-Beer law, a basis principle in spectroscopy and analytical chemistry, elucidates the
correlation between the absorption of light by a solution and the concentration of the absorb-
ing species within that solution. This fundamental concept provides a framework for under-

standing and analyzing the behavior of absorbing species in solution (refer to equation 3).

A =log (%) = —logT (Equation 2 ")

A = ebc (Equation 3 )

In equation 3, c denotes the concentration of the sample, b represents the path length of the
cell and £ (epsilon) the molar extinction coefficient, which is an inherent property of the species.
Lambert-Beer law is widely used in analytical chemistry for quantitative analysis of various

compounds. While the Lambert-Beer Law is highly useful, it requires a homogeneous solution



of the absorbing species, and the chemical system should follow the determined range of con-

centrations in order to avoid deviations from linearity.?

1.1.3 Jablonski Diagram

The Jablonski Diagram, displayed in Figure 3, serves as a valuable tool for defining the
various processes that unfold when a system (molecule) absorbs energy, by illustrating the
electronic states of the molecule and the transitions between them. In a molecule, electronic
states are categorized into singlet states, where all electrons are spin-paired, and triplet states,
where one set of electrons is spin-unpaired.

When a molecule is excited by light, it can occupy various vibrational levels within the
electronic state and subsequently undergo processes that facilitate relaxation to a lower energy
state. These processes can lead to the emission of a photon, such as fluorescence and phos-
phorescence, or the transfer of energy to other molecules through collisions, ultimately con-
verting the energy into heat.

The different processes that can occur between states are: '

Vibrational relaxation: Transition to the lowest vibrational level inside the spin-state

Internal conversion (St -> So): Nonradiative transition between states with same spin

multiplicity

Intersystem crossing (T1 -> So): Nonradiative transition between states with different
spin multiplicity
Fluorescence (S1-> So): Transition with photon emission between states with same spin
multiplicity
Phosphorescence (T1 -> So): Transition with photon emission between states with differ-

ent spin multiplicity
Singlet-singlet or Triplet-triplet transition: Excitation into higher singlet or triplet states

upon absorbing a second photon (S1-> S; or T1-> T»)



Excited vibrational
and rotational

levels of T,
S, electronic state
Internal —
conversion —— T,
So — R Intersystem
—_ 1 h
= s crossing to T,
i — Intersysiem ——<R;
& —/——— crossing to S,
‘6 R
G Re )—— ,
o — Absc:rﬁptmn Fluorescence
_7;1“ ) (107%-1074s)
" Phosphorescence
(1074-1023)
Y

Figure 3. Jablonski Diagram - So is the ground state, S1 and T+ are the lowest excited singlet
and triplet states. Wavy arrows represent non-radiative transitions and straight arrows repre-

sent transitions involving photons. Adapted from '

1.1.4 Solvent effects and Stokes Shift

In a solution, a fluorophore can be enclosed within a solvation shell, engaging in inter-
actions with the solvent's molecules. Upon exciting the fluorophore with a specific wavelength,
the electronic distribution undergoes changes, giving rise to new bonding forces and dipole
moments. Consequently, the solvent molecules need to adapt to a new equilibrium configura-
tion. At room temperature, the vibrational transitions that occur become broader, resulting in
a displacement of the fluorescence emission band compared to the absorption band. This dis-
placement is known as the Stokes Shift, named in honor of the physicist George Gabriel Stokes,
who made significant contributions to optics and fluorescence, aiding in the comprehension
of this phenomenon. Since there is a loss of vibrational energy following light absorption, at-
tributed to non-radiative relaxation processes, fluorescence emission always occurs at higher

wavelengths, accounting for the observed Stokes Shift.?

1.1.5 Solvatochromic effect

Solvatochromism is a phenomenon that provides insights on the interactions between
molecules and their surrounding environment, specifically the solvent in which they are dis-
solved. This phenomenon is evident through the alteration of a molecule's color, absorption

or emission spectra when placed in different solvent environments. Solvatochromism serves as



a valuable tool for comprehending the electronic and structural attributes of molecules, as it
unveils how the polarity and dielectric constant of a solvent can impact a molecule's energy
levels, consequently leading to shifts in its photophysical properties. Depending on whether
an increase in solvent polarity results in a red or blue shift, solvatochromism can manifest as
either positive or negative, respectively.

Solvatochromism is widely employed across different domains of chemical and biolog-
ical research to investigate both bulk and local polarity in macrosystems, such as membranes.
Additionally, it is utilized to elucidate the conformation and binding of proteins.*> Due to its
importance in the forementioned fields, this phenomenon has been explored by our group in
the past decade in several fluorophores, from arylthiophenes® to coumarins’ and most recently
in dansyls®, which is the fluorophore of interest for this thesis.

The Kamlet-Taft equation is a widely used equation to describe and quantify solvato-
chromic effects, particularly the influence of solvent polarity on the behaviour of molecules. In
Equation 4, the correlation between absorption and emission energies is illustrated with vari-
ous solvent parameters. Here, vo represents the absorption and/or emission value in a reference
solvent, a denotes the solvent's hydrogen bond donor (HBD) acidity, B signifies the solvent's
hydrogen bond acceptor (HBA) basicity, and n* represents the solvent's dipolarity/polarizabil-
ity. The parameters a, b, and p, corresponding to the responses of the solute property to the

solvent property, can be determined through a multiparametric fitting process.®

V=V, + an + b + pm* (Equation4°)

1.1.6 Fluorescence quantum yield and lifetime

Fluorescence quantum yields and lifetime are two crucial experimental parameters to
measure in sensor molecules. The fluorescence quantum yield of a process is characterized as
the proportion of emitted photons to the absorbed photons by the fluorophore. It is typically
measured on a scale from 0 to 1, with 1 representing a 100% yield, where every photon ab-
sorbed results in the emission of a photon.

Quantum yield can be described by two rate constants: k, radiative rate constant, and
ko, nonradiative rate constant, which comprise every possible decay mechanism (see Equation
5). Since photon-emitting decay mechanisms are the goal when searching for a high quantum-

yield fluorophore, the non-radiative decay must be minimized (knr= 0).

ker
Ky +Knr

CDf = (Equation 5 3)



Experimentally, fluorescence quantum yields can be determined using either relative
quantum yields (solution) or absolute quantum yields (solid state). The relative quantum yields
are determined in comparison to a standard solution of known quantum yield, however, it's
worth noting that this method can present certain challenges. This method requires a fluores-
cence standard with a precisely characterized quantum yield that emits and absorbs light in
the same wavelength range as the sample is required. However, only a limited number of
standards have been characterized with the necessary precision to ensure reliable measure-
ments, including substances like quinine sulfate, fluorescein, and rhodamine.

The following equation can be used to calculate a sample's quantum yield using this
method: A - area of sample's absorption spectra; A, - area of standard's absorption spectra; n

- sample refraction index; n, - standard refraction index; @ - standard quantum yield *°

Pr = AirCDr(n%)z (Equation 6. %)

The fluorescence lifetime is the duration during which a molecule remains in its singlet

excited state S1 and can be calculated with the following equation:

T = P (Equation 7. 3)

1.1.7 Fluorescence quenching

Fluorescence intensity can be diminished by various processes, collectively referred to as

quenching. This reduction in intensity can result from several factors, including: "™

Collisional Quenching - The fluorophore in an excited state contacts with another mole-

cule in solution (quencher) and returns to the ground state. Can happen when molecule-mol-
ecule interactions are strong enough to overcome the solvent interactions and prevent the
molecule from being solvated. Can occur between identical molecules to form excimers or

between different molecules to form exciplexes.



Photoinduced Electron Transfer - Excited state electron transfer between a donor and

acceptor group

Energy Transfer - Energy transfers between electron donating molecules and electron

accepting molecules.

Proton Transfer - Proton transfer between proton donating or accepting molecules with

an acid or base, leading to protonation/deprotonation in the excited state.

Static Quenching - The fluorophore, while in the ground state, establishes a nonfluores-

cent complex with the quencher.

1.1.8 Fluorophore structure effects

Fluorophores with a rigid structure are effective at minimizing nonradiative decay by lim-
iting rotation and vibration of the side groups, thereby maximizing their quantum yield. Con-
jugated electron-donating groups and electron-withdrawing groups play a role in charge
transfer transitions, which further enhance the quantum yield. Structures containing heavy at-
oms should be avoided because of their strong spin-orbit coupling, which can lead to a high

intersystem crossing rate constant. "'

1.2 Luminescence-based molecular probes

Within the wide domain of analytical chemistry and molecular detection, luminescence-
based molecular sensors or probes hold a prominent position as versatile and sensitive tools,
providing valuable insights into intricate molecular interactions. Luminescence possesses dis-
tinct advantages for molecular sensing, including its sensitivity, selectivity, and non-invasive
characteristics. These attributes explain the growing popularity of luminescence-based sensors
in a wide range of fields, covering environmental monitoring, medical diagnostics, drug dis-
covery, and food safety.

The principle behind these sensors revolves around the interaction between the lumines-
cent probe and the analyte of interest. This interaction results in alterations in the luminescent
properties of the system, particularly in its fluorescence, when subjected to external stimuli.
These alterations can manifest as changes in emission intensity, wavelength, quantum yield, or
fluorescence lifetime. The versatility of these systems allows their application across various

domains, from tracking intracellular ions "3, to detecting pollutants in environmental samples
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or even monitoring of biochemical interactions in organisms.



1.2.1 Doped polymeric materials as sensors

As mentioned previously, luminescent sensors offer exceptional sensitivity and versatility.
However, their use in the liquid state presents specific challenges and limitations, primarily
related to stability, reusability, and adaptability to various environments. Integrating these sys-
tems into polymers effectively addresses these issues by providing a solid platform for their
immobilization, thereby enhancing practicality. Additionally, this solid platform can improve
stability, making them suitable for long-term applications. This strategy has opened up numer-
ous possibilities for sensing applications, as doped polymers, in general, serve as robust and
cost-effective matrices, offering rapid response times and system reversibility.?

Among the high number and types of polymeric matrices, polymethyl methacrylate
(PMMA, chemical structure depicted in Figure 4) emerges as a promising candidate for lumi-
nescent sensing applications, due to its outstanding mechanical and optical properties that
favour its application for optical devices, usually leading to enhanced fluorescence or phos-
phorescence. Additionally, this polymer is cost-effective and easy to prepare, facilitating an
efficient production process 2'. Another popular polymer for sensing applications is styrene-
butadiene-styrene, known as SBS. It is distinguished by its mechanical flexibility, elasticity, and
robust adhesion properties, making it suitable for a variety of applications that may not be
feasible with PMMA. Polyvinylpyrrolidone (PVP), on the other hand, is well-regarded for its
biocompatibility, rendering it an excellent choice for incorporating luminescent probes into
materials for biomedical applications. Additionally, PVP is hydrophilic, promoting water solu-

bility and ease of dispersion for hydrophobic probes.?

~_

® I ©

Figure 4. Polymeric structures of (A) PMMA, (B) SBS and (C) PVP

1.2.2 Luminescence-based acid-base sensors

The pH value, which represents the proton concentration, is a crucial factor in numerous

chemical and biological processes and requires thorough regulation. Minor deviations can lead



to physiological damage and disrupt the normal functioning of biological systems. Therefore,
precise monitoring of pH changes in organisms is crucial for medical applications and research
in the biological sciences'. Furthermore, monitoring of pH levels is of utmost importance in
industrial processes, where maintaining precise pH levels ensures efficient chemical reactions,
consistent product quality and environmental compliance. 2

Among traditional methods for pH measurement, luminescence-based acid-base sen-
sors have emerged as valuable tools. They offer enhanced sensitivity and selectivity while re-
maining non-destructive and non-invasive and provide a quick response time and straightfor-
ward monitoring, making it possible to continuously track pH changes in systems requiring

precise control 2%

1.2.2.1 Previous studies in doped polymer materials as acid-base sensors

Our group has been working with doped polymer materials as sensors during the past
years.?®*” As a practical example recently we developed a low-cost colorimetric pH sensor,
based on PMMA polymers doped with cyanines 1, 2 and 3. After exposing cyanine-doped
PMMA polymers to low pH concentrations, the system showed a degree of spectral changes,
from emission maximum shifts and emission enhancements (Figure 5B) as well as, the colour
changes from green to yellow (Figure 5C). Moreover, as we can observe in Figure 5C, the system
showed excellent reversibility, reverting to the natural green colour after being removed from
the acid environment, proving this to be a reusable system. The authors reported that the
sensing mechanism was due to the protonation of the indole nitrogen atom present in the
cyanine group - acidic conditions lead to the protonation, inducing a strong increase in fluo-
rescence, while basic conditions quenched the emission. Those results show that probes 1-3
are good candidates for naked-eye detection of low pH concentrations, with possible contri-
butions for superacid sensing, enabling the continuous monitoring of polluted effluents in real-

time or integration into quality control procedures within industrial processes.?®
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Figure 5 - (A) Chemical structure of compounds 1, 2 and 3. (B) Emission spectra of cyanine
doped PMMA system after immersion in 12M HCl solutions for 15-180min. (C) Naked-eye(top)
and under 365nm UV-light (bottom) images of cyanine doped PMMA system after immersion
in 12M HCl solutions. Adapted from?® .

1.2.3 Luminescence-based metal sensors

Due to the rapid expansion of industries along the years as well as the anthropogenic
concentration of metals in mines and mineral explorations, a large amount of toxic and car-
cinogenic heavy metal ions has been discharged into the environment, leading to a progres-

sively severe pollution of soil and groundwater, as metals have limited biodegradability.
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The accumulation of heavy metals such as Hg?*, Cd**, Ni** and Pb?* in the environment
poses significant threats to human health, as they induce immunotoxic and neurotoxic effects,
potentially causing harm to the central nervous system and leading to the risk of organ fail-
ure.?’ On the other hand, even other metals such as Fe**, Cu®* and Zn?* are essential micronu-
trients in biological organisms, vital for enzymatic reactions, cellular signalling, DNA replication,
in high concentrations results as well in toxic elements.*

Conventional methods for heavy metal detection mainly consist of atomic absorption
and fluorescence spectrometry, and the more expensive and sophisticated inductively coupled
plasma mass spectrometry (ICP-MS). Even though these analytical methods enable the sensi-
tive and selective determination of heavy metals, they are time consuming, require sophisti-
cated costly instrumentation and cannot perform real-time monitoring 3. In contrast, fluores-
cence-based sensors have been highly regarded, due to their rapid, cheap, and simple use in
detecting heavy metals.

Given the sensitivity of the sensors developed in this study towards Hg?* and Cu®*, it is
key to explore the roles that these metals play.

Mercury as Hg*, Hg?* and organomercury is notable for its toxicity, and given its ability
to accumulate in most parts of the human body, it can cause a large range of symptoms leading
to death. Furthermore, human and animal studies that have established a connection between
mercury toxicity and neurodegenerative diseases emphasize the critical need for detecting this
metal in the environment. This is especially important as mercury is released as a byproduct of
various industrial processes.*’. The United States Environmental Protection Agency has estab-
lished a maximum contaminant level for mercury in water at 2 parts per billion (ppb) *.

Copper, as opposed to mercury, is an essential trace element in biological systems as it
plays a vital role in various biological processes, serving as an important cofactor for a variety
of enzymes involved in key biochemical reactions, including redox enzymes related to oxidative
stress. Being essential for life, copper concentration in organisms is meticulously regulated, as
a deficiency can led to health issues like anemia. Conversely, excessive copper intake can result
in poisoning and give rise to a condition known as Wilson disease. The maximum contaminant
level for copper in drinking water has been set at 1.3 parts per million (ppm) by the U.S. Envi-
ronmental Protection Agency (EPA), which is a concentration 1000 times higher than the per-
mitted level for mercury.**. Considering the substantial toxicity associated with both mercury

and copper, it is imperative to closely monitor their presence in various environments.
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Our research group has been working on metal ion detection with luminescence-based
sensors for the past twenty years and based on this experience many examples based on mac-
rocycles, acyclic molecules, free chromophores, conjugate sensors, etc. have been used. For
instance, we recently explored a cationic porphyrin-based molecule 4 with the objective of
metal sensing. The metal sensorial studies revealed that the system did not exhibit significant
changes in the presence of Zn**, Cd** and Fe** ions. However, when Cu®*, Pb?* and Hg**ions
were introduced the emission intensity in the two bands centered at 635 and 702nm decreased
(see Figure 6B). The system also displayed a selective colorimetric response, with a specific
color variation for each metal ion (Figure 6C), which was confirmed by the absorption spectra
(Figure 6D). The absorption spectra showed the development of a new band for Pb** and
Hg?*and an increase in absorbance of the porphyrin band for Cu®*. The detection limits by
absorption for this system were found to be 3.6, 5.8 and 3.8 ppm for Cu®*, Pb®* and Hg?",
respectively. Furthermore, the authors incorporated the system in mesoporous silica nanopar-
ticles, achieving a detection limit of 2 ppb, with a naked-eye detection of 5 ppm. This system
was also successfully applied for Hg?* remediation in water, being able to extract the amount
of ca. 69 mg/g, higher numbers than most of those reported in literature up to the publication

date.®
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Figure 6 - (A) Chemical structure of compound 4. (B) Spectrofluorimetric titration of 4 with
addition of Hg**. (C) Colorimetric changes of solutions of 4 after addition of metal ions. (D)
Absorption spectra of 4 upon addition of 1eq. of Cu®*, Pb?* and Hg** Adapted from**

Exploiting the use of inorganic complexes as metal ion sensing, we reported some lumi-
nescent platinum complexes and tested them for metal sensing with eleven different metal
cations, with the most interesting results being achieved by molecules 5 and 6. Since these
compounds possess free coordinative positions, it was interesting to investigate the effects of
various metal cations. With compound 5, the authors observed significant alteration in fluores-
cence emission only in the presence of Hg?*, where the quenching of emission reaches a min-
imum upon the addition of 1 equivalent., which is consistent with the chelation enhancement
of the quenching effect reported previously by our group®® (Figure 7A). The authors suggested
the interaction of Hg®* with the structure to be like depicted in Figure 7B. Compound 6 was
also evaluated for metal sensing, and surprisingly, the addition of Hg®* led to an increase of
the emission intensity (Figure 7C), reaching its maximum after addition of 2eq. of the cation.
Additionally, there was a red-shift from 527 to 644nm, changing from a low-greenish emission
to a bright red (Figure 7D). This red-shift was attributed to the formation of intermolecular Pt-
Pt interactions as illustrated in Figure 7E, leading to an aggregation-induced emission enhance-
ment (AIEE) response. Upon the addition of up to 7 equivalents of Hg?*, the developed emis-
sion band decreased until the initial intensity was recovered. However, the emission maximum
remained at 644nm, indicating that the molecules maintained their assembly via Pt-Pt interac-
tions. The authors demonstrated that these systems are promising candidates for Hg®* sensing.
They also highlighted how similar molecules can respond differently to the same metal, em-

ploying distinct sensing mechanisms, whether through emission quenching or enhancement.?’
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Figure 7 - (A) Spectrofluorimetric titration of 5 with addition of Hg?*. (B) Proposed interaction
mode of 5 with Hg?". (C) Spectrofluorimetric titration of 6 with addition of Hg®*. (D) Colorimet-
ric changes of 10 upon addition of Hg?*. (E) Proposed interaction mode of 6 with Hg**Adapted

from 3’

1.2.4 Luminescence-based anion sensors

The second group of important analytes in life and environmental samples are the ani-
ons. They are indispensable entities to life, as many biological processes depend on their pres-
ence or their transport. Anions such as PO,*, SO, and HCOs™ are essential for the normal

functioning of living organism, participating in biochemical pathways such as nucleic acid and
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aminoacid synthesis and pH regulation (respectively). Beyond the biological importance, ani-
ons are also involved in many industrial processes and are frequently found as harmful pollu-
tants. The presence of excessive NOs’, Br' and Cl" in waterbodies can harm aquatic life and
contaminate drinking water. Consequently, the need for developing anion sensors in complex
media such as blood, cells, soil, and wastewater is of utmost importance. Due to their excep-
tional characteristics mentioned earlier, luminescent molecular sensors are ideal for this pur-
pOSG.38’39

Given the exceptional sensitivity of the sensors developed in this work to fluoride and
cyanide anions, it is important to investigate the roles of these entities.

Fluoride anions play a significant role in biological and medical processes, with their pos-
itive impact on dental health well-established. However, excessive exposure to fluoride can
have detrimental effects on health, including kidney failure and skeletal defects. Additionally,
several chemical warfare agents release fluoride through hydrolysis, making the detection of
this anion crucial for identifying potential chemical weapon usage.*

Cyanide, on the other hand, is notorious as a lethal poison when ingested, as it inhibits
cellular respiration by binding to cytochrome c oxidase, leading to oxygen deprivation. Conse-
quently, there has been significant interest in developing methods for cyanide detection. The
cyanide anion shares several characteristics with fluoride, particularly its similar basicity. This
similarity accounts for the number of dual-sensing systems for both fluoride and cyanide that
have been reported in the literature. °

As example in the last years the group developed a colorimetric probe using gallium (IIl)
corrole complexes 7 and 8. The authors conducted spectrophotometric and spectrofluorimetric
titrations of both compounds with four different anions and found that the system exhibited
exceptional sensitivity to cyanide and fluoride. The system produced notable changes in ab-
sorption and emission intensity and wavelength (Figure 8A, B) and underwent a color change
in the case of the cyanide titration, visible to the naked eye, transitioning from green to col-
ourless (Figure 8C). This color change was explained by the development of the 630nm band
with addition of the anions, while the 590nm band disappeared. The authors achieved a limit
of quantification (LOQ) of 1.00 and 1.01 uM (respectively) with complexes 7 and 8, showing

great promises for future applications in environmental samples.*’
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Figure 8 - (A) Chemical structure of compounds 7 and 8 (B) Spectrophotometric titration of 7

with addition of cyanide. (C) Colorimetric changes of 7 upon addition of cyanide (D) Spectro-

fluorimetric titration of 7 with the addition of cyanide. Adapted from*'

More recently, during my bachelor's final research project we developed and studied a
new coumarin-based boron emissive complex 9. After conducting the anion sensing tests, we
discovered that the system exhibited sensitivity to both cyanide and fluoride anions. Notably,
the emission intensity was completely quenched upon the addition of one equivalent of CN”
or F. Furthermore, the system demonstrated a colorimetric response, shifting from a bright
yellow to pink colour, accompanied by a simultaneous disappearance of the green emission
(Figure 9B). This variation is consistent with the absorption spectra, where a decrease in the
469nm band is observed as a new band appears at ca. 550nm (Figure 9C). This phenomenon
was explained by the loss of protons, resulting in the formation of a quinone base with en-
hanced conjugation (see Figure 9A), leading to a red shift in absorption. This explanation was

demonstrated through NMR titration. ’
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Figure 9 - (A) Chemical structure of compound 9 with proposed mechanism of anion sensing
through deprotonation. (B) Colorimetric changes of 9 upon addition of cyanide. (C) Spectro-
photometric titration of 9 with addition of cyanide (D) Spectrofluorimetric titration of 9 with

the addition of cyanide. Adapted from’

1.3 Dansyl fluorophore: A short overview

Dansyl chloride, also known as 5-(dimethylamino)naphthalene-1-sulfonyl chloride (struc-
ture 10), is a versatile reagent widely utilized in chemical and biological research. It has the
unique property of reacting with primary amino groups, found in both aliphatic and aromatic
amines, resulting in the formation of stable blue or blue-green fluorescent sulfonamide ad-

ducts. Furthermore, it can be employed to modify secondary amines.

17



Dansyl chloride plays a crucial role in various applications, most notably in the realm of amino
acid analysis and protein sequencing. It is a valuable tool for scientists and researchers involved
in these fields. Dansyl chloride is sometimes denoted by the acronym DNSC, simplifying its
reference in scientific literature. Additionally, a similar derivative called dansyl amide is referred
to as DNSA.

In addition, many fluorescent dyes containing the 5-(dimethylamino)naphthalene-1-sul-
fonyl group, commonly referred to as dansyl (structure 11), have been extensively studied in
various scientific fields owing to their outstanding optical properties. The sulfonic amide group
in dansyl allows for easy incorporation into organic molecules, facilitating a wide range of ap-
plications. These dyes have found utility in diverse areas, including analytical chemistry, where
they have been used as molecular sensors for metals and other ions.**™*, to biosensors where
they have been used for detection of biomolecules such as peptides and nucleic acids as re-
ferred before .

Additionally, applications using dansyl-based systems in bioimaging have also been ex-
tensively explored*™?, taking advantage of the fluorescent behaviour of the dansyl derivatives.
These compounds exhibit high quantum yields, large Stokes shifts and good structural flexibil-
ity, which proves valuable for maintaining these properties under external stimuli such as pH

and temperature.”">?

10 11
Figure 10 - Chemical structure of compounds 10 and 11

Following the multifunctional applications of dansyl-based compounds, Eun-Young Park
et. al. synthesized a dansyl-labeled sphingosine kinase 1 (SK1) inhibitor 12. This compound was
based on the PF-543 inhibitor 13, which is recognized as the most potent SK1 inhibitor with a
significant role in colorectal cancer, multiple sclerosis, and myocardial infection. Previous stud-
ies performed by Schnute et. al. ** proved the importance of the phenylsulfonyl tail in the in-
hibitory effect of 13, which led the authors to search for a possible improvement in the struc-
ture. The synthesis of the dansyl-PF-543 12 was successful, with an overall yield of 27% and the
ICso studies proved that this new compound provided an improvement in the inhibitory activity,

with a higher ICso (Figure 10B). Moreover, UV-Vis and fluorescence spectroscopy studies of
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compound 12 revealed maximum wavelength of emission at 470nm and a quantum yield of
0.11, which are appropriate results for biological studies, confirming that this structure repre-

sents a useful tool for spectroscopic analysis of the biological inhibitory activity. >
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Figure 11 - (A) Chemical structures of compounds 12 and 13. Effect of dansyl PF-543 12 (B) and
13 (C) on SK1 activity, with respective ICso values. Adapted from**

In the realm of colorimetric sensors, Kai-Bin Li and colleagues created a fluorescent and
colorimetric sensor for cysteine (Cys) by combining a sulfonyl benzoxadiazole dye with dansyl
chloride. They employed a piperazine group to link both moieties, resulting in compound 14.
This probe exhibited sensitivity to Cys with a nanomolar limit of detection and demonstrated
selectivity for Cys, showing no interference from competing analytes and amino acids (see Fig-
ure 12B). When compared to previously developed Cys fluorescent probes, compound 14 pro-
vided one of the lowest limits of detection (LOD) and offered both colorimetric and fluorescent
signals (unlike some other probes that only provided fluorimetric signals). It also displayed
high selectivity for quantitative and qualitative detection. Furthermore, the authors conducted

experiments by incubating living cells with compound 14 and Cys, following the removal of

19



thiol agents from the system using N-Ethylmaleimide. This demonstrated the potential use of

this system for detecting naturally occurring in living cells (Figure 12C). >
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Figure 12 - (A) Chemical structure of compound 14. (B) Selectivity evaluation of 14 (at a con-
centration of 5 yM) in the presence of competing analytes (at a concentration of 50 uM). (C)
Fluorescent imaging depicting (a) 10 uM of compound 14, (b) 10 uM of 14 following treatment
with 0.5 mM of NEM for 30 minutes. (c) 10 uM of compound 14 after 0.5 mM of NEM treatment
for 30 minutes along with 0.5 mM of Cys, (d) Hcy, and (e) GSH under identical conditions in
live MCF-7 cells. Adapted from *°

Moving to the nanoscale, Richard C. Knighton et. al. employed the dansyl fluorophore
for the detection of sulfur-containing chemical warfare agents. This was accomplished by bind-
ing the fluorophore to gold nanoparticles through imidazole and amine groups, resulting in
conjugate 15 capable of detecting micro-molar concentrations of the toxic gas. The developed
system leveraged the binding energies of various ligands with the gold nanoparticle surface.
When the fluorophore was in proximity to the nanoparticle surface, it experienced quenching

through an energy transfer process. However, when the system was exposed to a sulfide agent,
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the weak surface interaction allowed the fluorophore to detach from the surface, leading to
the activation of fluorescence and the binding of the sulfide to the nanoparticle. This switching
on of fluorescence was observed through fluorescence spectroscopy, where the authors noted
a significant enhancement of fluorescence upon the addition of the sulfide agent (see Figure
13A). Additionally, NMR analysis revealed that only bands corresponding to the dansyl fluoro-
phore were observed upon the addition of 10 equivalents of the sulfide agent (see Figure 13B).
The system also exhibited a color shift upon the addition of the sulfide agent, transitioning

from a dark orange color to colorless. >
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Figure 13 - (A) - Fluorescence spectra of the nanoparticle-dansyl system before and after ad-
dition of sulfide agent. (B) - '"H NMR spectra of the nanoparticle-dansyl system (a) and (b) the

nanoparticle-dansyl system in the presence of 10eq. of sulfide agent. Adapted from *°.

1.3.1 The use of Dansyl-based compounds as acid probes

Dansyl-based compounds have been recognized as effective acid sensors, primarily be-
cause of the presence of a tertiary amine that can be protonated. This protonation induces an
intramolecular charge transfer, resulting in fluorescence quenching. The tertiary amine's pres-
ence promotes pH-responsive emission, enabling the detection of pH variations. As a result,
numerous dansyl-based fluorescence pH probes have been developed and documented in the
literature.’

Yu Liu and collaborators developed a dansyl derivative probe, labeled as compound 16,
which featured a bromo-butane amine moiety. This probe exhibited good selectivity and sen-
sitivity over a pH range from less than 4 to greater than 2. In solution, it emitted a yellow color

that gradually diminished as the pH decreased, ultimately becoming completely quenched at
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pH less than 2 (as observed in Figure 14B). Furthermore, the authors successfully detected
intracellular pH changes using this probe (as shown in Figure 14C), highlighting its potential

for applications in acidic biological environments®”.
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Figure 14 - (A) Chemical structure of compound 16. (B) Variation of fluorescence intensity at
557nm with pH changes. (C) Fluorescence microscope images of cells at pH 3.6 (C1), pH 3.0
(C2) and pH 2.0 (C3). Adapted from*’

Improving on previously reported systems, Chunming Sha and colleagues reported flu-
orescent pH probe 17 from dansyl chloride and thiosemicarbazide. This probe demonstrated
high selectivity and sensitivity in the pH range from 10.88 to 1.98, with an almost linear de-
crease with the reduction of pH value in the pH range of 7.45 to 1.98 (as illustrated in Figure
15B). The authors also confirmed that the system displayed anti-interference capabilities when
tested with various biologically and environmentally relevant ions, underscoring its value for
selective sensing applications. Furthermore, the system exhibited reversibility, as evidenced by
alternating additions of HCl and NaOH, displaying an "alkali-on, acid-off" response by the
probe, as depicted in Figure 15C.*

22



HN=—=( .
Q | 7\ (B)  1.8x10°]
4 MH M. =
| | :
=
= g
17 g 1.2x10°1 &
L — -qé
. pH 7.4 5 )
(©) \ ; T 6.0x10'
= 4 / \‘.\ /
E 1107 \I\-. f."’l l"\ _.."ll
- \'\\ f,” \»\\ ;’f 0.0 a . -
\/ 300 400 500 600
! o Wavelength /nm

0o 0.5 1.0 1.5 2.0
Cycle index

Figure 15 - (A) Chemical structure of compound 17 (B) Fluorescence spectra of 17 with various
pH and inset showing relationship between maximum fluorescence at 510nm and pH (C) Re-

versibility of the fluorescence detection of pH. Adapted from ®

1.3.2 The dansyl moiety as Cu** and Hg?* sensor.

The dansyl moiety has been extensively studied in the literature for its sensing capabil-
ities, especially regarding metal ions such as copper and mercury. Paramagnetic transition
metal ions with an unfilled d orbital shell, like Cu®*, are typically identified using spectropho-
tometric and spectrofluorimetric techniques through a phenomenon known as the chelation
enhancement of quenching effect (CHEQ). This effect results in the quenching of fluorescence
emission when the metal is detected. Hg®* exhibits a similar behavior, where the fluorescence
quenching occurs; however, as a diamagnetic d'® metal, this quenching can also be explained
by spin-orbit coupling. Spin-orbit coupling serves as a primary pathway for nonradiative tran-
sitions, contributing to the quenching observed in the presence of Hg?* 8. Recently our group
has reported these behaviors when developing two novel dansyl derivatives 18 and 19 and
testing them for metal sensing. The authors observed that both compounds exhibited modifi-
cations in their photophysical characteristics in the presence of Cu®* and Hg?*, resulting in a
quenching of the emission signal. This behavior is illustrated in Figure 16B for Hg**. Upon cal-
culating stability association constants and analyzing the stoichiometry, the results suggested
the presence of a mononuclear species for the metals in both compounds, with the presence
of heteroatoms playing a crucial role for sensing. Compound 18 displayed a LOD and LOQ of
2.5uM and 4.5 uM, respectively, towards Hg®* ions.
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Figure 16 - (A) Chemical structure of compounds 18 and 19 (B) Spectrofluorimetric titration of
18 with addition of Hg** Adapted from ®

1.3.3 Dansyl derivatives as CN" and F sensors

Dansyl derivatives have been extensively explored in the literature for sensing cyanide
and fluoride ions, and their sensing mechanisms can vary. In a study by Eunhye Jeong and
colleagues, they developed an ensemble system that combined an imidazolium-bearing dan-
syl-based probe labeled as compound 20 with substrate 21. After conducting anion sensing
tests, they discovered that the system exhibited high selectivity and sensitivity to cyanide. Re-

markably, instead of the typical emission quenching seen in many other probes, this system
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displayed a significant fluorescence emission enhancement, as depicted in Figure 17B. The au-
thors proposed that the CN™ion did not directly interact with the probe but formed an addition
product with substrate 21, resulting in the formation of supramolecular assemblies. This ex-
plained the high association constants and the enhancement of emission. The system demon-
strated exceptional sensitivity with a limit of detection (LOD) of 200 nM (5.2 ppb), making it

one of the lowest LODs achieved for cyanide sensing to date. >

o

(A) . "
D

H e

@ ”
N N N

H

~ N

20 21

ﬁo&@o’g‘oﬂ@oﬁ\o\"{so“' OVoRe Vet O F W aY oV

Anions

Figure 17 - (A) Chemical structure of compounds 20 and 21 (B) Fluorescence intensity of 19 in

the presence of various anionic species. Adapted from *°

Using orcinol-dansyl compound 22, Kwanmuang and coworkers developed a novel sys-
tem for fluoride ion detection, however, the authors reported a different sensing mechanism
from the previously mentioned one. In this system, the addition of fluoride caused the depro-
tonation of 22, which was proven by NMR studies. Additionally, complexation between fluoride

ions and compound 22 was reported. This complexation led to internal charge transfer
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processes and, subsequently, the formation of a new absorption band and the quenching of

fluorescence emission, as shown in Figure 18B.%°
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Figure 18. (A) Chemical structure of compound 22 (B) Fluorescence spectra of 22 upon addition
of F~ Adapted from &
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OBJECTIVES

Inspired by the previously explained studies, in this work we have studied six new dansyl-
based compounds, represented in Figure 19. In the frame of an international collaboration, all
compounds studied in this Master Thesis have been synthesized in the group of Dr. Atanas
Kurutos and Dr. Georgi Dobrikov from the Bulgarian Academy of Sciences in Sofia, Bulgaria.
We have characterized and explored in different solvents in solution, solid state, and have pre-
pared several polymeric supported materials in our group in FCT NOVA - Caparica. The focus
of this master thesis was to explore all these new molecules as multifunctional materials in
solution, solid state and supported in polymers as new colorimetric and fluorimetric sensors
for pollutant cations and anions.

Among these compounds, L1, L2, and L3 have shown remarkable abilities for metal sens-
ing.

Both L1 and L3 have a strategic arrangement of an amine group near a sulfur group,
facilitating the formation of a stable chelate unit to coordinate with a wide range of metal ions.
This arrangement provides donor sites and free electrons for metal chelation. Compound L2
features the amine group in proximity to an amide group, which also offers good donor sites
for metal binding. However, for comparative purposes, all six compounds were tested for their
metal sensing capabilities.

On the other hand, compounds L4, L5, and L6 contain multiple amine groups in their
structures, which make them suitable for anion sensing. These amine groups provide several
sites that can interact with anions through hydrogen bonding or undergo deprotonation, lead-
ing to variations in the photophysical properties of the compound. Additionally, electrostatic
interactions can occur as the anion interacts with the positively charged amine groups. These

favorable properties led to the testing of compounds L4, L5, and L6 for anion sensing.
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Figure 19 - Chemical structures of dansyl-derivatives L1-L6.
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EXPERIMENTAL PROCEDURES

3.1 Chemicals and Starting Materials

Solvents

Acetonitrile (Merck Millipore, Darmstadt, Germany, 99.5%, CAS 75-05-8), Chloroform (Honey-
well, Minneapolis, MN, USA, 99.0-99.4%, CAS 67-66-3), DMSO (Honeywell, 99.5%, CAS 67-68-
5), Ethanol (Honeywell, 99.9%, CAS 64-17-5), Tetrahydrofuran (THF) (PanReac, Barcelona, Spain,
99.0%, CAS 109-99-9), Acetone (Honeywell, 99.5%, 67-64-1), H,O (Milli-Q ultrapure).

Reagents

Ethylenediamine tetraacetic acid (EDTA) (Alfa Aesar, Ward Hill, MA, USA, CAS 194491-31-1,,
LUDOX® AS-30 colloidal silica (SiO2, Sigma-Aldrich, 30 wt.% suspension in water, CAS 7631-
86-9), Poly(methyl methacrylate) (PMMA) (Sigma-Aldrich, St, Louis, MO, USA, MW ~350,000,
CAS 9011- 14-7), Zinc trifluoromethanesulfonate (Sigma-Aldrich, St, Louis, MO, USA, CAS
54010-75-2), Silver trifluoromethanesulfonate (Sigma-Aldrich, St, Louis, MO, USA, CAS 2923-
28-6), Mercury trifluoromethanesulfonate (Sigma-Aldrich, St, Louis, MO, USA, CAS 49540-00-
3), Copper trifluoromethanesulfonate (Sigma-Aldrich, St, Louis, MO, USA, CAS 34946-82-2),
Tetrabutylammonium bromide (Sigma-Aldrich, St, Louis, Mo, USA, CAS 1643-19-2), Tetrabu-
tylammonium chlorine (Sigma-Aldrich, St, Louis, Mo, USA, CAS 1112-67-0), Tetrabutylammo-
nium cyanide (Sigma-Aldrich, St, Louis, Mo, USA, CAS 10442-39-4), Tetrabutylammonium flu-
oride (Sigma-Aldrich, St, Louis, Mo, USA, CAS 22206-57-1), Acridine Yellow G (Sigma-Aldrich,
St, Louis, MO, USA, CAS 135-49-9), Hydrochloric acid (Honeywell, 37%, CAS 7647-01-0), Am-
monia (Sigma-Aldrich, St, Louis, MO, USA, CAS 7664-41-7).
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3.2 Instrumental methods of analysis

The absorption spectra were recorded on a JASCO V-650 UV-Vis Spectrophotometer and
the fluorescence emission spectra on a Horiba Jobin-Yvon Scientific Fluoromax-4, both at room
temperature with a 1cm optical path length quartz cells.

The spectra of solid samples were collected with a Horiba-Jobin-Yvon Fluoromax-4®
spectrofluorometer using an optic fiber connected to the equipment, by exciting the solid
compounds at appropriated A (nm).

Lifetime studies were carried out on TemPro, Deltahub Nanoled of Horiba Jobin-Yvon,
with a 390 nm Nanoled. All instruments were provided by PROTEOMASS-BIOSCOPE facil-
ity.Synthesis of compounds L1-L6

All compounds L1-L6 were provided by the group of Dr. Atanas Kurutos and Dr. Georgi

Dobrikov from the Bulgarian Academy of Sciences in Sofia, Bulgaria. These compounds have
been characterized by 'H and *C NMR, 2-D COSY, 2-D HSQC, 2D-HMBC NMR techniques,
elemental analysis and completely by FTIR and mass spectrometry MS in the Biological Mass
Spectrometry Lab Isabel Moura by PROTEOMASS BIOCOPE Facility.

The synthetic methodology was reported in the publication.

3.3 Photophysical characterization: Methodology

3.3.1 In solution

Stock solutions of each compound were prepared weighing 1 mg of compound and
dissolving them in 10mL of the appropriate solvent. Then, several dilutions were prepared to
the concentrations, 3x10°%, 6x10® and 1x10™° M using the stock solutions.

For the UV-Vis absorption spectra, we filled the reference cell with 3mL of the respective
solvent and the sample cell with 3mL of the corresponding solution. Between each measure-
ment, the cells were cleaned to avoid contamination and to guarantee lower error in the meas-

urement. All measurements have been done in a climatized room at 22°C.

3.3.2 Fluorescent quantum yields

Firstly, the absorption spectra of the sample and the standard was measured in the

same solvent. For the standard compounds, the solution was prepared using 3mL of absolute

30



ethanol with the standard compound. The spectra were measured below 0.2 absorbance to
reduce self-quenching and re-absorption effects. All samples were measured and a wavelength
where both spectra intersect was chosen. Afterwards, emission spectra were obtained at the
intersection wavelength. The emission spectrum area was then used to calculate the quantum
yield with equation 6.

The fluorescence quantum yields of compounds L1-L6 were measured using a solution

of acridine yellow in absolute ethanol as the reference standard [¢r = 0.37]°"

3.3.3 Lifetime studies

For the lifetime studies, we prepared all solutions of each compound as previously de-
scribed and their absorption spectra were measured with the objective of obtaining a maxi-
mum of absorbance below 0.2. Subsequently a standard solution was prepared using 3mL of
milliQ H,O and 2uL of LUDOX AS-30 colloidal silica.

3.3.4 Solid-state studies

The emission spectra of solid samples were collected with a Horiba-Jobin-Yvon Fluoro-
max-4® spectrofluorometer using an optic fiber connected to the equipment, by exciting the

sample at appropriated A (nm).

3.4 Preparation of doped polymeric films

A hundred mg of polymer was weighed in a vial, and Tmg of compound L1-L6 was
weighed in a separate vial. The polymer was dissolved in 5mL of chloroform, and the selected
compound in TmL of chloroform. Then, the compound solution was added to the vial with the
polymer solution, and they were mixed for 10 minutes. All solutions were filtered with a cotton
pipette before casting.

Subsequently, the solution was poured into a 15mL perfluoroalkoxy alkane (PFA) plate
from the trademark Bohlender, GmbH, Germany. Finally, we covered the plate with an alumi-
num foil and left it to slow evaporate at room temperature for 24h. For spectroscopic meas-
urements, a 1x1cm square of polymer was cut and immobilized between two quartz glass la-

mellae.
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3.5 Doped polymer acidity assays

3.5.1 Acid immersion studies

In the acid dipping assays, the doped polymer sample was submerged in a 12M solu-
tion of hydrochloric acid (HCI) for 5 minutes before each spectral measurement. The doped

polymer sample was thoroughly dried before each measurement to prevent any interference.

3.5.2 Acid vapours assays

For the acid vapor assays, the doped polymer sample was placed in a closed glass vessel
where it was exposed to 12M HCI acid vapors for 25 minutes before each spectral measure-
ment. Various tests were conducted with time intervals of 5, 10, 15, and 20 minutes before
determining that a 25-minute exposure was the most suitable timeframe for observing the

fluorescence emission quenching effect caused by the acid vapors.

3.5.3 Reversibility studies

To investigate reversibility, a series of cycle studies were conducted. The polymer sam-
ple was immersed in a 12M HCI solution for 20 minutes until the emission was completely
quenched. Subsequently, it was dipped in a 12M ammonia (NHs) solution, leading to an instant
enhancement of emission intensity back to the initial levels. This procedure was repeated for a
total of 10 cycles. The 20-minute time interval was chosen as it proved to be the ideal duration
for achieving full quenching of emission, based on prior tests with intervals of 5, 10, and 15

minutes of immersion.

3.5.4 Acid concentration gradient studies

Concentration gradient studies were conducted using hydrochloric acid (HCI) solutions
at various concentrations, including 2M, 4M, 6M, 8M, 10M, and 12M. Polymer samples were

immersed in each of these solutions for 20 minutes, and their emissions were measured.

3.6 Metal ion and pH Titrations

Titrations of compounds L1-L6 were carried out in a 2x10°M acetonitrile solution by the

addition of microliter amounts of standard metal solutions of Zn**, Ag*, Hg?*, Cu®*, Br,, CI', F
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and CN’in acetonitrile, and HCl and NHs in H2O. In the data analysis step, a correction for the

absorbed light and for the dilution factor was performed when necessary.
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4

RESULTS AND DISCUSSION

4.1 Photophysical Characterization

The six compounds, L1 to L6, were characterized using UV-Vis and fluorescence emission
spectroscopy in various solvents (DMSO, CH3CN, EtOH, THF, CHCIs) at 298K. Moreover, they
were also characterized in solid state, with the main results displayed in Table 1.

Focusing on the results obtained for acetonitrile, which was the selected solvent for the
further studies in solution, compounds L1 to L6 exhibited an absorption band of 341 nm, 345,
320, 345, 337 and 333 nm, which is characteristic of the r-r* transition of the dansyl chromo-
phores that contributes to the colorless appearance of these compounds to the naked eye, as
evidenced previously by our group in recent works %2, The observed red shift in the absorption
maximum bands of the compounds L2, L3, L4, and L6, which contain a benzene ring directly
attached to the dansyl unit, is likely due to the increased number of donor atoms and the
longer side chain. Such changes can result in an alteration of the electronic structure of the
molecule, leading to a shift in the absorption wavelength. This red shift is consistent with the
effects of donor groups in conjugated systems, as documented in the literature®*®. Com-
pounds L1 and L5 which contain a CHz group bonded to the dansyl’'s amine group acting as a
spacer, displayed no significant changes in the absorption.

The six compounds displayed a yellow emission in CH3CN, as visible in Figure 20, with
maximum bands at 519, 528, 535, 530, 520 and 528 nm, from L1 to L6, however, in the excited
state there weren't significant changes for compounds L2, L3, L4 and L6. In contrast, com-
pounds L1 and L5 which contain the forementioned CHz spacer displayed a 10 nm blue shift in

the emission bands. In addition, the highest fluorescence quantum yield was observed for
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compounds L1 and L5 (¢ =ca. 35-36%), which suggests that the introduction of the spacer
stabilizes the molecules in the excited state.

For the solid-state results, there was a red shift in the emission spectra for compounds
L4 and L5 which can be explained due to the presence of a high number of donor atoms that
also lead to the stabilization of the excited state.

The obtained UV-Vis and fluorescence emission spectra for the photophysical character-

ization of compounds L1-L6 in the five solvents are presented in Annexes 1 to 6.
L3

DMSO GH,CN _EtOH | THF CHCL DMSO CH.CN EtOH | THF |CHCI)| DMSO CH,CN EtOH | THF 'CHCIs
e Mt —t | (A4 - ‘
‘ | v - - \ | Nt |

/ |

‘g !‘

DMSO CH;CN [EtOH THF |CHCI; § DMSO, CH;CN EtOH THF  CHCI,

_

Figure 20. Images of L1-L6 in 5 different solvents, with polarity decreasing from DMSO to CHCls,
Pictures taken under a 365nm UV light lamp

Table 1. Photophysical properties of compounds L1 to L6 in various solvents

Cpd.  Solv. ?:?;] ?:;] i/l _£]103 cm'? ?z::f]s shift ?\:E;olid ?;. ) Fcrfgt&?f]s (e X ) t[ns]
DMSO 337 522 5.765 54054 22 1291 17
CHsCN 341 519 5.531 56179 35 1941 10
L1 EtOH 335 516 4.873 55248 484 31 1506 13
THF 334 498 4.969 60975 21 1048 12
CHCl5 345 496 4,721 66225 35 1671 14
DMSO 353 540 5.950 53475 11 666 13
L2 CHsCN 345 528 5.519 54644 478 29 1606 12
EtOH 346 520 4,983 57471 38 1913 13
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T 334 504 5.201 58823 39 200 13
CHCl3 345 499 5.204 64935 37 1951 15

DMSO 340 536 5.397 51020 10 550 13

CH3CN 320 535 5.454 46511 28 1538 11

L3 EtOH 340 531 5.052 52356 486 32 1596 11
THF 339 511 4921 58139 32 1555 13

CHCl3 346 503 4.057 63694 32 1282 15

DMSO 343 533 4.254 52631 21 914 15

CH3CN 345 530 4.471 54054 27 1211 10

L4 EtOH 345 522 3.780 56497 505 17 646 13
THF 343 502 4.653 62893 27 1261 13

CHCl3 345 504 4.482 62893 29 1313 15

DMSO 339 524 4.640 54054 30 1378 17

CH3CN 337 520 5.674 54644 36 2048 11

LS EtOH 338 515 3.968 56497 500 22 877 13
THF 337 497 4.940 62500 26 1304 13

CHCl3 343 500 0.3593 63694 34 1210 15

DMSO 347 537 4.279 52631 17 740 14

CH3CN 333 528 4.817 51282 28 1354 11

L6 EtOH 329 525 7.164 51020 486 17 1189 13
THF 341 501 4.370 62500 29 1280 13

CHCl3 341 497 4.782 64102 34 1616 14

As observed previously in other dansyl derivatives in our group, we can observed a pos-
itive solvatochromic effect in compounds L1-L6, with a notable variation in emission color from
yellow to green (as visible in Figure 20) as the solvent polarity increases, due to the red shift in
the maximum emission bands, varying from 496 to 522 nm for L1, 499 nm to 540 nm for L2,
503 to 536 nm for L3, 504 to 533 nm for L4, 500 nm to 524 nm to L5 and 497 nm to 537 nm
for L6, respectively. As more polar solvents enhance the stability of molecules in their excited
state, this leads to the lowering of their energy, causing the observed red shift. To quantify the
interactions between solute and solvent in compounds L1-L6 a multiparametric fit using the
Kamlet-Taft equation (equation 4) was carried out. Table 2 displays the fitted parameters (vo,
a, b and p), the slope and correlation coefficients based on the fitting linear plots of vexp. versus
Ucalc.

The analysis of the data in Table 2 indicates a correlation between solvatochromism and
electronic interactions, specifically, the polarizability and dipolarity of the solvent. The p-values
associated with these interactions are significantly higher, spanning one to two orders of mag-

nitude when compared to a. Furthermore, it becomes evident that the hydrogen bond
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accepting behavior of the solvent exerts a more dominant influence on solvatochromism, sur-
passing the impact of hydrogen bond donating behavior. This is discerned from the b values,

which exhibit a one-order-of-magnitude difference when compared to a.

Table 2. Kamlet-Taft equation multiparametric fitting results from emission data. v, a, b, and

p values are expressed in cm™

Vo a b p Slope R?
L1 33032 -533 -4770 -17808 1.00 1
L2 35386 -350 -5804 -21300 1.00 1
L3 35354 -432 -6116 -21414 1.00 1
L4 35581 -638 -5444 -21838 1.00 1
L5 32841 -629 -4363 -17796 1.00 1
L6 36665 -672 -6248 -22877 1.00 1

4.2 Acid-base sensing

4.2.1 In a CHsCN solution

The six compounds underwent acid-base sensing tests involving spectrophotometric and
spectrofluorimetric titrations with HCl and NHs As exhibited in Annexes 7 to 29, the results
were consistent in all compounds, except for compound L3, which exhibited no response to
the addition of HCIl. L1 was chosen as a representative case and as depicted in Figure 21, the
titration with HCl resulted in a decrease in the absorption band at 345nm as well as the emer-
gence of a new band at 293nm. This was accompanied by a decrease in emission intensity in
the band centered at 519 nm. In contrast, when ammonia was introduced, we observed an
increase at 345 nm and a decrease at 519 nm bands, in the absorption and emission spectra,
respectively. Additionally, there was an approximately 60% increase in the intensity of the 519

nm emission band.
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Figure 21. Spectrophotometric and spectrofluorimetric titrations of L1 with increased additions
of HCI (A,B) and NHs (C,D). [L1]=20 UM, Aexct1=345 nm, T = 295 K

4.2.2 In a PMMA polymer matrix

Based on the results obtained for the dansyl derivatives in a CH3CN solution, which
suggested their sensitivity to acidic conditions, PMMA polymers doped with these compounds
were successfully synthesized and investigated as acid sensors to further explore this phenom-
enon and expand their range of applications. Figure 22 showcases the results for L1 as a rep-
resentative case, while the remaining compounds are depicted in the corresponding Annexes

11 to 14, 17 to 19, 22 to 24 and 27 to 29. Initially, the L1I@PMMA polymer was immersed in a
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12M solution of HCl, and emission spectra were recorded every 5 minutes. As depicted in Fig-
ure 22A, this immersion led to a gradual reduction in the emission intensity of the main band
centered at 463 nm, resulting in complete quenching. This decrease in emission intensity co-
incided with the disappearance of the bright blue emission color characteristic of the
L1@PMMA system, which is evident from the color differences between the start and the end
of the experiment in Figure 22. Furthermore, emission spectra were collected at 20-minute
intervals after exposing the L1@PMMA polymer to a closed system containing HCl vapors (Fig-
ure 22B). In this case, the emission intensity of the band at 463 nm also decreased progressively
with increasing exposure time. To assess the impact of varying HCl concentrations on emission
intensity, spectra were acquired after immersing the polymer system in HCl solutions with in-
creasing concentrations ranging from 0 to 12M. It can be observed that as the HCl concentra-
tion increased, there was a gradual reduction in emission intensity (Figure 22D). The progres-
sive reduction in emission intensity is visually evident in the images displayed in Figure 22C

where notably the blue emission color vanishes when the concentration reaches values of 4M

and higher.
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Figure 22. (A) Emission spectra of successive immersion of L1 doped PMMA polymer film in a
concentrated HCl solution (5m in 5min). (B) Emission spectra of exposure of L1 to HCI vapours
(20min 20m), T = 298 K. Images under a UV lamp (C) and emission spectra (D) of L1 immersion

in the HCI concentrations from 0 to 12 M.

The promising results obtained for the polymer systems in acid sensing applications
prompted an assessment of their stability and reversibility. This evaluation involved immersing
the systems in a 12M acid solution for 20 minutes, resulting in complete emission quenching,
followed by immersion in a 12M ammonia solution to achieve an immediate increase in emis-
sion intensity back to the initial levels. The results, presented in Figure 23, affirm that the system
maintains stability and does not experience degradation following repeated immersions in
high-concentration acid and base solutions. This finding is particularly valuable for environ-
mental applications, as it ensures the system's reusability without compromising the quality of
results obtained.
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Figure 23. Emission intensity of L1@PMMA at de3nm after successive cycles of HClI/NHszimmer-

sion
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4.3 Metal sensing studies

The metal sensing abilities of compounds L1 to L6 towards Zn?*, Cd**, Hg?*, Ag* and Cu**
in acetonitrile were assessed through titrations of the free ligands with small quantities of these
metal ions. The spectral behavior in all compounds was quite similar and thus L1 and L5 were
chosen as a representative example, while the results for the remaining compounds are avail-
able in Annexes 30 to 43. Figure 24 illustrates the maximum emission intensities at 519nm and
521nm of L1 and L5, respectively, following the addition of 1, 2 and 10 equivalents of the metal
ions. The observed reduction in emission intensity indicates that these compounds exhibit ex-
ceptional sensibility to Cu®* and Hg?*. Compound L5 also showed sensitivity to Ag*, as a 60%
reduction in emission intensity was noted after the addition of 10 equivalents, compared to
complete quenching observed with Cu** and Hg?* upon the addition of up to 2 equivalents.
Figure 25 presents the absorption and emission spectral changes for L1 when Cu®* and Hg?"

were added in acetonitrile.
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Figure 24. Maximum emission intensities of L1 (A) and L5 (B) following the addition of 1, 2 and

10 equivalents of Ag*, Cd?**, Cu®*,Hg**, Zn**metal ions. ([L1] = [L5] = 20 uM, AemL1= 519 nm,
Aeml5 = 521 nm, T = 298 K).
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Figure 25. Spectrophotometric and spectrofluorimetric titrations of dansyl derivative L1 with
additions of Cu®* (A, B), and Hg?* (C, D) in CH3CN. The inset illustrates the absorption (A, C)
and emission intensity (B-D) in relation to [Cu®*]/[L1] and [Hg**]/[L1], respectively. [L1] = 20
MM, LexcL1=341 nm, T = 298 K).

Comparing the effects of Cu?* and Hg** in the absorption spectra in Figures 25A and
25B, it is evident similarities, such as, the increase in the concentration of both ions results on
a decrease in the absorption at 341nm and an increase at 298nm (for Cu®*) and 287nm (for
Hg?"). In the case of the emission spectra, results are also similar, where a decrease in the
emission intensity at 519nm is observed in both cases. The sensing mechanism for these ions
can be elucidated by considering their electronic configurations. Cu** ions are paramagnetic

transition metals with unfilled d orbital shells, rendering them susceptible to the chelation
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enhancement of quenching (CHEQ) effect through either an electron or energy-transfer mech-
anism. However, Hg?* behaves differently since it is a diamagnetic metal with a filled d'° con-
figuration. In this case, quenching can also arise from spin-orbit coupling, attributed to its large
atomic number, acting as the primary pathway for non-radiative deactivation (kn).%

As shown in Figure 26, the spectral changes observed in compound L5 are in line with
those seen in other compounds when exposed to Cu?* and Hg**. However, this compound
exhibited a significant response to the addition of Ag*, resulting in a decrease in emission
intensity, although no changes were observed in the absorption spectra, as depicted in Figures
26E and 26F. The observed quenching of emission can be attributed to the photoinduced elec-
tron transfer effect induced by Ag™. This response is consistent with the structure of L5, which
features a higher number of nitrogen atoms.

In order to provide more insights into the interactions between the dansyl derivatives
L1-L6 with the tested metal ions and quantify the strength of these interactions, their stability
constants were computed using the HypSpec program® The summarized results are presented
in Table 3. The stability constants indicate the formation of mononuclear species for Cu®*and
Hg®* in the case of L1-L6 and also for Ag* in the case of compound L5. Notably, L3 exhibits the
highest stability constant among the derivatives with a value of LogKass. = 11.40+0.02 for its
interaction with Hg?*. We can observe that compounds L1, L2, and L3 exhibit higher stability
constants towards Cu?* and Hg?" than compounds L4, L5 and L6. These results are in agree-
ment with other dansyl derivatives studied previously in our group, being Hg(ll) or Cu(ll) the

higher values observed.
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Figure 26. Spectrophotometric and spectrofluorimetric titrations of dansyl derivative L5 with
increased additions of Cu?* (A, B), Hg** (C, D), and Ag* (E, F) in CHsCN. The inset illustrates the
absorption (A,CE) and emission intensity (B,D,F) in relation to [Cu®*]/[L5], [Hg**]/[L5] and
[Ag*]/[L5], respectively. [L5] = 20 UM, AexcL5=340 nm, T = 295 K).

Table 3. Stability association constants and complex stoichiometry for the interactions of L1 to

L6 with Cu®*, Hg?*, Ag* ions, in CH3CN.

Compounds (L) Metal (M) Association constants (LogKass) LM
L1 Cu?" 7.22+0.06 1:1
Hg?" 9.10+0.01 1:1

L2 Cu?" 10.54+0.01 1:1
Hg?" 8.96+0.01 1:1

L3 Cu? 11.40+0.02 1:1
Hg** 9.44+0.01 1:1

L4 Cu? 5.34+0.01 1:1
Hg** 5.76+0.01 1:1

L5 Cu?* 5.92+0.01 1:1
Hg?* 5.20+0.01 1:1

Ag® 5.30+0.01 1:1

L6 Cu? 7.15£0.02 1:1
Hg?" 5.67+0.01 1:1
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4.4 Anion sensing studies

Similar to the procedure used for metal sensing, the anion-sensing capabilities of com-
pounds L4 to L6 towards Br,, ClI, CN’, and F in acetonitrile were assessed by titrating the free
ligand with small quantities of these anions. The spectral behavior was again quite similar
among the tested compounds, leading to the selection of L4 as a representative example. Re-
sults for compounds L5 and L6 are depicted in Annexes 44 to 50. In Figure 27, we can observe
the maximum emission intensities at 519nm for L4 upon the addition of 1, 2, and 10 equivalents
of the anions. The significant decrease in emission intensity indicates that L4 exhibits excep-
tional sensitivity to CN" and F.

Figure 28 illustrates the changes in absorption and emission spectra of L4 when CN™ and
F~ are added in acetonitrile. Comparing the effects of both anions, we can observe their re-
markably similar behavior. As the concentration of CN™ and F in solution increases, the 307nm
and 303nm (respectively) increases in absorption, while the 375nm and 378nm band shows a
slight decrease in absorption. Analyzing the emission spectra, we can observe that the results
are consistent for both anions, with a significant decrease in the emission intensity of the
520nm band (for CN°) and the 531nm band (for F"). The mechanism underlying the detection
of these anions can be explained by examining the molecular structure of compounds L4 to
L6, which contain multiple amine groups. As the anion concentration in the solution increases,
the anions interact with the amine groups, acting as a base and causing their deprotonation.
This deprotonation alters the electronic structure of the dansyl derivatives, resulting in the ob-
served quenching of emission intensity as non-radiative decay pathways are promoted. Addi-
tionally, deprotonation can disrupt hydrogen bond interactions between the dansyl derivative
and surrounding solvent molecules, leading to changes in the electronic structure and subse-

quent quenching of emission.
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GENERAL CONCLUSIONS

Six novel dansyl-based compounds L1-L6 have been thoroughly characterized through
UV-Vis absorption and fluorescence emission steady-state and excited state spectroscopy in
various states: solution, solid-state, and when doped into PMMA polymers. The comprehensive
photophysical characterization of these compounds included determining fluorescence quan-
tum yields and fluorescence lifetimes in five different solvents. These compounds exhibited a
positive solvatochromic effect, causing a shift in emission color from yellow to green as solvent
polarity increased, accompanied by red-shifts of 30-40nm in emission maximum wavelength.

The acid-sensing studies conducted showed that all six compounds, except L3, hold
substantial potential for developing cost-effective systems to detect acidic environments. They
displayed significant emission intensity quenching and recovery when titrated with HCl and
NHs, respectively, in solution. In PMMA polymer matrices, gradual intensity reductions were
observed after successive immersions in HCl and exposure to HCl vapors, and these systems
exhibited good emission intensity reversibility after ten cycles, underscoring their reusability.

Given the vital role of heteroatoms in sensing applications, compounds L1 to L6 were
investigated as sensors for various metal ions, including Cd**, Cu?*, Zn**, Ag*, and Hg**, by
adding 1 to 10 equivalents these metal ions to each compound. The studies revealed the sen-
sitivity of these compounds to Cu®* and Hg?*, with complete emission intensity quenching
upon the addition of no more than 2 equivalents of each metal. After full spectrophotometric
and spectrofluorimetric titrations, it was observed that these compounds modulate their opti-
cal properties in the presence of Hg®* and Cu®*, leading to emission signal quenching and
changes in absorption bands. This information highlights their potential for environmental ap-

plications. Stability association constants and stoichiometry suggested the formation of
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mononuclear species for both metals with high affinity. Similar results were obtained for L5
with Ag™ ions.

Moreover, due to the presence of multiple amine groups in the chemical structure, which
is crucial for anion sensing, compounds L4 to L6 were tested for various anions, including Br’,
CI, CN’, and F. The results revealed that these compounds exhibit exceptional sensitivity to
cyanide and fluoride anions. Further titrations were conducted with these anions, demonstrat-
ing that compounds L4 to L6 undergo photophysical changes when exposed to CN™ and F,
resulting in variations in their absorption spectra and quenching of fluorescence emission spec-
tra.

In summary, this work provides valuable insights into the photophysical properties and
toxic ion sensing capabilities of the six novel dansyl-based compounds, L1 to L6, making them

promising candidates for a wide range of applications in environmental monitoring.
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Annex 2. Photophysical characterization of compound L2 in a) CH3CN b) CHCls;, ¢) DMSO, d)

EtOH, e) THF ([L] = 10 uM)
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Annex 3. Photophysical characterization of compound L3 in a) CH3CN b) CHCI3, ¢) DMSO, d)

EtOH, e) THF ([L] = 10 mM)
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Annex 4. Photophysical characterization of compound L4 in a) CH3CN b) CHCl3, ¢) DMSO, d)

EtOH, e) THF ([L] = 10 uM)

Wavelength (nm)
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Annex 5. Photophysical characterization of compound L5 in a) CH3sCN b) CHCls, ¢) DMSO, d)

EtOH, e) THF ([L] = 10 uM)

Wavelength (hm)
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Annex 6. Photophysical characterization of compound L6 in a) CH3sCN b) CHCls, ¢) DMSO, d)

EtOH, e) THF ([L] = 10 uM
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Annex 7. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L1 with the addition

of HCl (aq).
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Annex 8. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L1 with the addition

of NHs (aq).
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Annex 9. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L2 with the addition
of HCI (aq).
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Annex 10. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L2 with the addition
of NHs (aq).
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Annex 11. (A) Emission spectra of successive immersion of L1 doped PMMA polymer film in a

conc. HCl solution (5m in 5min) (B) Emission spectra of exposure to HCl vapors (20m in 20m)
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Annex 12. (A) Emission spectra of successive immersion of L2 doped PMMA polymer film in a

conc. HCl solution (5m in 5min) (B) Emission spectra of exposure to HCl vapors (20m in 20m)



/ a.u.
norm

1 NH immersion
- 3

0.8 i
0.6 i
0.4 i

0.2 .

HCI immersion
I I I I I I

0 2 4 6 8 10

Nr. of cycles

Annex 13. Emission intensity of LL@PMMA at As76nm after successive cycles of HCI/NHzimmer-

sion
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Annex 14. Emission spectra of L2 immersion in the HCl concentrations from 0 to 12 M
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Annex 15. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the
addition of HCl (aq) ([HCI]= 103M).
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Annex 16. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the
addition of NHs (aq) ([NHs]= 103M).
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Annex 17. (A) Emission spectra of successive immersion of L4 doped PMMA polymer
film in a conc. HCl solution (5m in 5min) (B) Emission spectra of exposure to HCl vapors
(20m in 20m)
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Annex 18. Emission intensity of LA@PMMA at d7enm after successive cycles of HCI/NHszimmer-

sion
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Annex 19. Emission spectra of L4 immersion in the HCl concentrations from 0 to 12 M
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Annex 20. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of HCl (aq) ([HCI]= 103M).
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Annex 21. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of NH3 (aqg) ([NHz]= 103M).
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Annex 22. (A) Emission spectra of successive immersion of L5 doped PMMA polymer
film in a conc. HCl solution (5m in 5min) (B) Emission spectra of exposure to HCl vapors
(20m in 20m)
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Annex 23. Emission intensity of LS@PMMA at Assanm after successive cycles of HCI/NHzimmer-
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Annex 24. Emission spectra of L5 immersion in the HCI concentrations from 0 to 12 M
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Annex 25. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of HCl (aq) ([HCl]= 103M).

0.16

0.14)

0.12+

0.1

0.08+

0.06

0.04

0.02+

o T T T T T T T - T T T
280 300 320 340 360 380 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Annex 26. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of NH3 (aq) ([NHs]= 103M).
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Annex 27. (A) Emission spectra of successive immersion of L6 doped PMMA polymer

film in a conc. HCl solution (5m in 5min) (B) Emission spectra of exposure to HCl vapors

(20m in 20m)
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Annex 28. Emission intensity of LB@PMMA at A473nm after successive cycles of HCl/NHszimmer-

sion
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Annex 29. Emission spectra of L6 immersion in the HCl concentrations from 0 to 12 M
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Annex 30. Maximum emission intensities of L2 A), L3 (B), L4 (C), L6 (D) upon the addition of 1,
2 and 10 equivalents of Ag*, Cd**, Cu®*,Hg**, Zn**metal ions. ([L] = 20 uM, AemL2= 527 nm,
AemL3 = 521 nm, Aeml4 = 530 nm, Aeml6 = 532 nm T = 298 K).
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Annex 31. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L1 with the
addition of Hg in CH3CN
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Annex 32. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L1 with the
addition of Cu in CH3CN
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Annex 33. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L2 with the

addition of Hg in CH3CN
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Annex 34. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L2 with the
addition of Cu in CH3CN
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Annex 35. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L3 with the
addition of Hg in CH3CN
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Annex 36. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L3 with the
addition of Cu in CH3CN
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Annex 37. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the

addition of Cu(ll) in CH3CN
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Annex 38. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the

addition of Hg(ll) in CH3CN
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Annex 39. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of Cu(ll) in CH3CN
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Annex 40. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of Hg(ll) in CH3CN
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Annex 41. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the

addition of Ag(l) in CH3CN
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Annex 42. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of Cu(ll) in CH3CN
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Annex 43. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of Hg(ll) in CH3CN
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Annex 44. Maximum emission intensities of L5 (A) and L6 (B) upon the addition of 1, 2 and 10
equivalents of Br, CI, CN™ and F anions. ([L5]= [L6] = 20 uM, AemL5= 519 nm, AeL6= 527 nm
T =295K).
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Annex 45. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the
addition of CN" in CH3CN
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Annex 46. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L4 with the
addition of F~ in CH3CN
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Annex 47. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of CN™ in CHsCN
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Annex 48. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L5 with the
addition of F" in CHsCN
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Annex 49. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of CN™ in CHsCN
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Annex 50. (A) Spectrophotometric and (B) spectrofluorimetric titrations of L6 with the
addition of F~ in CHsCN
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