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Abstract

Stimuli-responsive polymers that change their fluorescence in response to pH variations
have gained significant attention due to their potential applications in sensors,
bioimaging, and drug delivery. In particular, for CO2 sensing, fluorescence-based
detection in aqueous environments—triggered by pH changes—offers a promising
method for real-time monitoring. This thesis aimed to develop an effective and robust
CO:2 sensing system using fluorescent pH-responsive nanoparticles, enhancing the ability
to detect carbon dioxide efficiently. The research first focused on the synthesis and
characterization of COq-responsive polymeric nanoparticles, produced through RAFT
emulsion polymerization. These nanoparticles were designed with various fluorescent
dyes, enabling them to rapidly "switch on™ fluorescence in response to CO2 exposure.
Additionally, a water-soluble polymer functionalized with a pH-sensitive pyrene dye was
developed. This system demonstrated a rapid and reversible "off" fluorescence response,
and a low detection limit. To further enhance the stability and potential applications of
these CO2-responsive systems, the study explored incorporating the pyrene-based dye
(DEAPYMA\) into two distinct polymer structures: a cross-linked hydrogel and spherical
micelles synthesized via RAFT-PISA polymerization. The development of nanoparticles,
water-soluble polymers, and hydrogel/micelle structures has led to significant
advancements in environmental monitoring, offering fast, reversible, and reliable

mechanisms for real-time CO2 detection.
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Conclusion and outlook



1 Introduction




1.1 Polymers

The word polymer is derived from Greek, meaning 'many parts.' A polymer is essentially
a large molecule, or macromolecule, made up of numerous subunits called monomers.
These monomers are small repeating units connected to each other through covalent or
non-covalent bonds. 2 The process by which monomers join to form polymers is known
as polymerization. Polymers are characterized by their degree of polymerization (DP),
which indicates the number of repeating monomer units they contain. Another important
characteristic of polymers is their molecular weight distribution, also referred to as
dispersity (Bwm).2 Dispersity (Bw) is the ratio of the weight-average molar mass (Mw) to
the number-average molar mass (Mn) and represents the spread of molecular masses
among polymer chains. When dispersity equals 1, it indicates a monodisperse polymer,
meaning all polymer chains have the same molecular weight, which is quite rare.
Synthetic polymers are normally “polydisperse”, this means they contain chains with
different molecular weights and lengths.* The DP and Pwm of a polymer normally dictate
the physicochemical properties of it. Different macroscopic properties such as chemical
resistance, mechanical strength and viscosity can be achieved with high molecular
masses. Another unique property of polymers is the glass transition temperature (Tg) and

is defined as the temperature at which polymer chains lose short range of mobility.®

The earliest polymers were natural substances, with deoxyribonucleic acid (DNA) being
a prime example. Nowadays, polymers are a cornerstone of the chemical industry and a
fundamental element of modern society. They are used in a vast array of applications,
ranging from oil recovery and batteries to textiles and aeronautics.®® The increasing focus
on polymers has spurred the development of various polymerization techniques with
some of them enabling high level of control of the composition and the architecture of

the resulting macromolecule.



The composition of polymers can be adjusted by changing their tacticity, which refers to
the arrangement of pendant groups along the polymer chain. This can result in isotactic,
syndiotactic, and atactic polymers. In isotactic polymers, all pendant groups are on the
same side of the polymer backbone. Syndiotactic polymers have alternating pendant
groups, while atactic polymers feature randomly arranged pendant groups along the
backbone. Moreover, polymers can be designed with various architectures, such as linear,
star, or bottlebrush, which impart different properties.® 1° Additionally, polymers can be
functionalized through reactive components via post-polymerization modifications,
leading to diverse characteristics.! The ability to synthesize polymers with various

architectures allows for their use in a wide range of industrial applications.

COMPOSITION
Homopolymer Statistical copolymer

Block copolymer Periodical copolymer

TOPOLOGY FUNCTIONALITY

,\/{/Linear f/\ngelechelic
Comb m Sidefunctionalm
,\/\YjEnd functional

Star

Macromonomer

Hyperbranched
Multifunctional




Figure 1.1. Examples of compositions, topologies and functionalization’s of polymers.

Reproduced from.?

1.1.1 Chain-growth polymerization

In contrast, chain-growth polymerization occurs through the sequential addition of
monomer units to an expanding polymer chain (Figure 1.2). Unlike the step-growth
approach, chain-growth polymerization is divided into three distinct phases: initiation,
propagation, and termination.*® During initiation, monomers are activated, enabling them
to propagate. In the propagation phase, these activated monomers react rapidly due to the
high reactivity of the active center (such as a radical, cation, or anion). This results in the
rapid formation of long polymer chains. Propagation continues until the active center is

removed through termination events, which halt further chain growth.*

On the other hand, living polymerization differs from the conventional method in that it
is a chain-growth polymerization without termination events (Figure 1.2). Consequently,
polymer chains continue to grow until all monomer is consumed. Even after complete
conversion, the polymer chains remain active, allowing for additional extensions.™ A key
feature of living polymerization is that the initiation rate is faster than the propagation
rate, ensuring that all chains grow simultaneously and exhibit a relatively narrow size
distribution. Additionally, the molecular weight is directly proportional to the amount of

monomer
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Figure 1.2. Variation of polymer molecular weight against monomer conversion for

step-growth, living and chain-growth polymerization. Figure adapted from [8].

As the work conducted in this thesis utilizes chain growth techniques only, an in-depth

discussion of step growth is beyond the scope of this chapter.

1.1.2 Radical polymerization

Free radical polymerization (FRP) is one of the most common commercial techniques for
polymer synthesis. It can be carried out under mild conditions, obtaining high molecular
weight polymers and incorporating a large number of functional groups.'® The four steps
of FRP are: Initiation, propagation, chain transfer and termination, as it can be observed
in figure 1.3. Initiation involves the generation of free radicals (I*) through the
decomposition of an initiator molecule (I-1), triggered by an external stimulus such as
heat or light,!” at a rate ka. These free radicals then react with a monomer molecule (M),

transferring the radical site to the newly formed monomer (I-Me). During propagation,



this molecule continues to react with additional monomers, shifting the active radical site
to the growing chain's new end (Pne). Chain transfer happens when the active radical site
is passed to another molecule, such as a solvent, another polymer chain, or a chain transfer
agent (CTA), while simultaneously capping the extending chain. Termination takes place
when the active radical species is permanently eliminated. This can happen through
combination, this is, when two radical species react with each other to form a covalent
bond, or by disproportionation; for example, when a proton is transferred from one

polymer chain and leaves an unsaturated double bond.8

Initiation
kq
[—] ——» 21
k-
[« + M —l" I—Mo
Propagation P
[I—M- + M —ph- pn'
Chain Transfer
P kCt P .
Pn. + m _— PII + m
Termination
kic
Py + P e Ph+m
kiq

Pn' + Pm' —_— Pn + Pm

Figure 1.3. The mechanistic steps of free radical polymerization. | represent an initiating
molecule, M represents monomer unit, P represents polymer chain with n or m degree of

polymerization. Reproduced from.°

Nevertheless, some of the limitations of FRP are that termination steps occur at a very

rapid pace, with a rate constant nearing the diffusion-controlled limit.*® This termination



rate is higher than the rate constant for propagation, which itself is greater than the
initiation rate. These kinetic factors, combined with the possibility of branching through
chain transfer, lead to polymers with poorly defined structures, broad molecular weight
distributions (Bwm), and uncontrolled molecular weights.** 17 Producing polymers with
predictable molecular weights and low dispersity can be achieved if the rates of

termination and chain transfer are minimized.

1.1.3 Reversible-Deactivation Radical Polymerization (RDRP)

RDRP offers the benefits of both living polymerization (such as controlled molecular
weight and low dispersity) and free radical polymerization (including tolerance to
functional groups, scalability, and user-friendly reaction conditions). RDRP is
characterized by a low concentration of propagating radicals and a high concentration of
dormant polymer chains. Since the equilibrium between active and dormant species is
rapid, all polymers have an equal chance to grow. As a result, RDRP produces polymers
with controlled molecular weight, degree of polymerization, architecture, and
composition. Although termination reactions (such as radical coupling and
disproportionation) still occur, they are much less frequent compared to free radical
polymerization due to the lower concentration of propagating chains. Therefore, RDRP

is considered a controlled polymerization rather than a true living polymerization.2% 2

Atom transfer radical polymerization (ATRP) and nitroxide-mediated radical
polymerization (NMP) are examples of RDRP techniques that involve deactivation
through catalyzed reversible coupling and spontaneous reversible coupling.?? 2 These
polymerizations operate on a principle known as the persistent radical effect (PRE), which
ensures that the generated radical species do not self-terminate but instead only terminate

by reacting with propagating polymer chains. In the NMP, the concentration of the



propagating chain is controlled by the reversible coupling with stable nitroxide radical

species (Scheme 1.1).24

R Kact R
Pi-ON ~a——— FPu" + -O-NR'
Kgcact kt
+]1:I \
p Py-P,

Scheme 1.1. Mechanism of nitroxide-mediated polymerization (NMP). Reproduced from

ref.?

However in ATRP, the equilibrium is driven by a metal complex (Scheme 1.2).2% Unlike
ATRP, a catalyst is not required, and radicals are formed upon homolysis at high
temperatures. Then, the propagating radicals can either react with monomers or with
nitroxide radicals resulting in the formation of polymer chains end-capped by nitroxides.
In both cases, the dormant species are more stable, which maintains a low concentration

of the propagating chains.

kact
Ph-X + MtYL _—= Pp° + X Mt /L
‘_

k NN k
P: Polymer chain deact o \\t
X: Halogen \\

Mt": Transition Metal Ky Pn-Pn/Py and P=
L: Ligand

Scheme 1.2. Mechanism of atom-transfer radical polymerization (ATRP). Reproduced

from ref.?’

As in this thesis, RAFT polymerization is mainly used, it will be described in more detail.



1.1.4 Reversible Addition-Fragmentation Chain Transfer (RAFT)

Polymerization

RAFT was firstly reported in 1998 and since then has been extensively used due to its
notable benefits: it is compatible with a wide range of monomers, enables the production
of polymers with low dispersity, and facilitates the straightforward functionalization of
polymer end groups.?® 2® A major advantage of RAFT polymerization compared to other
RDRP techniques is that it does not require reagents like metal ligands or harsh conditions
such as high temperatures. Besides, another distinction is that the equilibrium between
active and dormant species operates under a degenerative chain transfer mechanism. In
this system, the number of radicals remains constant during the activation-deactivation
process, as radicals are neither generated nor consumed. Consequently, an external radical
source is necessary to initiate RAFT polymerization. Another crucial component is the
chain transfer agent (CTA), also referred to as the RAFT agent. CTAs are essential in
reducing radical-radical terminations by facilitating the quick transfer of radicals between
propagating polymer chains and dormant species, this is, ensuring effective control over

the polymerization process.*

As with conventional FRP, RAFT polymerization is divided into initiation, propagation,
chain transfer, and terminations steps. During the initiation step, free radicals (I+) are
produced through thermolysis, photolysis, or similar processes of the initiator (I-)
(Scheme 1.3). These radicals then react with vinyl monomers (M) to create an active
propagating polymer chain (Pne). In the RAFT pre-equilibrium step, the active chains
reversibly interact with RAFT agents, which contain a thiocarbonylthio group, such as
dithioesters and trithiocarbonates, forming intermediate radicals.>® These intermediates
can subsequently fragment into a polymeric CTA (macro-CTA) and a CTA-derived

radical (Re). In the reinitiation step, the radical generated from the CTA reacts with

9



monomers to form propagating polymer chains (Pme). During the main equilibrium step,
this radical intermediate from the CTA quickly fragments, allowing the addition of either
Pne or Pme chains onto its C=S bond. The rate of this propagation is faster than the rate
at which the radical intermediate is initially formed. This reduces termination reactions,
such as the bimolecular coupling of Pne and Pme, providing relatively good control over
polymer dispersity. The symmetrical structure of the CTA-derived radical intermediate

ensures that each propagating polymer radical has an equal chance of activation.®:

[nitiation:

Initiator k5 I* —

Initialization/Pre-equilibrium:

Py + S\l,S—R Kadd PH_SYS_R kg P.—S._.S + R
U k_ndd k-n \(
Z z
Mk

1 3 2

Reinitiation:

Termination:

. . Kk
Pa' + Pm —— dead polymer

Scheme 1.4. Schematic representation of RAFT polymerization mechanism. Figure

reproduced from ref 3!

The Z and R groups of the RAFT CTA play crucial roles in the mechanism, particularly

during the initial chain transfer stage. The Z group regulates the balance between the

10



dormant and active chains by stabilizing the intermediate radical to prevent it from
fragmenting back into the original propagating polymer (Pne) and CTA species. However,
this stabilization must be carefully balanced to permit the desired fragmentation of the R
group. An electron-donating Z group will promote fragmentation but may hinder the
formation of the intermediate, while an electron-withdrawing Z group will have the
opposite effect. To conduct a RAFT polymerization effectively, the rate of
addition/fragmentation between polymers and the CTA must be much higher than the rate
of propagation. This ensures that fewer than one monomer unit is added during each
activation cycle, allowing all chains to grow at the same rate. Since the propagation rate

varies significantly depending on the monomer structure.

Therefore, it is important to match appropriate CTAs and monomers when targeting well-
defined polymers via RAFT polymerization. Regarding the monomer type, we can
differentiate two classes of monomers known as more activated monomers (MAMs) and
less activated monomers (LAMSs) used as RAFT monomers. less-activated monomers
(LAMS) result in less stable radicals. In this case, the vinyl group is adjacent to saturated
functionalities which increase the reactivity of the vinyl and the resulting radical on the
other hand More-activated monomers (MAMs) are linked with vinyl monomers which
produce stable radicals. In this case, the vinyl group is often conjugated with other

functionalities among those alkenes, aromatics, or nitriles for example (Figure 1.3).
Dienes Acrylates Methacrylates Acrylamides Methacrylamides Styrenes  Nitriles

A N A B A
o N X Ty S
R oj§o o0 Hnlo HN" o \

: ! i i "
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Vo Moo N 3 !
Y o O
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Figure 1.4. Schematic representation of some MAMs and LAMs. Figure adapted from

ref28

Trithiocarbonates (Z=S-alkyl) and aromatic dithioesters (Z=aryl) are the most effective
RAFT agents for achieving well-controlled polymerization of MAMs, as these monomers
typically generate more stable radicals during polymerization. However, because these
CTAs can hinder the polymerization of LAMSs, less reactive xanthates (Z=OR) and
dithiocarbamates (Z=NR'2) are preferred for LAMs. Their lower reactivity results in
weaker homolytic leaving groups, making them more suitable for these monomers. Using
highly reactive CTAs with LAMs or less reactive CTAs with MAMs can lead to
polymerization retardation and slow fragmentation, resulting in poor control over the
process, or even complete failure of the polymerization. This underscores the importance
of choosing an appropriate "Z" group in the CTA, which stabilizes the intermediate
radical species. Similarly, the selection of the "R™ group is crucial, as it influences the
fragmentation of intermediates by serving as an effective homolytic leaving group. A
summary table to select both Z and R groups for different polymerizations can be found

in figure 1.5.%8
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Figure 1.5. Compatibility overview between a selection of (a) R- and (b) Z-groups with

a series of MAMs and LAMs vinyl monomers. Figure taken from ref.?

In summary, RAFT polymerization is a versatile method for creating well-designed
polymers. It works with various monomers and solvents, enables easy post-
polymerization functionalization, and avoids the need for metals or harsh conditions. Its
high functional group tolerance makes it ideal for applications like paints, cosmetics,
lubricants, biosensors, and polymer therapeutics, allowing the construction of complex
structures such as block and branched architectures, as well as stimuli-responsive

polymers 32 33

1.2 Block copolymer self-assembly

BCPs containing at least one solvophobic and at least one solvophilic block, also known
as amphiphilic BCPs, can undergo spontaneous self-assembly in solution.* This process

is driven by the reduction of unfavorable interactions between the solvophobic block and

13



the solvent, and this is known as the solvophobic effect.®* A core-corona structure is
formed, where the solvophobic block creates the core, surrounded by the swollen or
solvated solvophilic block. Over 20 distinct particle shapes or morphologies have been
reported from self-assembly in solution, including spheres, cylinders/worms, lamellae,
vesicles, and large compound vesicles.® The specific morphology that results from the
self-assembly of a BCP in solution is primarily influenced by three key factors: The
degree of stretching of the core-forming block, the nature and intensity of the repulsive
interactions between the solvophilic blocks, and the interfacial tension between the
solvent and the core-forming chain.®” The morphology of these BCPs self-assembles can

be predicted by the unitless packing parameter, p (Equation 1.1).

Equation 1.1. The packing parameter for predicting polymer micelle morphology where
v is the volume of the hydrophobic chains, ao is the optimal area of the corona block, and

Ic is the length of the hydrophobic core-forming block.

Typically, spherical micelles are formed when p < !4, cylinders when 5 < p < ', and
when p > % vesicles are assembled (Figure 1.10).3" *® The predominant method for
altering the morphology of a BCP is to alter the relative lengths of the hydrophobic and

hydrophilic blocks.

14



Soluble macro-CTA Polymerization-Induced Self-Assembly
(PI1SA)
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Figure 1.10. Morphologies of amphiphilic polymer self-assemblies according to the

packing parameter. Figure taken from.%

Polymeric nano-objects can be synthesized using traditional self-assembly techniques
like solvent-switch, direct dissolution, and thin-film rehydration, as well as alternative
methods such as nanoprecipitation, dispersion/emulsion polymerization, and
crystallization-driven self-assembly (CDSA).**%2 These nano-objects are valuable in
fields like imaging, sensing, catalysis, and drug delivery due to their unique properties,
including tunable lipophilicity, enhanced therapeutic efficiency, and the ability to control
and functionalize their structures.*®* Although conventional BCP self-assembly methods
are widely used, they have drawbacks, such as time-consuming multi-step processes
involving polymer synthesis and purification before self-assembly, and the need for dilute
polymer solutions. Recently, a new method called polymerization-induced self-assembly
(PISA) has been developed, which addresses many of the limitations of traditional self-

assembly techniques.**

15



1.2.1 Polymerization-Induced Self-Assembly (PISA)

PISA is a method widely used to produce different nanostructures from block copolymers
by driving a physical self-assembly process upon an increase of the solvophobic part of

the block copolymers as the polymerization progresses.

It is a one-pot synthetic method that offers numerous advantages over traditional self-
assembly techniques for creating various morphologies. This method involves
polymerizing a solvent-compatible monomer from a pre-synthesized macroCTA, causing
the block copolymer to self-assemble as the second block reaches insolubility in the
solvent at a certain degree of polymerization® PISA can be performed at high solid
concentrations (up to 50% w/w), functions in both polar and non-polar organic solvents,
as well as in aqueous media, and is compatible with reversible-deactivation radical
polymerization techniques such as ATRP,%> NMP,?* and RAFT.?® Additionally, synthesis
in concentrated environments is possible, which facilitates industrial scale-up, and a wide

range of nano-object morphologies can be achieved (figure 1.11).4¢

(a) Spheres
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Figure 1.11. Different morphologies obtained via RAFT-mediated PISA. Figure taken

from ref 46

PISA can be carried out using either emulsion polymerization, where the monomers are
not miscible, or precipitation polymerization, where the monomers are miscible.
Traditional emulsion polymerizations rely on surfactants to stabilize the growing polymer
particles in the aqueous phase. However, the use of conventional surfactants can lead to
issues like super swelling, poor film formation, degradation of physical properties, and

environmental concerns.*’- 48

In contrast, RAFT-mediated emulsion polymerization offers an alternative approach that
avoids these issues. The key to this method is the use of an amphiphilic macroCTA, which
can self-assemble in the reaction medium and initiate particle nucleation without the need

for traditional low molecular weight surfactants (figure 1.12).4°

Ferguson et al.>® ! were pioneers in demonstrating PISA in emulsion polymerization in
2002, and subsequent research revealed that PISA could be employed to create a variety
of complex morphologies, such as worms and vesicles.** In these self-assembled
structures, the R-group and the solvophilic block of the polymer typically anchor at the
particle interface, while the hydrophobic block extends into the particle's interior.>? This
configuration has been utilized to create covalently linked core-shell particles and

multilayered particles.> 5t
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Figure 1.12. Schematic representation of the emulsion polymerisation in the presence of

polymeric stabiliser. Figure adapted from.>?

1.3 Stimuli responsive polymers

Stimuli-responsive polymers have gained enormous attention due to their ability to
generate a response when detecting weak changes in their surrounding environment such
as pH, CO, temperature, enzyme, light, electrical, redox and magnetic fields, ionic
strength, etc (figure 1.13).5%°6 These external stimuli usually induce an observable or
detectable change in the polymer conformation at the micro- or nanoscale.®>” This often
results in a significant change in the solubility, colour, or size; hence, they are of particular
interest in fields such as drug delivery, smart surfaces, catalysis and in sensor

applications.®®

18



Figure 1.13. Physical, chemical, and biochemical responsiveness of stimuli-responsive

polymers. Reproduced from ref.>®

1.3.1 pH-responsive polymers

pH-responsive polymers are a type of stimuli-responsive polymer that reacts to changes
in solution pH by altering their structure and properties, including surface activity, chain
conformation, solubility, and configuration. The term "pH-responsive polymers"
typically refers to polymers containing ionizable acidic or basic groups, whose ionization
state is influenced by the pH of the solution. In recent years, this area of study has gained
significant attention, with new research being continually added.®® These polymers are
classified in two main groups.®*

On one side, pH-responsive acidic polymers, this is, polymers having weak acidic/basic
pendant groups that can accept protons at low pH and release them at high pH. These
polymers usually contain carboxylic groups, sulfonic acid, phosphonic acid or boronic

acids (figure 1.13).
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On the other hand, pH-responsive basic polymers, are polymer that undergo
ionization/deionization transitions from pH 7-11. These polymers are usually synthesized
with monomers containing tertiary amine derivatives that can react with strong and weak
acids.®? Some examples of the most used amine monomers are DMAEMA or DEAEMA

(figure 1.14).
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Figure 1.14. Chemical structures of pH-responsive acid polymers. Figure adapted from.®°
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Polymer containing tertiary amine groups
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1.4 Fluorescent polymeric materials

1.4.1 Photoluminescence

Photoluminescence is a key feature that certain responsive polymers can exhibit when
they incorporate a dye, reacting to specific stimuli.%® This photophysical process happens
when a molecule absorbs energy at one wavelength and then releases it at another. This
type of luminescence typically occurs in the ultraviolet, visible, or near-infrared parts of
the electromagnetic spectrum. Luminescence refers to the spontaneous emission of
radiation from a species that is either electronically or vibrationally excited and not in
thermal balance with its surroundings. For many years, luminescence has been essential
in research, finding wide applications in fields such as biological labeling, chemical
sensing, medical diagnostics, and the development of photoactive materials for light-
emitting technologies. The luminescence behavior of organic compounds, such as
fluorescence and phosphorescence, can be understood using the Jablonski diagram (figure

1.17). When a molecule absorbs a photon, it may enter one of two electronic states: a
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singlet state (S) with paired electron spins or a triplet state (T) with unpaired spins.
Initially, the molecule is excited to a higher singlet state (Sn) and quickly relaxes to the
lowest excited singlet state (S1) via internal conversion (IC). From the S1 state, the
molecule can either return to the ground state (SO) by emitting a photon through
fluorescence or undergo non-radiative internal conversion. In some cases, intersystem
crossing (ISC) can take place, where the molecule transitions from S1 to a triplet state
(T1). The triplet state can then return to the ground state by phosphorescence, a process

that takes longer than fluorescence due to the spin-forbidden nature of the transition.
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Figure 1.17 Jablonski diagram showing the possible radiative and non-radiative

transitions. Figure taken from ref.®

1.4.2 Fluorescence emission

Fluorescence emission occurs at a wavelength distinct from the absorption wavelength,
and the difference between the two is known as the Stokes shift (Figure 1.18a). This shift
is commonly analyzed using steady-state fluorescence spectroscopy, a multiparametric

method that examines factors like fluorophore excitation, emission, spectral shifts, and
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anisotropy. In most cases, the emission spectrum is independent of the excitation
wavelength and can overlap with the excitation spectrum. During these measurements,
the light source and detector are usually positioned at a 90-degree angle (Figure 1.18Db).
The fluorescence intensity (FI) detected by a fluorometer can be impacted by several
variables, such as fluorophore concentration, the configuration of the experimental setup,
the light source, and environmental factors like solvent, pH, and other conditions.

Therefore, fluorescence intensity alone offers limited quantitative insights.
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Figure 1.18. a) Schematic representation of the absorption and fluorescence spectra. b)
Basic schematic of the fluorescence spectroscopy instrument setup. Figure taken from

ref.6°

1.4.3 Sensing and Detection

Fluorescent materials have found widespread applications across diverse areas such as
analytical sensing, optical imaging, and data storage.®® ” Through intentional design
efforts, these materials have expanded into various forms, ranging from small molecular
fluorophores and fluorescent nanoparticles at the microscopic level to large-scale
fluorescent films. Among these, fluorescent polymers have gained particular attention
due to their versatility and adaptability, inherited from their polymeric structure, as well
as the responsive signals generated by their fluorescent components.®® This has led to
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significant advancements in polymers integrated with fluorescent materials, from
nanoscale polymeric structures to larger fluorescent hydrogels, which have attracted

notable interest within the field of fluorescent materials.

The goal behind developing polymer-based materials with fluorescent properties is to
enable the accurate monitoring of changes in polymer chain conformation and dynamics.
Furthermore, the ability to adjust the responsiveness of fluorescent polymers has proven

highly useful in a variety of sensing applications, including bioimaging and diagnostics.

In addition to their role in imaging, the fast response time and high sensitivity of
fluorescence have been utilized in analytical and diagnostic chemistry. Fluorescent
chemosensors, which are defined as molecules that detect specific chemical species by
producing a fluorescence signal in response to binding or interaction, are especially
important for detecting molecules in intracellular conditions.®® By carefully designing
molecular structures and altering the binding sites of fluorophores, the fluorescent
response can be precisely adjusted to target specific species with high sensitivity and
speed. Additionally, advancements in stimuli-responsive polymer systems have enabled
the incorporation of fluorophores, further improving chemosensors by enhancing the
interactions within the polymer matrix. To date, a wide range of fluorescent polymer
sensors have been created for detecting various species, such as metal ions, small

molecules, and biomolecules.

Fluorescent polymer-based sensors can be designed by integrating fluorescent
chemosensors with targeted binding sites directly into polymer frameworks.”®2 Another
method involves utilizing polymers as a scaffold or matrix, which offers a solution to
common challenges associated with small molecule chemosensors, such as issues with

solubility, stability, and certain biological traits like accumulation time and capacity.”
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Liu et al. created a series of multi-component polymers using the Heck coupling reaction,
which demonstrated the ability to detect Hg?*/Hg" in water and various water-miscible
solvents. These polymers exhibited strong selectivity and high sensitivity to mercury

ions.”

A different strategy for creating fluorescent polymeric sensors involves linking
fluorophores to polymer structures that have specific interaction sites or display
responsive characteristics.” ® These responsive characteristics, including selective
swelling, degradation, and assembly/disassembly, enable regulated alterations in the
microenvironment and interactions of the embedded fluorophores, thus affecting their
photophysical properties. For example, Tuga et al. developed PDEAEMA-based cross-
linked polymeric nanoparticles, that could reversibly swell below pH 7.3 and a non pH-
responsive dye, rhodamine B isothiocyanate.”” The dye uptake was carried in acidic

media, as they nanoparticles were swollen.

The development of bulk fluorescent sensors using polymeric materials, such as films and
hydrogels, is valuable for real-time and in situ detection with visible outputs. Zhou et al.
developed a hydrogel embedded with CdTe quantum dots (QDs) that exhibited strong
luminescence and selective responsiveness to fluoride ions. The ion-exchange
functionalized CdTe QDs displayed a rapid sol-gel transition and a selective reaction to
fluoride in aqueous solutions.”® Li and coworkers created a fluorescent hydrogel
specifically for detecting Fe3*, using poly(9-fluorenecarboxylic acid) (PFCA) as the
sensing component. This hydrogel demonstrated fast and selective recognition of Fe®*
when tested against a range of 16 anions and 21 cations.”® Wu and coworkers developed
white fluorescent hydrogels that respond to light and heat by copolymerizing hydrophilic
acrylamide  with  hydrophobic  chromophore  monomers  through  micellar

copolymerization.® Within the hydrogels, both monomers and dimers of the
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chromophores were present, emitting complementary blue and yellow fluorescence.
When exposed to light or heat, the chromophores underwent a monomer-to-dimer
transition, causing the fluorescent color to shift from blue to white and then to yellow.
Overall, these bulk polymeric fluorescent materials offer real-time, readable information

and have potential applications in displays, biomimetic robotics, and portable sensors.

1.5 Fluorescent pH/CO: responsive polymers

Stimuli-responsive polymers, which change their fluorescence properties in response to
changes in pH and have attracted a great deal of interest because of their potential
applications in sensors, bioimaging, and drug delivery.88 pH-responsive fluorescent
polymers can be readily synthesized by incorporating several luminescent and pH-
sensitive functional groups into the polymer chains.8* Benefiting from these advantages,

pH-responsive fluorescent polymers have been widely studied as potential sensors.

Moreover, the amine groups present in these pH-responsive systems can be protonated
upon a decrease in pH which in turn can be induced by CO:2 as it partially dissolves in
water to form an equilibrium with carbonic acid, which is a weak acid that can dissociate
into HCO3", COs? and H*, allowing protonation of the amine monomer. This can be used
as a stimulus to trigger a change in the physicochemical properties of the polymer, making

them potential CO2 sensors.&> 8¢
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Figure 1.19. a) COz2 reactivity in water; b) CO2-switchability of PDRAEMA.
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Polymeric tertiary amines exhibit different hydrophobicity based on their protonation
state: they are more hydrophobic in their neutral form and become more hydrophilic when
protonated.® & This reversible protonation can be controlled by the addition and removal
of COz (figure 1.19). The pKan values for DEAEMA and its homopolymer are 8.8 and
7.5, respectively, making DEAEMA a COg2-switchable monomer. Incorporating
DEAEMA into a (co)polymer structure imparts CO2-switchability to the entire polymer.
Another CO2-switchable monomer, DMAEMA, has pKan values of 8.3 and 7.4 for the
monomer and polymer, respectively. Despite their similar chemical structures, DEAEMA
and DMAEMA have distinct water solubility properties: DEAEMA and its polymer
(PDEAEMA) are hydrophobic, whereas DMAEMA and its polymer (PDMAEMA) are
hydrophilic. PDMAEMA precipitates from hexane more readily than PDEAEMA at the
same molecular weight. Although both monomers are susceptible to hydrolysis,
DEAEMA is more resistant to hydrolysis than DMAEMA under similar pH and

temperature conditions.

Fluorescent CO: sensors utilizing pH-responsive polymers have progressed quickly,
owing to their adjustable water dispersibility, customizable sensitivity, high stability, and
ease of integration. For instance, our group previously reported the use of the polarity-
sensitive chromophore aminobromomaleimide methacrylate (ABMMA) to detect CO2
concentration.8” We developed microgels composed with poly[oligo(ethylene glycol)
methacrylate] (POEGMA) forming the shell and crosslinked poly(N,N-
diethylaminoethyl methacrylate) (PDEAEMA) as the core forming block, incorporating
ABMMA into the nonpolar core. After CO2 purging for 15 minutes, the PDEAEMA core
became protonated and polar, leading to a decrease in fluorescence from the ABMMA

chromophores.
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Zhang Et. Al. developed fluorescent polymersomes with both aggregation-induced
emission (AIE) and COz-responsive properties in which the hydrophobic block was a
copolymer made of tetraphenylethene functionalized methacrylate (TPEMA) and 2-
(diethylamino)ethyl methacrylate (DEAEMA) with unspecified sequence arrangement.®
Upon CO2 bubbling these vesicles transformed to small spherical micelles, and upon Ar
bubbling micelles returned to vesicles with the presence of a few intermediate

morphologies.
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Figure 1.20. a) CO-responsive nanoparticles. Picture taken from ref.®” b) CO.-

responsive polymersomes. Picture taken from ref.°

Yuan and coworkers developed an ultrafast CO2 fluorescent sensor using a block
copolymer, [POEGMA-b-P(DEAEMA-r-NBDMA)].%° In this system, DEAEMA units
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served as the COgz-responsive segment, while 4-nitrobenzo-2-oxa-1,3-diazole (NBD)
acted as the chromophore. Upon exposure to CO2, the micelles disassembled, resulting in
an increase in both fluorescence emission and quantum yield (figure 1.20). The sensor
also demonstrated recyclability, maintaining its performance over five cycles of CO2

exposure followed by Ar purging.
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Figure 1.21. Schematic illustration of the micellar sensors’ CO2-sensing behavior.

Figure taken from ref.%

1.6 BP gas sensing project

BP gas sensing project is a new collaboration between the BP Exploration Operating
Company and the O’Reilly group (BP reference: BPX/GPTL/IN/76937 (CW1905016)).
BP is looking to monitor and report the release of gases, specifically carbon dioxide (CO2)
that is released into the atmosphere, from pipelines, with a target to reducing emissions.
Nitrogen (N2) is equally of interest as it is pumped through top-side empty pipes, prior to
implementation to detect leaks. The challenge with the detection of all these gases are
that emission concentrations are low and hence something is needed to magnify the
signal. To address this challenge we propose investigating, color-responsive/fluorescence

systems to allow for the visualization of a leak and unwanted emissions.
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1.7 Aim and objectives

The aim of this collaboration is to develop a new polymeric material able to respond to
some gases (COz, N2) while simultaneously change it quantitative and visual fluorescence
in a drastic way to be. For that, the main objectives as part of this PhD project are:
0 Synthesis of fluorescent cross-linked COz2 responsive nanoparticles with different
fluorescent monomers that can be potentially used in gas sensing.
o Study of the properties, including size, fluorescence, pH, and COz2 responsiveness
of the nanoparticles with the fluorescent monomers.
o Study of delivery methods for the fluorescent nanoparticles depending if they will
be dispersed either on the piping (nano/microgels as a paint) or into the gas stream

(as an aerosol)

1.8 Summary

This chapter reviews the key concepts explored in the experimental chapters of this thesis.
It begins with a brief introduction to the fundamentals of synthetic polymers, followed by
an overview of common polymerization techniques, focusing on the mechanisms of
controlled polymerizations. RAFT polymerization is discussed in detail, as it is
extensively used for preparing block copolymers throughout the thesis. The chapter then
touches on the self-assembly of block copolymers, leading into a description of PISA.
Stimuli-responsive polymers are introduced, with a detailed explanation of pH-responsive
polymers. The chapter also covers fluorescent polymeric materials, along with the basic
concepts of photoluminescence and fluorescence, which form the core of the thesis.
Finally, fluorescent pH/CO2-responsive polymers are introduced with some examples
published during the last year, as they are synthesized in every chapter of this BP project,

highlighting that most self-assembled pH-responsive systems that provide a fluorescent
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response to CO2 involve one pH-responsive moiety and another that is polarity-sensitive,

leading to changes in fluorescence properties as the system's polarity shifts.
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2.1 Abstract
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The detection of carbon dioxide is a major challenge in both industrial and domestic
environments. Detecting fluctuations in carbon dioxide by switching “on” fluorescence
in agueous environments has often been targeted for efficient monitoring. Moreover, this
switching “on” needs to occur over brief time periods to be useful. Here, four different
COz-responsive  polymeric nanoparticles are produced by RAFT emulsion
polymerization. Each system shares the same pH responsive unit (DEAEMA), crosslinker
(EGDMA) and macro-CTA (PDMAPs) but has a different fluorescent dye. The pH of
these polymeric nanoparticles is reduced upon the addition of carbon dioxide to the
aqueous environment, due to the chemical equilibrium between the tertiary amine groups
and the generated HCOg3™ in situ. This can be used as a stimulus to induce conformational
changes to the system that in turn enhance fluorescence, allowing easy detection.!* Here,
we report the synthesis of four pH-responsive polymer nanoparticles that contain four
different dyes moieties (NBDMA, ACMMA, SPMA and TPEMA). These nanoparticles
respond the presence of CO:z and rapidly turn on by changing the polarity of the

environment around the dye.
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2.2 Introduction

As stated in chapter 1, pH-responsive polymers are recognized for their capacity to
accept or donate protons in response to pH changes, leading to structural modifications.’
These polymers are typically synthesized from monomers containing tertiary amine
derivatives, which can react with both strong and weak acids. The literature describes a
wide array of pH-responsive polymers, including linear homopolymers, amphiphilic
block copolymers,® star,” branched,® ° polymer brushes,!” nanogels'' and hydrogels
(microgels),'* !* each tailored for specific applications. One way to induce pH changes
is by dissolving CO: in water, where it forms carbonic acid, a weak acid that can
dissociate into bicarbonate, carbonate, and hydrogen ions, facilitating the protonation of
the amine monomer. This protonation can function as a stimulus to trigger changes in the
polymer's physicochemical properties such as size variation, making it a potential CO2
sensor. !4 19

One of the most used physicochemical properties for sensing pH-responsive polymers
is fluorescence. By incorporating fluorescent monomers, these polymers can exhibit
emission changes.!'* 119 This variation in fluorescence is primarily caused by the change
in solution polarity when dissolved CO2 reacts with the amine monomer DEAEMA. As
DEAEMA becomes protonated and more hydrophilic, the hydrodynamic diameter of the

particles increases, while fluorescence decreases, as the fluorophore is sensitive to

polarity changes within the particle (figure 2.1).

&) —_—
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Figure 2.1. Reversible equilibrium of DEAEMA monomer under CO2 and N2. Figure

taken from ref.

Four fluorescent monomers have been investigated as promising fluorescence probes
due to their reported use in several CO:2 fluorescent responsive systems. These include
halogen maleimide (AXM) derivatives,” 2% 2! spyropyran derivatives (SP),?
tetraphenylethenil (TPE) derivatives and 7-nitro-2,1,3-benzoxadiazole (NBD) derivatives
(Figure 2.2).22 Most of these molecules share a common feature: they undergo a
photoinduced electron transfer (PET) process when employed as fluorescence sensors, a

phenomenon that has been extensively studied in recent years.?*

One of the dye groups we chose to work with is maleimides. These dyes are primarily
known for their small size, which allows for easy integration into various polymer and
nanoparticle structures without compromising the integrity of the framework.?
Depending on the solvent, they can emit fluorescence in the range of 458-478 nm due to
a solvafluorochromism effect.’® Moreover, their chemistry is very versatile, their
synthesis is facile and particularly, they are characterized by their strong fluorescent
properties.?? As a result, they have been used widely in several fields such as fluorescent
linkers in protein-labelling®® and more recently in gas-sensing.! Normally, they undergo
quenching of fluorescence when exposed to CO2and increase in the quantum yield when
purging with an inert gas. In addition, the O’Reilly group has previously worked in the
study of maleimide dyes. This experience will be suitable and advantageous for this

project.

The second group of dyes we aimed to explore were derivatives of 7-nitro-2,1,3-
benzoxadiazole (NBD). These NBD molecules exhibit remarkable characteristics, such

as polar sensitivity, compact size, strong fluorescence, and high reactivity.?” 2 NBD
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amines (NBD-NHR) typically emit light above 420 nm, with their fluorescence resulting
from intramolecular charge transfer (ICT) transitions.?® What makes NBD dyes
particularly intriguing is their versatility; they can be easily modified by exchanging one
of their substituents for various alternatives. This flexibility, combined with their polarity
sensitivity, influences their emissive properties. They have previously been incorporated
into pH-responsive polymers. For instance, Wang et al. developed a reversible fluorescent
micelle sensor that responded rapidly to CO2, demonstrating enhanced fluorescence,

excellent reversibility, and suitability for use in responsive particles as fluorophores.

Another interesting group of dyes we wanted to explore were the spiropyran (SP)
derivatives. Spiropyrans are photochromic units that adopt a colorless spiropyran (SP)
form in the dark or under visible light, whereas it spontaneously converts to the colored
and fluorescent merocyanine (MC) form upon UV irradiation. Moreover, this dye also
presents acidochromism, this means, this reversible transition from the SP and MC forms
can be induced by pH changes (figure 2.2). For this reason, they have been used in many
applications such as polymeric latex particles, modulation of stem cell attachment and,

most remarkable, modulation of organic and inorganic nanoparticles fluorescence.?®

NO; MEH
ME o}
o]
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Figure 2.2. Reproduced scheme of equilibrium reactions and different forms of the

spiropyran after interaction with light or pH. Figure reproduced from ref.*!

Finally, tetraphenylethene (TPE) derivatives are one widely studied group of luminogens
that undergo a phenomenon called aggregation-induced emission (AIE).* An enormous
amount of research has been conducted on these systems due to their ease of synthesis,
ease of functionalization, high stability, aromaticity and high fluorescence quantum
yield.3? As a result of these features, they have been used in fluorescent sensors for D-
glucose detection®® and OLEDs®*® due to their excellent optical performance. One
interesting aspect of these molecules is, that in order to give a fluorescence read-out they
have to undergo an AIE3* process, thus, they are used for inducing an increased

fluorescence signal by the formation of aggregates.

The main aim of this PhD is to monitor and report the release of gases, specifically carbon
dioxide (CO2), that are released into the atmosphere, from pipelines, with a target to
reduce emissions. Nitrogen (N2) is equally of interest as it is pumped through top-side
empty pipes, prior to implementation to detect leaks. The challenge with the detection of
all these gases is that emission concentrations are low and hence something is needed to
magnify the signal. To address this challenge, we propose investigating fluorescent
responsive nanoparticles that exhibit a notable change in visual fluorescence upon
interaction with COz2, enabling their use as potential sensors for monitoring leaks in
pipelines.

To achieve the main goal of this project, this chapter will focus on two main aspects.
Firstly, the synthesis of fluorescent cross-linked COgz-responsive nanoparticles is a
primary focus. This involves developing and synthesizing fluorescent nanoparticles using

various fluorescent monomers, as illustrated in figure 2.2.
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SPMA ACMMA NBDMA TPEMA

Figure 2.3. Target fluorescent monomers to be synthesized for CO2 detection.

Secondly, a thorough characterization of the synthesized nanoparticles' properties is
essential. This includes measuring and analyzing the size distribution of the nanoparticles.
Investigating the pH sensitivity is also crucial to understand how it affects the
fluorescence and size properties. Additionally, the fluorescent properties, such as
intensity, wavelength, and responsiveness to CO2 exposure, must be assessed. Moreover,

examining their reversibility with Na.

By addressing these areas, the project aims to develop a robust and effective CO2-sensing
system using fluorescent nanoparticles, enhancing the ability to monitor and detect leaks

in pipeline infrastructure.

51



2.3 Results and Discussion

2.3.1 Synthesis and characterization of crosslinked fluorescent pH responsive

nanoparticles

Aiming to incorporate the several fluorescent monomers into a nanoparticle system
similar to one our group had developed in previous years,! we chose a well-studied pH-
responsive nanoparticle system from our earlier research.>> The initial step was the
synthesis of the PDMAPs macro-CTA.

Scheme 2.2. Representation for the synthesis of MCTAgwm by the RAFT polymerization
of DMAPS using BM1433 as the CTA and 4,4’-azobis(4-cyanovaleric acid) (ACVA) as
the radical initiator.
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50,
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Following purification by dialysis against deionized water and lyophilization, molecular
weight and CTA end group fidelity of the resulting mCTABM were characterized by
aqueous size-exclusion chromatography (SEC) (figure 2.4) and '"H NMR (figure 2.5).
This analysis revealed that the mCTABM was obtained within the desired range of
molecular weight (~18 units of DMAPS), with a narrow molecular weight distribution
(Dm) (Mw = 5.5 kDa, Mn = 5.2 kDa, Dv = 1.06). Also, the good overlap between the
refractive index (RI) and the ultraviolet (UV) signal confirmed the retention of
trithiocarbonate end-group originating from the CTA and which would allow for further

chain extension by RAFT process.
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Figure 2.4. 'H-NMR spectrum of poly(N,N’-dimethyl(methacryloylethyl)ammonium

propane sulfonate) (PDMAPS) steric stabilizer in D20 containing 0.5 M NaCl.

Normalized dwd/logM

0.8 4
0.6 -
0.4 4

0.2

100

|—Rl
—— UV@309 nm

M, = 5,600
M,, = 6,200
D =111

1000

Molecular weight (g mol™)

© 10000

100000

Figure 2.5. Normalized SEC RI (black trace) and SEC UV (red trace, A = 309 nm)

molecular weight distributions for PDMAPS macro-CTA, along with corresponding M,

53



My, and D values calculated based on PEG standards using H2O:MeOH (80:20) + 0.1 M
NaNO:s as the eluent.

To obtain crosslinked fluorescent nanoparticles, we used the synthesized PDMAPS1s
macro-CTA as a steric stabilizer in the RAFT-mediated emulsion copolymerization of
diethylaminoethyl methacrylate (DEAEMA), ethylene glycol dimethacrylate (EGDMA),

and the fluorescent dyes, which comprised 1% of the total solid content (figure 2.5).
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Figure 2.6. Synthesis of 5 wt% spherical nanoparticles by RAFT emulsion
polymerization with 1 wt% of the total solid content of the dye.

This polymerization was conducted at 70°C for 16 hours in deionized water, with
potassium persulfate (KPS) as the radical initiator, resulting in a yellow aqueous
dispersion with a 5 wt. % solids content. DEAEMA provided pH responsiveness, while
the different dyes enabled fluorescence read-out of the nanoparticles’ state. RAFT-
mediated emulsion copolymerization was chosen for its ability to produce well-dispersed
nanoparticles in an aqueous medium and for its superior control over the polymerization

process and monomer placement compared to other methods.>
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Table 2.1: Nomenclature of nanoparticles with different dyes.

Nanoparticles

nomenclature
NBDMA NP-NBDMA
ACMMA NP-ACMMA
SPMA NP-SPMA
TPEMA NP-TPEMA

The reaction conversion was determined using TGA by measuring the percentage weight
loss of volatiles of 200 pL of crude sample at 250 °C by triplicate and comparing it to the
initial target of 5.34 wt%. The resulting conversions ranged from 50% to 65% across
different sets of nanoparticles (Table 2.2). These conversion rates are consistent with
those reported in the literature for non-fluorescent pH-responsive systems, which
typically reach around 65%. The slightly lower conversion rates observed in some cases
may be attributed to differences in the solubility of the fluorescent dye in the reaction
medium.

Table 2.2: Comparison of results from thermogravimetric analysis of different

nanoparticles.
NP-NBDMA NP-ACMMA NP-SPMA NP-TPEMA
Target wt% 5.34 5.34 5.34 5.34
Wt % after TGA 2.60x0.03 3.50x0.05 3.10x0.02 2.90%£0.03
% conversion (TGA) 50% 65% 58% 54%

The emulsions were purified by extensive dialysis using a 1 kDa membrane. The resulting
aqueous particle formation was characterized by dynamic light scattering (DLS) and dry-
state transmission electron microscopy (TEM) revealing the successful formation of

uniform spherical PDEAEMA-based core-shell nanoparticles.

Final wt % (TGA)
Initial wt %

E%) Conversion = x100]
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Equation 2.1. General % conversion equation by TGA of nanoparticles.

To demonstrate the incorporation of the fluorescent dye into the particle formation,
Fourier-transform infrared spectroscopy (FTIR) and Ultraviolet-Visible (UV-Vis)
absorption analysis were accomplished. In this case we took as example the NP-NBDMA.
The FTIR spectrum showed the vibrational energies at 3400 cm™ (N-H) and 1379 cm’!
(N-O) of the characteristic bands of the NBDMA dye (figure 2.7a). Moreover, we
measured the UV-Vis spectra of both nanoparticles with and without the dye. The first
showed a single peak at 299 nm, whereas the second showed an additional peak at 455
nm. This confirmed the incorporation of the NBDMA monomer into the particle system
(figure 2.7b). In addition, the obtained yellow emulsion was excited at 470 nm and an

emission peak was observed at 550 nm was observed, as stated in the literature.?
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Figure 2.7. (a) FTIR of freeze-dried fluorescent nanoparticles. (b) UV-Vis spectrum of
reference nanoparticles (without NBDMA) and fluorescent nanoparticles (with NBDMA)

in DI water. Concentration 0.1 mg/mL.
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2.3.2 Size properties and pH-responsiveness study of different nanoparticle

systems and comparison

2.3.21 NP-NBDMA

DLS results at pH=7 showed an average hydrodynamic radius (Dn) of around 226 nm
with a parallel polydispersity (PD) of 0.04 showing good concordance between the
relative intensity, volume, and number size distributions (figure 2.8a). The uniformity of
the particle formulation was confirmed by the autocorrelation function obtained by DLS
(figure 2.8b). This data correlates with the acquired dry-state TEM images, which
confirmed the formation of spherical nanoparticles of uniform size (figure 2.8c). The
corresponding histogram of size distribution for the PDEAEMA-based nanoparticles was
obtained by analyzing the TEM data which suggested an average diameter (Dave) of 146

+ 18 nm (figure 2.8d).
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Figure 2.8. (a) DLS analysis of NP-NBDMA at pH 7. (b) Correlogram of NP-NBDMA
at Ph 7. (¢) TEM image of NP-NBDMA at pH 7, stained with uranyl acetate. (d)
Corresponding histogram showing size distribution of NP-NBDMA measured by TEM.

We wanted to observe the size variation against the pH. According to previous systems
developed already discussed in the introduction, we expected the diameter to increase at
acidic pH and decrease at basic pH. This is, in acidic conditions the tertiary amines present
in the core of the particles become protonated, causing them to swell. The opposite effect
takes place under basic conditions, where the polymer becomes hydrophobic and the
particles collapse. Therefore, a batch of samples with concentration 0.3 mg/ml were
prepared at several pHs to study the size behavior. DLS was utilized to monitor changes

in the particle diameter in response to pH changes.

DLS analysis showed two different populations in terms of size. One between pH 7.5 to
13.5, where the particle’s size collapsed (around 120-140 nm), and at low pH where there
is a size variation (210-240 nm). On the other hand, it was expected to get the highest
diameter of the particle at pH 1 (211 £ 2 nm), but this was observed at pH 5.6 (251 £ 1
nm) instead (figure 2.91). This is due to the protonation of the DEAEMA in acidic
condition. These amine groups become positively charged, increasing the hydrophilicity
of the system, causing electrostatic repulsion between protonated groups and this leads to
a swelling effect in the nanoparticles. Once the size variation of the particles against the
pH was observed, we moved forward to study their fluorescent behavior against the

particle’s size due to pH modification.
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Figure 2.9. DLS graphs of NP-NBDMA: (a) pH 1. (b) pH 2.8. (¢) pH 5.6. (¢) pH 7. (e)

pH 7.6. (f) pH 8. (g) pH 9. (H) pH 10. (i) pH 11. (J) Size variation vs pH of NP-NBDMA.

Consequently, when we studied the fluorescence properties with pH variation, we
observed an increasing tendency in fluorescence when the particle size increased and a
decrease of fluorescence when the size decreased (figure 2.10b). As a result, the most
emissive particles were the ones at pH 5.6 (251 nm) and the least emissive were the ones
at pH 10 (143 nm) (figure 2. 10a). The drop in size was translated into a quenching effect
of the fluorescent dye in the particles, inversely, the swell effect of the particles is

transcribed in a higher polar solution what for this dye leads to a more fluorescent

environment.
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Figure 2.10. (a) Emission spectrum of NP-NBDMA at pH 1, 2.8, 5.6, 7.0, 7.5, 8.0, 9.0,
10.0, 13.5. (b) Graph representing the relation between fluorescence maximum intensity

of NP-NBDMA vs their size variation derived from pH modification.
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2.3.2.2 NP-ACMMA

The obtention of spherical nanoparticles of average diameter of 268 = 17 nm (figure
2.11c) was confirmed by DLS (figure 2.11a) and dry-state TEM revealing the successful

formation of uniform spherical PDEAEMA-based core-shell nanoparticles (figure 2.11b).
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Figure 2.11. (a) DLS analysis of particles at pH 7. (b) TEM image of nanoparticles at
pH 7, stained with uranyl acetate. (c) Corresponding histogram showing size distribution
of nanoparticles measured by TEM. (d) Thermogravimetric plot of Loss weight against
temperature to calculate the % conversion (67%) in 200 pl of crude nanoparticles of

concentration 5.34 wt%.

The size variation of the nanoparticles as a function of pH was evaluated by titrating a
0.3 mg/mL sample from acidic to basic pH. Between pH 2.7 and 4.4, the nanoparticles'
size ranged from 450 to 480 nm. As the pH increased to more basic values, the size

decreased to an average diameter of 218 nm between pH 4.9 and pH 10 (figure 2.12b).
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This particle system showed a more uniform response compared to the previous one,

suggesting higher stability, likely due to the higher conversion rate obtained.
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Figure 2.12. (a) DLS-titration experiment of PDMAPS-b-P(DEAEMA-co-EGDMA-co-
ACMMA) nanoparticles. Concentration 1 mg/mL in DI water. (b) PDMAPS-b-
P(DEAEMA-co-EGDMA-co-ACMMA fluorescence spectrum at pHs 1.0, 2.8, 5.6, 7.0,
10 and 13.5. Concentration 0.3 mg/mL. Aexc= 380 nm. Aem= 500 nm.

The fluorescence response with pH showed to be different in this case. While in the
previous system the nanoparticles became more fluorescent as the pH was more acidic,
in this case the more emissive nanoparticles were the ones at pH 10 and 13.5, therefore
the less hydrophilic were the particles, this is the smaller, the more fluorescence they were

(figure 2.12a). This is due to the way the change in polarity affects the ACMMA dye.
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2.3.2.3 NP-SPMA

The resulting aqueous particle formation was characterized by dynamic light scattering
(DLS) at different pHs and dry-state transmission electron microscopy (TEM) revealing

the successful formation of uniform spherical PDEAEMA-based core-shell nanoparticles

(figure 2.13)

Figure 2.13. Representative dry-state TEM images of NP-SPMA.

In the DLS-titration experiment, we observed how the size of spherical nanoparticles
changed with variations in system polarity. Initially, from pH 2.2 to pH 3.9, the
nanoparticles maintained a diameter of 278 nm. As the pH increased, their size reached a
maximum value of 357 nm between pH 4.4 and 6.8. Finally, at pH levels above 7.8, the
average diameter reduced to 163 nm (figure 2.14). This demonstrates that an increase in
polarity, associated with a shift from basic to acidic pH, leads to a corresponding increase
in nanoparticle size. However, when the pH drops below 4, the particles begin to lose
their structural stability and ultimately collapse. This destabilization can be attributed to
several factors, including alterations in the buffer concentration, shifts in ionic strength,
and the increased incorporation of charged species. These changes disrupt the delicate

balance of forces maintaining particle integrity, leading to aggregation or disassembly.
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Figure 2.14. DLS-titration experiment of NP-SPMA Fluorescent Nanoparticles.

Concentration 1 mg/mL in DI water.

Once the size characterization of the nanoparticles was done, the next step was the study
of the possible changes in fluorescence with disruption in pH. For that, we measured the
fluorescence intensity of the nanoparticles at concentration 1 mg/mL in DI water at 3
different pHs, 2.5, 4.9 and 7.9 to cover the 3 different regions that we observed in the
DLS-titration. We could observe that the fluorescence intensity was decreasing as the pH
was decreasing, while also a red shift in wavelength occurred. The qualitative
fluorescence of the system seemed to change from a brighter pink to a more ‘off” state
(figure 2.15). We thought this was due to not only the change in polarity effect in the
nanoparticles due to the protonation of the DEAEMA moiety, but also due to an
equilibrium between the ring-opened and ring-closed of the SPMA moiety. suggesting

higher stability, likely due to the higher conversion rate obtained.
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Figure 2.15. Emission spectrum of NP-SPMA pH-Responsive Fluorescent Nanoparticles

at pH 2.5, 4.9 and 7.9. Concentration 1 mg/mL. Aexc= 350 nm. Aem= 640 nm.

The fluorescence response with pH showed to be different in this case. While in the
previous system the nanoparticles became more fluorescent as the pH was more acidic,
in this case the more emissive nanoparticles were the ones at pH 7.9, therefore the less
hydrophilic were the particles, the smaller, the more fluorescence they were. We thought
this not only by the pH responsiveness of the SPMA dye but algo due to their light

switching between the ring-opened and ring-closed forms.

We did not perform a full characterization of this nanoparticle system, as we did for SP-
NBDMA and SP-ACMMA, due to interference between fluorescence and color change

stability, which made it unsuitable for the application.

65



2.3.24 NP-TPEMA

Continuing with a similar modus-operandi, we proceeded to evaluate the size properties
of the NP-TPEMA system as we did for the previous systems. We proceeded to evaluate
the changes in morphology with pH and observe a similar response in comparison to the
previous systems. As expected, the size increases to a more acidic pH as can be observed
in figure 2.16b, where the system becomes more hydrophilic and decreases at basic pHs

while the opposite effect takes place.
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Figure 2.16. (a) DLS normalized intensity of NP-TPEMA at pHs 2.8, 5.6, 7 and 9.1. (b)

Size variation of NP-TPEMA with pH. Concentration of 1 mg/mL.

The fluorescence properties of these nanoparticles were also investigated. Samples were
prepared at different pH levels, and their emission was measured. The nanoparticles
exhibited an emissive peak around 450 nm. The highest fluorescence intensity was
observed at pH 7.4 and 5.6. As the pH increased or decreased from these values, the
fluorescence intensity diminished, reaching its lowest point at pH 1 (figure 2.17b).

Additionally, the emission curve resolution showed background noise, and the
fluorescence did not follow a consistent trend, as shown in figure 2.17a. After leaving the
nanoparticles overnight, they precipitated, due to the instability of the system due to the

high hydrophobicity of the TPEMA monomer and its aggregation properties (figure 2.18).
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Figure 2.17. (a) Fluorescence spectra of NP-TPEMA at pHs 1.0, 2.8, 5.6, 7.4, 9.9 and
13.5. (b) Graph of Fluorescence intensity of NP-TPEMA at 447 nm vs pH. Concentration

of 0.3 mg/mL. Aexe= 350 nm. Aem= 450 nm.

Even though the TPEMA monomer had interesting properties for potential COz2 sensing,
the lack of stability of this system made us discard these nanoparticles to go forward in

deep studies.

- SPMA TPEMA TacMMA ~ NBDMA

Figure 2.18. Picture of dialyzed nanoparticles without pH modification. From left to
right: NP-SPMA, NP-TPEMA, NP-ACMMA and NP-NBDMA.

We did not perform a full characterization of this nanoparticle system, as we did for SP-
NBDMA and SP-ACMMA, due to lag of stability of the nanoparticles as we can see in

figure 2.18, probably due to the highly hydrophobic character of the TPEMA monomer.

67



2.3.2.5  Size properties comparison

After examining the responsiveness of the nanoparticle systems, we observed that all four
exhibited comparable size variations in response to pH changes. As the pH decreased,
leading to increased protonation of DEAEMA, the nanoparticles became more

hydrophilic, resulting in an increase in size.

In terms of fluorescence response to pH variation, the nanoparticles could be categorized
into two groups. The first group, consisting of NP-ACMMA and NP-SPMA, showed
similar behavior where fluorescence intensity increased as pH rose. Specifically, NP-
SPMA exhibited a gradual increase in emissions from pH 2.8 to 8, while NP-ACMMA

displayed a sharp increase in emission between pH 7 and 10.

On the other hand, NP-NBDMA and NP-TPEMA showed an increase in fluorescence
emission as the pH decreased, along with noticeable visual changes in fluorescence. The
NP-NBDMA system, which incorporated the NBD-derived dye, experienced a dramatic
40-fold increase in fluorescence emission from pH 13.5 to 5.6, where it reached its
maximum. In contrast, NP-TPEMA only exhibited a 1.5-fold increase. Unfortunately, the

NP-TPEMA system lacked stability, making it less ideal for further application.
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2.3.3 Size properties and COz-responsiveness study of different nanoparticles

system and comparison

As discussed earlier in the pH-responsiveness study, only the polymers NP-NBDMA,
NP-ACMMA, and NP-SPMA demonstrated promising potential for use in CO2 sensing,
whereas the NP-TPEMA system lacked stability. Therefore, this section will focus

exclusively on the three previously mentioned systems.

2331 NP-NBDMA

As previously mentioned, the increasing hydrophilicity of the core upon CO2 bubbling
should shift the fluorescence emission of the particles. To understand the particle’s
behavior, fluorescence emission, size, and pH of solution of concentration 0.3 mg/mL of
the nanoparticles was monitored before and after a constant flow and pressure of CO2. A
fast change in fluorescence intensity was observed after 15s with a corresponding drastic
change in pH from 7.4 to 5.6 (figure 2.22). Moreover, a change in size was observed from
134 nm to 303 nm (figure 2.19). The emission and size plateaued after 2 min of CO2
bubbling figure 20 a and b). The increase in fluorescence emission upon CO2 bubbling

was observed under a UV lamp (A = 345 nm).
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Figure 2.19. Graph representing size variation trend of NP-NBDMA Nanoparticles vs

the exposure time of COz at 1 bar of pressure and flowrate 50 cm?/min.

After comparing the results obtained with pH change made with buffers and the ones
obtained with CO2, we observed a slightly different tendency. Whereas the size of the
particles only reached 251 nm as maximum value at pH 5.6 with a buffer solution, it
increased to 306 nm when bubbling COz after 2 min and reaching the same pH value. We
believed that COz2 has a bigger impact in tuning the polarity of the system, due to the more

hydrophilic nature of the bicarbonate system provides.*’
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Figure 2.20. (a) Emission spectra of NP-NBDMA following exposure to COz for varying
durations. Each curve represents a specific exposure period. (b) Graph representing
fluorescence maximum intensity variation trend of NP-NBDMA vs CO:z exposure time.

Aex =470 nm; Aem = 550 nm

We aimed to determine if this system was reversible with N2, as reported for many other
systems in the literature. First, we bubbled an aqueous solution of the nanoparticle system
(0.5 mg/mL) with COz2 at a constant flow rate of 50 cm?*/min for 15 minutes. Subsequently,
we bubbled the system with pressurized N2 at a similar flow rate. We observed that the

kinetics of this process were significantly slower, taking approximately 10 minutes to
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reach its lowest fluorescence emission (figure 2.21a and b). Removing CO2 from the
solution involves the CO2 molecules diffusing out of the solution, which is a slower

process due to its high solubility in water.
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Figure 2.21. (a) Emission spectrum of NP-NBDMA) (previously exposed to 1st CO2
cycle) after 0, 0.25, 0.5, 1, 2, 5, 10, 12 min of interaction with N2 (first cycle). (b) Graph
representing fluorescence maximum intensity variation trend of NP-NBDMA vs N2

exposing time. Aex = 470 nm; Aem = 550 nm.

We repeatedly bubbled CO:2 and N2 into the particle solution to evaluate its reversibility.
Fluorescence spectroscopy was used to monitor purge cycles. The purging time was kept
constant for the entire experiment, CO2 was bubbled for 10 min and N2 was bubbled for
40 min. The hydrodynamic diameter and the fluorescence emission at 470 nm of the

particles were measured after each COz as it can be observed in the experimental part.

The pH of the solution decreased and increased six times, as illustrated in figure 2.22b.
Similarly, the intensity of emission alternated between being activated (ON) and
quenched (OFF) six times in a reversible manner (figure 2.22a). This characteristic makes
the system particularly intriguing for potential applications in lifetime COz sensors, as it
can be used over extended periods. Nevertheless, the change in visual fluorescence was

not as drastic as we expected.
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Figure 2.22. (a) Fluorescence intensity of the particles measured after 4 CO2/N2z cycles
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2.3.3.2 NP-ACMMA

For the ACMMA system the CO: responsiveness of the nanoparticles was also evaluated.
We bubbled pressurized CO2 (1 bar, 50 cm?*/min) into a 0.3 mg/mL solution of PDMAPS-
b-P(DEAEMA-co-EGDMA-co-ACMMA) for 5 minutes. The fluorescence intensity of
the system decreased by approximately 10 times within 2 minutes of CO2 exposure. The

change in visual fluorescence became noticeable after 5 minutes, as shown in figure 2.23.
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Figure 2.23. Emission spectrum of NP-ACMMA after 0, 0.5, 1, 2, 5 min of interaction

with COa. xexc: 380 nm. Xem: 500 nm.

Unlike the previous nanoparticles, this system exhibited a decrease in fluorescence
intensity in response to COz. Therefore, we expected the fluorescence to increase when
exposed to Na2. To assess this, we bubbled pressurized N2 into a previously CO2-exposed
0.3 mg/mL solution of the nanoparticles for 15 minutes. The fluorescence intensity of the
system gradually increased, with visual fluorescence starting to recover after 7 minutes
of N2 bubbling and reaching its maximum value after 10 minutes. This process was
reversible for at least four cycles, demonstrating good reproducibility and lifetime (figure

2.24a and b).
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Figure 2.24. (a) Fluorescence intensity of NP-ACMMA measured after 4 CO2/Na.

Concentration 0.3 mg/mL. Aexe= 380 nm. Aem= 500 nm. (b) NP-ACMMA vials at different

N2 exposures times under a UV lamp (A = 345 nm).

However, the response to both CO2 and N2 was slower than optimal for detection, and the

change in visual fluorescence was not as pronounced as expected and was slow.
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2.3.3.3 NP-SPMA

Given the nanoparticles' sensitivity to pH changes in both size and fluorescence, the

subsequent experiment aimed to assess their responsiveness to CO2 and the resulting

alterations in optical properties. A 1 mg/mL nanoparticle solution was prepared at pH 7.1

and subjected to a continuous CO2 flow at 1 bar pressure for 10 minutes. A rapid pH

decrease was observed within the first minute of CO2 exposure, and fluorescence was

completely quenched after 5 minutes (figure 2.24).

Post-COz2 exposure, the solution retained its coloration due to the equilibrium between

merocyanine forms of spiropyran. This state was reversible, as fluorescence was restored

after the solution was kept in darkness for 24 hours, as illustrated in the (figure 2.25).

CO, exposure time (min)

0 0.5 1 2 5

10

Keep in darkness {
(overnight) |

Figure 2.25. Emission spectrum of NP-SPMA at pH 2.5, 4.9 and 7.9. Concentration 1

mg/mL. Aexc= 350 nm. Aem= 640 nm.
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Even though we could observe a drastic change not only in qualitative but also
quantitative fluorescence for this system, this phenomenon renders this polymeric system
intriguing yet challenging to apply in CO2/pH sensing systems. The difficulty arises from
the overlapping effects of the dye's colorimetric response to UV light and the nanoparticle
system's pH responsiveness on the effect on the SPMA dye. For this main reason, we
decided to discard this dye as a potential fluorescent responsive moiety for this

application.
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2.4 Conclusion

In this work, we synthesized four different fluorescent monomers—NBDMA, ACMMA,
SPMA, and TPEMA—with the aim of developing responsive nanoparticle systems for
potential sensing applications. Among these, the NBDMA-based nanoparticles showed
the most promising results for CO: detection. These particles were synthesized via RAFT
emulsion polymerization of DEAEMA and EGDMA in water, using PDMAPS as a steric
stabilizer. The resulting system was highly responsive to CO:, showing a clear
fluorescence “turn-on” within 15 seconds of bubbling, which we attribute to the swelling
of the DEAEMA-containing core and the resulting suppression of PET due to protonation

of the tertiary amine groups.

Importantly, the fluorescence response was fully reversible when switching back to Na,
and this behavior was repeatable over at least six cycles without significant loss of signal,
indicating good durability. These results agree with previous studies showing that tertiary
amine-based polymers can undergo protonation-induced changes in optical properties
upon exposure to CO2.3%° The rapid response and reversibility suggest real potential for

practical sensing applications.

While ACMMA-based particles also exhibited a noticeable change in fluorescence, their
response time was slower, possibly due to less effective suppression of PET. Systems
incorporating SPMA and TPEMA were not suitable for CO: sensing due to instability or

inadequate signal change, likely related to the intrinsic properties of the dyes themselves.

Looking ahead, further optimization of the NBDMA system is needed to enhance
fluorescence contrast and fine-tune sensitivity. Control experiments in more complex
environments—such as varying humidity, pH, and the presence of interfering gases—wiill

be critical to evaluate real-world performance. Additionally, exploring ways to integrate
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the responsive nanoparticles into solid supports or membranes could be key to developing
portable or wearable sensors for environmental monitoring, industrial safety, or even
biomedical use. Overall, the system shows strong potential for real-time CO- sensing in
aqueous environments, combining fast response, reversibility, and stability. With further

refinement, it could become a practical platform for gas detection in various settings.
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2.5 Experimental section

2.5.1 Materials

4-Hydroxyl-phenylbenzophenone (99%), 3-bromo-1-propanol (97%), triethylamine
(TEA, 99%), methacryloyl chloride, Zn powder (99.995%), benzophenone (99%), 3,4-
dichloromaleic anhydride (99%), 4-chloro-7-nitrobenzofurazan (NBD-CI, 98%), 2,2,2-
trifluoroethanol (TFE, >99%), ethanolamine (=98%), N,N"-
dimethyl(methacryloylethyl)ammonium  propane sulfonate (DMAPS) (95%),
methacrylic Acid (250 ppm MEHQ, 99%), 4-(dimethylamino) pyridine (DMAP),
ethylene glycol dimethacrylate (EGDMA, 98%), 2-(eiethylamino)ethyl methacrylate
(DEAEMA, 99%), 4,4’-azobis(4-cyanovaleric acid) (ACVA, 98%), deuterium oxide
(D20), potassium persulfate (KPS, >99.0%), acetonitrile (MeCN, >99.9%), and 4-cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPAD) were obtained from Sigma-Aldrich.
1-(3-dimethylaminopropyl)-3 ethylcarbodiimide hydrochloride (EDC-HCI, 98+%) was
acquired from Acros-Organics. Ethyl acetate (EtOAc, >99%), hexane (Hex, >95%),
dichloromethane (CH2Cl2, 99%), and Na2SOs anhydrous (99+%, Extra Pure) were
obtained from Fischer Scientific.1kg CP carbon dioxide-cylinder and pure Nitrogen was
obtained from BOC. Spectrum Spectra/Por dialysis tubing with either 1 kDa or 6-8 kDa
Mw was supplied by Fisher Scientific. Deionized and 18.2 MQ-cm ultrapure water was
obtained from a Triple Red Alto purification system and was used in all experiments

unless stated otherwise.

2.5.2 Instrumentation

Aqueous Size Exclusion Chromatography was performed on an Agilent PL50
instrument fitted with an Agilent PL aquagel-OH MIXED-M column (300 x 7.5 mm x 5

um) and an aquagel guard column. The mobile phase used was H20:MeOH (80:20)
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containing 0.1 M NaNOs, at a flow rate of 1.0 mL min-1, a column temperature of 35 °C.
80 uL of sample were injected for each measurement and eluted for 35 min. Samples were
prepared at a concentration of 1 mg mL™ and filtered using a 0.45 um nylon filter prior
to analysis. Calibration was conducted in the molecular weight range 100-30000 Da using
EasiVial polyethylene glycol (PEG) standards supplied by Agilent Technologies. and
detection by both refractive index (RI) and single wavelength UV at 309 nm.

'H, 13C - Nuclear Magnetic Resonance (NMR) spectra were acquired at 400 MHz using
a Bruker DPX-400 spectrometer with D20 containing 0.5 M NaCl as the solvent in the
case of PDMAPS, CDClIs for SPMA and ACMMA, DMSO-ds for NBDMA and CH2Cl>
for TPEMA. At least 32 scans were recorded for each sample and the proton chemical
shifts are reported as chemical shift (8) in parts per million (ppm) and are relative to
solvent residual peaks.

Hydrodynamic diameters (Dn) and size distributions (PD) of particles were determined
by dynamic light scattering (DLS) using either a Malvern Panalytical Zetasizer Nano S
or Nano ZSP fitted with a 633 nm He-Ne laser operating at 4 or 10 mW. Samples were
prepared at a concentration of approximately 1 mg mL* in 0.3 M NaCl. Measurements
were performed at 20 °C using a scattering angle of 173° (backscattering) using the high
resolution mode, and the results analysed using Malvern Panalytical Zetasizer software
version 7.13. All determinations were repeated 4 times, taking the average of at least 10
measurements for each run. Dn values were calculated using the Stokes-Einstein equation,

assuming the particles are spherical in solution.

Thermogravimetric analysis (TGA) was performed using TA Instruments — TGA 550.
200 pL of sample was weighed on a pan and heated from 20 to 250 °C at a heating rate

of 10 °C min™' under a nitrogen atmosphere.
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UV-Vis spectroscopy was performed on an Evolution 350 UV-Vis spectrophotometer
equipped with Xenon Flash Lamp light source and Dual Matched Silicon Photodiodes
detector. Quartz cells (170 - 2000 nm) from Hellma, with two polished sides, were used
for examining the absorption spectral data by using Thermo INSIGHT-2 v.10.0.30319.1
software. A thermostat and 8-cell Peltier system with precise temperature control between
0 °C and 90 °C was coupled with an Evolution 350 UV-Vis spectrophotometer to record
the LCST behavior, temperature-dependent absorption/transmittance spectra of the
sample. All variable temperature analysis experiments were made using samples of
concentration 5 mg mL-1 in 0.3 M NaCl, Variable temperature analyses were run from

15-90 °C at a heating rate of 1 °C min’!.

PH measurements were conducted in a Mettler Toledo G20 compact titrator equipped
with a pH-electrode DGi115-SC. The calibration of the glass pH-electrode was performed
using buffer solutions pH 4.01, 7.00, and 9.21 from Mettler Toledo. All data were

recorded using the LabX Light Titration 3.1.1.0 software provided by Mettler Toledo.

Dry-state stained transmission electron microscopy imaging was performed on a JEOL
2100 microscope at an acceleration voltage of 200 kV. All samples were diluted with
deionized water and then deposited onto formvar-coated copper grids. After 1 min, the
excess sample was blotted from the grid and the grid was stained with an aqueous 1 wt%

uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.

Titrations Titrations were carried out manually, beginning with the preparation of a basic
solution with an initial pH of approximately 13. This was achieved by using a
standardized 0.01 M sodium hydroxide (NaOH) solution. Subsequently, 0.01 M
hydrochloric acid (HCI) was added incrementally to the basic solution to gradually lower

the pH toward the acidic range. The titration proceeded from a strongly basic environment
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through neutral pH and into acidic conditions. All experiments were performed under

controlled conditions to ensure repeatability and accuracy.

Sample preparation at different pHs Samples at various pH levels were prepared by first
preparing phosphate-buffered saline (PBS) solutions. The pH of each PBS solution was
then adjusted to the desired value using standardized 0.01 M NaOH and 0.01 M HCI
solutions. Adjustments were made incrementally while continuously monitoring the pH
to ensure precision. All samples were prepared under consistent conditions to maintain

reproducibility across experiments.

2.5.3 COq; testing experimental procedure

CO2 was bubbled into 20 mL of PDMAPS-b-P(DEAEMA-co-EGDMA-co-RMA)
micellar dispersion for a period, and the variation of the micelles in diameter and
fluorescence emission were studied. The flow rate of CO2 and N2 was controlled at 50

mL/min with a glass rotor flowmeter.

2.5.4 Synthesis of fluorescent monomers (SPMA, NBDMA, ACMMA, TPEMA)

2.5.4.1  Synthesis of Spiropyran methacrylate (SPMA). Reproduced from ref.%

OH =
@i P~ CE& = O oM. TEA, 0C O NO,
V.
MeCN N+ O N o

Isopropanol N o
Reflux, 24h T Piperidine O 2) >‘< 2
Reflux, 4h ¢
2 o

1 3
H OH 25°C, overnight, N,

(2). 2,3-trimethyl-3H indole (1) (5.01 g, 31.5 mmol) and 2-iodoethanol (7.5 g, 44 mmol)
were dissolved in MeCN (50 mL). The solution was refluxed under nitrogen for 24 hours.
The reaction mixture was cooled to room temperature and product precipitated by the
addition of hexane. The purple solid was filtered and dried without further purification.

Yield: 95%.
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(3). To a solution of (2) (2.17 g, 6.30 mmol) in isopropanol (6 mL) was added 5-
nitrosalicaldehyde (1.05 g, 6.28 mmol) and piperidine (0.54 g, 6.30 mmol). The mixture
was stirred at reflux for 4 hours under nitrogen. The solvent was evaporated, the residue
dissolved in CH2Cl2and passed through a silica column, eluting with more CH2Cl. Then,
the portion of product spiropyran which remained on the column was eluted with diethyl
ether. Finally, the product was further purified by recrystallization from ethanol, giving a
dark purple microcrystalline powder (3). The product was dried under vacuum overnight
at 30 °C. (1.53 g, 67%). *H NMR (400 MHz, Chloroform-d) ¢ 8.00 — 7.86 (m, 2H), 7.13
(td, J= 7.6, 1.3 Hz, 1H), 7.03 (dd, J = 7.3, 1.3 Hz, 1H), 6.89 — 6.77 (m, 2H), 6.69 (d, J =
8.6 Hz, 1H), 6.60 (d, J = 7.8 Hz, 1H), 5.81 (d, J = 10.4 Hz, 1H), 3.82 — 3.60 (M, 2H), 3.39
(ddd, J = 14.9, 7.4, 5.4 Hz, 1H), 3.26 (dt, J = 14.9, 5.1 Hz, 1H), 1.65 (s, 1H), 1.22 (s, 3H),

1.13 (s, 3H). HR-MS (MaXis) m/z [M+H]": 353.1503, calculated 353.1501.

(SPMA). A solution of EDC-HCI (0.980 g, 5.10 mmol) in dry CH2Cl2 (12 mL) was added
dropwise into a mixture of (3) (1.50 g, 4.30 mmol), DMAP (53 mg, 0.43 mmol) and
methacrylic acid (361 pl, 4.26 mmol) in dry CH2Cl2 (15 mL) at 0 °C. The reaction was
allowed to reach room temperature during 24 hours. The crude was diluted with CH2Cl2
(50 mL), washed with brine (60 mL x 3), and dried over Na2SO4 anhydrous. The reaction
mixture was concentrated under vacuum and the residue was purified through flash
column chromatography (silica gel) using hexane/ethyl acetate (2:1) as eluent to obtain
compound SPMA (0.75g, 45 %) as a yellow/purple solid. 'H NMR (400 MHz,
Chloroform-d) & 8.01 — 7.87 (m, 2H), 7.17 — 7.10 (m, 1H), 7.02 (dd, J = 7.3, 1.3 Hz, 1H),
6.86 — 6.80 (m, 2H), 6.66 (dd, J = 19.1, 8.2 Hz, 2H), 6.00 (t, J = 1.4 Hz, 1H), 5.80 (d, J =
10.3 Hz, 1H), 5.53 — 5.45 (m, 1H), 4.23 (t, J = 6.3 Hz, 2H), 3.55 — 3.24 (m, 2H), 1.85 (t,
J=1.3 Hz, 3H), 1.21 (s, 3H), 1.09 (s, 3H). 23C NMR (400 MHz, Chloroform-d) 5 167.4,

159.5, 159.4, 147.1, 146.8, 141.3, 141.2, 136.2, 136.0, 135.8, 128.4, 128.4, 128.0, 126.1,
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126.0, 122.9, 122.1, 122.0, 122.0, 121.9, 120.1, 120.1, 118.7, 118.6, 115.7, 115.7, 107.0,
106.9, 106.7, 106.7, 62.8, 61.0, 53.0, 52.9, 46.3, 42.6, 26.0, 26.0, 20.2, 19.2, 18.5. HR-

MS (MaXis) m/z [M+H]+: 421.1760, calculated 421.1763.
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2.5.4.2  Synthesis of 2-(3-chloro-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-

pyrrol-yl)ethyl methacrylate (ACMMA). Reproduced from ref.4

. T YOTOH

0.0
oﬁ N O I\ 1) DCM, TEA, 0°C NH;

— —_— N —_— —_—

0 o N
of ©  Acetid acid B o o N__o THF. Naco; © °
Reflux ?2) CIJY 2h, 25°C =
4 a d = HN Tl
5 25°C, overnight, Nz ¢ cl )\
6

(5). 3,4-dichloromaleic anhydride (4) (3.01 g, 18.1 mmol) and 2-ethanolamine (1.62 g,
27.2 mmol) were added to a solution of acetic acid (15 ml) and stirred for 4 hrs at 80 °C.
The reaction became yellow and then cooled to room temperature. The solvent was
removed under reduced pressure and then purified by silica-gel column chromatography

using hexane/ethyl acetate (2:1, v/v) as eluent to afford product (5) as white crystals. (2.35
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g, 62%). 'H NMR (400 MHz, CDCls) § 4.10 (br s, 1H), 3.80 (t, J = 5.5 Hz, 2H), 3.60 (t,
J=55Hz, 2H).

(6). Product (5) (2.03 g. 9.52 mmol) was dissolved in 15 mL dry CH2Cl2 and triethylamine
(1.18 g, 11.6 mmol) was added to the solution at 0 °C. Then methacryloyl chloride (1.22
g, 11.6 mmol) dissolved in dry CH2Cl2 (10 mL) was added to the above mixture dropwise
at 0 °C under argon. The mixture was allowed to reach the room temperature overnight.
The crude solution was washed with water (100 mL) and brine (2 x 100 mL) separately.
The CH2Cl2 phase was dried over anhydrous sodium sulfate, then the solvent was
removed with a rotary evaporator. The crude product was chromatographed on a silica
gel using dry-loading technique and petroleum ether/ethyl acetate (9:1, v/v) and slowly
increasing the polarity to afford compound (6) as a yellow oil. (0.73 g, yield: 28%). *H
NMR (400 MHz, CDCls) § 6.40 (dd, J = 17.3, 1.5 Hz, 1H), 6.10 (dd, J = 17.3, 10.5 Hz,
1H), 5.85 (dd, J = 10.5, 1.5 Hz, 1H), 4.35 (t, J = 5.5 Hz, 2H), 3.65 (t, J = 5.5 Hz, 2H).
ACMMA. To a mixture of Compound (6) (0.72 g, 2.57 mmol) and anhydrous Na2COs3
(0.68 g, 6.44 mmol) in THF (10 mL) a solution of isopropyl amine (0.17 g, 2.83 mmol)
in THF (10 mL) was slowly added. The reaction was monitored by TLC. (Consumption
of 2,3-dibromomaleimide was monitored by TLC and was completed within 30 min to
1.5 h. The solvent was then evaporated under reduced pressure and the residue was
redissolved in CH2Cl2 (150 mL). The resultant mixture was washed with water (2 x 150
mL), dried with sodium sulfate anhydrous and purified via column chromatography on
silica gel with petroleum ether/ethyl acetate (3:1, v/v). ACMMA was obtained as a white
powder (0.46 g, 60%). *H NMR (400 MHz, CDCls): & (ppm) 6.15 (1H, s), 5.59 (1H, d),
5.2 (1, m), 4.36-4.27 (1H, m), 4.25 (2H, t), 3.81 (2H, t), 1.90 (3H, s), 1.3 (6H, 2). °C
NMR (400 MHz, CDClzs) 6 167.5, 167.2, 165.7, 139.7, 135.9, 126.4, 88.9, 62.0, 45.2,

37.4,24.0,18.4.
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2.5.4.3  Synthesis of 4-(2-Methacryloyloxyethylamino)-7-nitro-2,1,3-

benzoxadiazole (NBDMA). Reproduced from ref.#

o
NO, NO, Hoj\f NC2
OH N
=N HNT =N, 1) DMAP, 0°C o
0o 44— > 0 R — ~
=N MeCN =N’ 2) EDC N
25°¢ DCM, RT, N HN
Cl Overnight HN\L overnight ’
7
OH ?
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(8). To a solution of 4-chloro-7-nitro-2,1,3-benzoxadiazole (7) (1.50 g, 7.52 mmol) in
CH3sCN (150 mL) was added a solution of ethanolamine (1.06 mL, 17.45 mmol) dropwise
in CH3CN (30 mL). The resulting solution was stirred at room temperature overnight.
Then the reaction mixture was concentrated under vacuum and the residue was purified
through liquid chromatography (silica gel) using hexane/ethyl acetate (1:6) as an eluent
to afford compound 2 (976 mg, 58 %) as an orange solid. *H NMR § (ppm, DMSO-ds):
3,55 (br, 2H, NHCH.CH:OH), 3.69 (t, 2H, NHCH2CH:0H), 4.95 (b, 1H,
NHCH2CH:0H), 6.46 (d, 1H, aromatic), 8.49 (d, 1H, aromatic), 9.43 (b, 1H,
NHCH2CH20H). MS (DART-TOF): [M + H]+ ion observed at m/z 225.0666.

(NBDMA). A solution of EDC-HCI (410 mg, 2.14 mmol) in dry CH2Cl2 (5 mL) was
added dropwise into a mixture of (8) (400 mg, 1.78 mmol), DMAP (22 mg, 0.18 mmol)
and methacrylic acid (153 pl, 1.78 mmol) in dry CH2Cl2 (7 mL) at 0 °C. The reaction was
allowed to reach room temperature during 24 h. The crude was diluted with CH2Cl2 (50
mL), washed with brine (60 mL x 3), and dried over Na2SO4 anhydrous. The reaction
mixture was concentrated under vacuum and the residue was purified through flash
column chromatography (silica gel) using hexane/ethyl acetate (1:1) as eluent to afford
compound NBDMA (416 mg, 83 %) as a yellow solid. *H NMR & (ppm, DMSO-ds): 1.83
(s, 3H, CHs), 3.82 (b, 2H, NHCH2CHz), 4.37 (t, 2H, NHCH2CHz), 5.66 and 6.01 (m, 2H,
C=CH?2), 6.53 (d, 1H, aromatic), 8.53 (d, 1H, aromatic), 9.54 (S, 1H, NHCH>). *C NMR
(400 MHz, DMSO) 6 182.1, 166.7, 138.0, 135.8, 126.9, 62.4, 42.4, 18.2. HR-MS (MaXis)

[M+Na]" - m/z found 315.0712, calculated 315.0705.
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2.5.4.4  Synthesis of 3-(4-(1,2,2-triphenylvinyl)ph

(TPEMA). Reproduced from ref.?
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(11). 4-Hydroxyl-phenylbenzophenone (9) (4.32 g, 22.0 mmol), benzophenone (10) (5.03
g, 27.3 mmol), and Zn powder (6.61 g, 1.20 mmol) were added to a 250 mL two-necked
round-bottom flask. The flask was evacuated under vacuum and flushed with nitrogen
three times. Then dried THF (137 mL) was added. The solution was cooled to 0 °C, into
which a concentrated solution of TiCls (1M in CH2Cl2) (50 mL, 50.16 mmol) was added.
The mixture was refluxed overnight. After cooling to room temperature, 80 mL dilute
hydrochloric acid (1 mol L) was added to the mixture, which was extracted with CH2Cl>
2 x 100 mL). The collected organic layer was dried over anhydrous magnesium sulfate.
After solvent evaporation, the crude product was purified by a silica gel column using
hexane/ethyl acetate (9:1, v/v). Product (11) was afforded as a white powder (1.2 g, 20%).
IH NMR (400 MHz, CDCls): & (ppm) 7.19-6.95 (15H, m), 6.89 (2H, d), 6.56 (2H, d),

4.76 (1H, s).

(12). Compound (11) (0.500 g, 1.43 mmol), 3-bromo-1-propanol (0.242 g, 1.72 mmol),
Cs2C0s3 (0.950 g, 2.90 mmol) and dry acetonitrile (CH3CN, 20 mL) were added to a 50
mL round-bottom flask. The mixture was heated at reflux for 18 h. After cooling to room
temperature, the insoluble inorganic salt was removed by filtration. Then the solvent was
removed under vacuum. The collected product was further purified by silica-gel column
chromatography starting with 100% hexane and gradually increasing the polarity until
hexane/ethyl acetate (3:1, v/v). Product (12) (white solid, 0.387 g, yield: 67%). *H NMR
(400 MHz, CDCls): & (ppm) 7.17-6.97 (15H, m), 6.93 (2H, d), 6.64 (2H, d), 4.05 (2H, 1),

3.84 (2H, t), 2.01 (2H, p), 1.70 (1H, s).

(TPEMA). Compound (12) (0.451 g. 1.14 mmol) was dissolved in 5 mL dry CH2Cl2 and
triethylamine (TEA, 0.14 g, 1.37 mmol) was added to the solution at 0 °C. Then
methacryloyl chloride dissolved in dry CH2Cl2 (10 mL) was added to the above mixture

dropwise at 0 °C under argon. The mixture was allowed to reach room temperature
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overnight. The crude solution was washed with dilute HCI aqueous solution (3%) (3 x 10
mL) and brine (3 x 10 mL) separately to remove water-soluble side products. The CH2Cl2
phase was dried over anhydrous magnesium sulfate. Then the CH2Cl2 solution was
concentrated to 3 mL by rotary evaporation. The crude product was chromatographed on
a silica gel using petroleum ether/ethyl acetate (3:1, v/v) to afford the pure TPEMA as a
light-yellow solid (0.198 g, yield: 40%). *H NMR (400 MHz, CD2Cl2) § 7.18 — 6.97 (m,
15H), 6.96 — 6.88 (m, 2H), 6.66 — 6.62 (m, 2H), 6.07 — 6.05 (td, J = 2.0, 1.0 Hz, 1H) ,
5.55 (p, J = 1.6 Hz, 1H), 4.28 (t, J = 6.3 Hz, 1H), 3.99 (t, J = 6.2 Hz, 1H), 2.11 (p, J = 6.2
Hz, 1H), 1.92 (dd, J = 1.6, 1.0 Hz, 2H). 13C NMR (400 MHz, CD2Cl>) & 144.4, 132.8,
131.6, 131.6, 131.6, 128.1, 128.0, 127.9, 126.7, 126.6, 126.6, 125.4, 113.9, 64.7, 61.9,

29.1, 18.5. HR-MS (MaXis) m/z [M]: 474.2204, calculated 474.2109.

JWAUM

T T T T T
10 7.05 7.00 6.95 6.90 6.85
8 (ppm)

B VW R N

.g&. é‘

s °

2.08—
3.067

871
59

T r T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0
S (ppm)

'H-NMR spectrum of TPEMA in CDCl; (400 MHz).

91



o M, I J‘

T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
& (ppm)

BC-NMR spectrum of TPEMA in CD,Cl, (400 MHz).

2.5.5 General Synthetic procedure for Cross-Linked PDMAPS-b-P(DEAEMA-co-
EGDMA-co-dye) CO.-Responsive Fluorescent Nanoparticles via RAFT-
Mediated Emulsion Polymerization using PDMAPS18 as Steric Stabilizer.

EGDMA
(Crosslinker)

Fluorescent

“"w :5: ‘Q

DEAEMA PDMAPs
(pH responsive) (Macro-CTA)

2c' Ng, 70°C, 16h

5 wt % particles in H,0

All four nanoparticles with each fluorescent dye were synthesized by the following
procedure. PDMAPS1s macro-CTA (Manmr= 5.2 kDa) (100 mg, 0.02 mmol, 1 equiv), 2-
(diethylamino)ethyl methacrylate (DEAEMA) monomer (2.5 mg, 13.5 mmol, 675 equiv),
fluorescent monomer (1.4 equiv) and ethylene glycol dimethacrylate (EGDMA) cross-
linking monomer (25 g, 0.13 mmol, 6.5 equiv) were dispersed in water (47 mL) by rapid
stirring. The given mixture was purged with N2(g) for 30 min under rapid stirring (600

rpm) and then heated for 30 min in an oil bath at 70 °C. The radical initiator potassium
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persulfate (KPS) (25 mg, 0.09 mmol, 4.5 equiv) was dissolved separately in water (1 mL)
and purged with N2 (g) for 10 min. The degassed KPS solution was added to the degassed
macro-CTA/monomer solution to initiate polymerization. The resulting polymerization
mixture was then stirred at 600 rpm at a temperature of 70 °C for 16 h. The polymerization
reaction was then terminated upon cooling and exposing the polymerization mixture to
air. This procedure resulted in in situ emulsion polymerization-induced self-assembly
(PISA), yielding the obtained PDEAEMA-based particles as an aqueous dispersion,
which was further analyzed by DLS, UV—Vis spectroscopy, fluorescence spectroscopy,

dry-state TEM and TGA, as they are described in the main text.
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TGA graphics of different nanoparticle systems. a) PDMAPS-b-P(DEAEMA-co-
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3.1 Abstract
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Detecting fluctuations in carbon dioxide by switching ‘on’ or ‘off” fluorescence in
aqueous environments has often been targeted for efficient monitoring. This switch needs
to occur in a drastic and fast way that is visually observable to be effective. CO2 dissolves
in water, leading to a reduction in pH, which can be used to trigger a response.
Specifically, the modification of fluorescent dyes with pH-responsive units could create
a dye that responds to CO2 and switches "off" fluorescence. Here, we developed a water-
soluble polymer functionalized with a COz-responsive pyrene dye. This functional dye
contains a tertiary amine conjugated to the aromatic pyrene, which can be protonated at
pH ~ 6.5 or lower. After only 15s of CO:2 bubbling, a significant fluorescence "off"
response was observed, with a drastic reduction in fluorescence at 480 nm as a
consequence of breaking excimer bonds. Moreover, the exposure to atmospheric air
results in a recovery of the excimer state and, therefore, the fluorescence, demonstrating

its reversible nature.
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3.2 Introduction

In Chapter 2, we developed nanoparticle systems that showed a response to CO2 and
reversibility with N2. However, the change in visual fluorescence was not significant
enough for use as a visual sensor for CO2 detection. Therefore, in this chapter, we propose
an alternative approach to the one previously used based on a combination of polymer

and molecular-based sensors.

Chemical-based sensors, ranging from molecular-based to macromolecular sensors,
have been investigated as an alternative strategy for detecting COz." 2 These sensors
operate by undergoing a compositional change in their chemical structure upon exposure

to CO2, which leads to a response.

Polymer-based sensors offer a stable and easily applicable delivery system, typically
comprising a responsive monomer and a dye molecule. Over the past decade, numerous
COz-responsive polymeric systems with fluorescence read-outs have been reported,
commonly consisting of pH-responsive and polar-sensitive fluorescent units.>'?> They
respond to CO2 by changing the conformation of the polymer, leading to a different
microenvironment around the dye molecule, which changes its fluorescence. This
response is due to CO2 forming carbonic acid in water, which can dissociate into HCO3",
COs3*, and H', allowing protonation of amine-based monomers. However, the response

rate to CO2 is often limited by conformational changes in the macromolecular structure. '

Molecular-based CO: sensors typically involve dye molecules that undergo a chemical
transformation when exposed to COq, resulting in a detectable signal change. For
example, Morandi and coworkers developed a range of deactivated dye molecules that

switched on in the presence of COa. This highly sensitive and selective molecular sensor
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was capable of detecting CO2 at atmospheric levels (as low as eight ppm).'* Common dye
molecules were modified to include an iminophosphorane group that, in the presence of
CO2, undergoes a cascade aza-Wittig reaction that turns on its fluorescence. However, a
significant limitation of this sensor is its non-reversibility, meaning it cannot be reused
after detection, which poses challenges for continuous monitoring applications. On the
other hand, Lee and coworkers developed an imidazolium-based ionic polymer system
for CO2 detection in both organic and aqueous media. This polymer controlled
fluorescence through an ON/OFF mechanism. Upon complex formation, fluorescence
was turned "ON" in organic media and solid films, driven by a photo-induced
transmission "OFF" photophysical effect. In contrast, the introduction of CO2 in aqueous
media led to fluorescence quenching due to aggregation-caused quenching (ACQ) of

polymeric nanoparticles, along with the formation of carbamate anions.!”

Ideally, a combination of polymer and molecular-based systems should be developed.
Such a system would involve a reversibly COz-responsive dye molecule that changes
fluorescence due to direct fluctuation in COz levels. Incorporating this system into a
polymer delivery system would potentially increase its applicability and usability in
aqueous environments. The desired characteristics for this system include reversibility,
reusability, fast response, low detection limit, and activation in the presence of CO2 in

water and deactivation upon the removal of COsz.

We reasoned that to establish a robust approach for detecting pH variations induced by
COz through fluorescence fluctuations in aqueous solution, we needed to address three
essential considerations: First, a fluorescent dye able to switch ON/OFF its fluorescence

properties after the interaction with CO2, second, a CO2 reactive site able to interact with
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it in a reversible manner and finally, an innocuous delivery method to transport the system

into water solution.

As fluorescent dye, we turned our attention into pyrene as it is one of the most studied
fluorescent dyes in the literature, shows to have remarkable chemical stability under
different conditions, and is versatile in terms of modification of its structure and has
interesting fluorescent properties that can be modulated.'®?* The fluorescence emission
spectrum of pyrene exhibits five major vibronic bands (Bands I to V) with distinct peaks
at approximately 375, 379, 385, 395, and 410 nm, attributed to 1 — * transitions. These
collectively form the monomeric emission. Additionally, an unstructured band appears at
longer wavelengths (425 to 550 nm, centered around 480 nm) when ground state and
excited state pyrene rings are close, resulting in excited state dimer or 'excimer'
emission.!” The long lifetime of pyrene emission (50-90 ns) allows this excited state
reaction to occur, either dose-dependently in high concentrations or when two pyrenes
are close in an intra-molecular context. This phenomenon can be modulated with the
modification of the substituents at various positions and can result in distinct fluorescent

properties. '8
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Figure 3.1. Pyrene emission peaks. (Unimer at 385 nm, excimer at 490 nm).

In this study, a modified pyrene-based CO2 sensing molecule was developed that could
be readily incorporated into polymeric supports. Pyrene dye molecules were
functionalized with pH-responsive amine functionality, which, upon protonation, turned
off fluorescence. This responsive dye-based sensor displayed visible changes in
fluorescence, detecting changes in CO2 as a function of pH at parts per billion
concentrations of dye. This pyrene-modified unit was incorporated into linear polymers
and displayed a drastic response to changes in pH. Notably, this marks a significant
moment as it represents an instance where the fluorescence of pyrene is extinguished by
disrupting excimer bonds in the presence of CO2 within a polymeric system in aqueous
solution. Furthermore, the quenching effect is entirely reversible upon exposure to

atmospheric air.
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3.3 Results and discussion

3.3.1 Design and synthesis of pH-responsive pyrenes

We aimed to modify the chemical structure of pyrene dye to be pH-responsive, creating
drastic changes in fluorescence when interacting with COz. To achieve this, we wanted
to attach an amino pH-responsive unit to the dye that becomes protonated under acidic
conditions. This protonation will directly affect its fluorescent properties by decreasing
the excimer/unimer ratio due to electrostatic repulsion, drastically changing the dyes
emission. However, due to its high hydrophobicity, evaluating its properties in water
solution could be challenging. Consequently, we needed to incorporate this modified dye

into a polymeric scaffold that enhances its water solubility.

Our aim was to synthesize a water-soluble polymer integrating pyrene derivatives
functionalized with N,N-dimethylamino and N,N-diethylamino groups, each offering
distinct reactivity and responsiveness to pH and CO2 variations (figure 1). The selection
of these amines was guided by the pKa estimated by chemaxon (5.33 and 6.19,
respectively), where we anticipated that the diethylamino group would exhibit optimal
reactivity with CO2, with increased protonation in the HCO37/COs* system, resulting in a

more dramatic change in the fluorescence of the probe.

J W /\)N

PyMA DMAPyMA DEAPyMA

Figure 3.2. Targeted pyrene monomers with and without pH-responsive groups
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For the synthesis of the pyrene-based monomers, we proposed a general synthetic route
for the two designed monomers. We opted to modify position 1 of pyrene with a tertiary
amine and a methacrylate functional group in position 6 (figure 3.2). The most
straightforward approach to accomplish this involved dialkylation of the commercially
available 1-aminopyrene with the corresponding alkyl iodide, according to a protocol
developed in the Wagenknecht laboratory.? This was then followed by the addition of a
bromo group at position six via bromination with N-bromosuccinimde (NBS). This
enabled the subsequent Sonogashira cross-coupling reaction with 3-butyn-1-ol.
Esterification with EDC and methacrylic acid was used to obtain the methacrylate
monomer diethylamino pyrene methacrylate (DEAPyMA).

We hypothesized that because of the strong repulsion generated from the positive
charge of protonated amines in the DEAPyYMA moiety it would increase the distance
between pyrene units and would consequently break the excimer state. This would be
translated in switching the fluorescence from an ‘ON’ to an ‘OFF’ state. We empirically
validated our hypothesis by examining the spectral properties of the different pyrene
monomers in mixtures of H2O/MeCN (95:5) at various pH levels (figure. 3.3). As
expected, the DEAPyMA dye exhibited distinctive emission peaks in the different
mixtures, clearly transitioning from an 'ON' state in basic pH to an 'OFF' state in acidic

conditions.
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Figure 3.3. Fluorescence spectrum of DEAPyMA at different pHs in MeCN/H20 (5:95)

mixtures. Concentration of 27 nM. Aexc= 365nm.

3.3.2 Synthesis and pH-responsiveness of water-soluble polymers

containing pyrene monomers (PyMA, DMAPyYMA and DEAPYMA)

Given the hydrophobic nature of the monomer, the subsequent objective involved
evaluating its pH sensitivity in an aqueous solution by polymerizing the fluorescent
monomer within a water-soluble, non-pH-responsive system. An initial reaction was
conducted at 80 °C by reacting 100 equivalents of N,N-dimethylacrylamide (DMAm)
with 1 equivalent of DEAPyMA, 4-[[[(2-carboxyethyl)thio]thioxomethyl]thio]-4-
cyanopentanoic acid as chain-transfer agent and 4,4 -azobis(4-cyanovaleric acid) ACVA
as radical initiator for 16 hours. The obtained polymer (figure. 3.4a) was purified by
extensive dialysis using 3 kDa membrane, in H2O/THF (1:1). The molecular weight of
the polymer was calculated via end-group analysis, showing a 96% of conversion for

DMAm whereas a 76% of conversion regarding DEAPyMA, this might be due to the
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different nature of the monomers as well as the bigger size of DEAPyMA in comparison
to DMAm (approximately 4 times) giving a value of (Manmr = 10.1 kDa). We
experimentally validated our hypothesis by investigating the optical characteristics of the
polymer with a 1 mol% loading of DEAPyMA in an aqueous solution. The addition of
the amine to the pyrene structure resulted in a noticeable redshift in both absorption and

emission spectra compared to the non-pH-responsive PyMA (figure. 3.4b).
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Figure 3.4. (a) Scheme of chemical structure of poly(dimethylacrylamide-co-
diethylamino pyrenemethacrylate). (b) UV-Vis and fluorescence spectra of both
P(DMAmogy-co-DEAPYMA1) (continuous line) and P(DMAmoys-co-PyMA))

(discontinuous line) in water at pH 7. Concentration 1 mg/mL. Aexe= 350 nm.

The responsiveness of the polymer containing DEAPyMA was evaluated across the
entire pH spectrum. As depicted in figure. 3.4a, the dye exhibited two distinct fluorescent
emission bands between 370-420 nm, corresponding to the pyrene unimer, and an
additional band at 490 nm indicative of excimer species formation. We synthesized two
other control polymers, one integrating a non-pH responsive pyrene unit P(DMAmoy-co-
PyMA) and the other with a dimethylamino moiety as a responsive unit, P(DMAmoy-co-

DMPyMA). The first one showed a constant fluorescence emission through the whole
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pH spectrum (figure. 3.5b), whereas the P(DMAmg9-co-DMPyMA1) only showed a

response at pH values below 3 (figures 3.6a and b).
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Figure 3.5. (a) Fluorescence spectra of P(DMAmogs-co-DEAPyMA ) at different pHs 7,

6, 5, 4, 3, 2 and 1. Concentration 0.1 mg/mL. Aexe= 350 nm. (b) Graphic representing

change in intensity ratio l49onm/I385nm as effect of the pH for P(DMAmogy-co-DEAPYMA )

and P P(DMAmyo-co-PyMA ). Concentration 0.1 mg/mL. Aexe= 350 nm.
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Figure 3.6. (a) Fluorescence spectrum of P(DMAmys-co-DMPyMA 1) at different pHs in

aqueous solution. 1 mol% of DMAPyMA. Concentration of 10 ppm. Aexe= 350 nm. (b)
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Fluorescence intensity ratio (490 nm/385nm) of P(DMAmogy-co-DMPyMA ) in aqueous

solution at different pHs (1, 3, 4, 7, 9 and 13). Concentration of 0.5 mg/mL.

Polymers with 0.1 and 0.5 % of DMAPyMA were prepared and it was confirmed that the
fluorescence intensity corresponding to the excimer (490 nm) formation also depended
on the concentration of the dye present in the solution (figure. 3.7a and b). We could see
that the changes in fluorescence emission were more gradual with the polymer containing

0.1 mol% of dye that with a higher concentration.
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Figure 3.7. Fluorescence spectrum of P(DMAmos-co-DMPyMA) at different pHs in
aqueous solution. (a) 0.1 mol% of DMAPyMA. (b) 0.5 mol% of DMAPyMA.

Concentration of 10 ppm. Aexc= 350 nm.

In contrast, with P(DMAmyo-co-DEAPyMA), a decrease in pH from basic to acidic led
to an increase in the intensity of the unimer pyrene emission peaks, coupled with a
decrease in excimer peak intensity (figure. 3.5b). In this case, the changes in the intensity
of each peak were observed to be more pronounced than in the free molecule. We think
this was due to a solubility issue and the concentration of the dye, as this is lower in the
polymer. This suggests that as the amine became protonated, electrostatic repulsion

between positively charged amines caused the disruption of m-7 interactions between
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excimers. This underscores the role of the pyrene unit in the observed pH-dependent
fluorescence changes.

We confirmed our hypothesis by conducting fluorescence lifetime measurements on an
aqueous solution of P(DMAmos-co-DEAPyMA) at pH 2, 4.5, and 7. As anticipated, we
observed a decrease in fluorescence lifetime, indicative of excimer formation facilitating
non-radiative pathways leading to a faster relaxation to the ground state compared to the
unimer. Notably, we observed that the lifetimes corresponding to excimer peaks (490 nm)

decreased to half the values compared to those obtained at the same pHs at 385 nm (figure.

3.8).
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Figure 3.8. Lifetime spectrum of P(DMAmo9-co-DEAPyMAI) in aqueous solution at
different pHs and at r.t. Concentration of 0.01 mg/mL (10 ppm). Aexe= 350 nm. Aem= 385,

490 nm. 1 mol% of DEAPyMA in polymer.

Furthermore, we aimed to investigate the detection limit concerning both the polymer
and the dye. To achieve this, we prepared samples of P(DMAmoo-co-DEAPyMA) at five
different concentrations and assessed them over a pH range where a significant
fluorescence change could be detected (figure 3.9b). The polymer exhibited a noteworthy

pH response with a distinct fluorescence ON/OFF transition in the parts per million (ppm)
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range (figure 3.9a). Interestingly, the visual response was even more pronounced in the
parts per billion (ppb) range for the fluorescent dye, given its presence at around 1 mol%
of charge within the polymer chains. This makes DEAPyMA potentially sensitive to CO2
in aqueous solution. Correspondingly, the fluorescence intensity ratio I49onm/I385nm of
P(DMAmg9-co-DEAPyMA) gradually increases as the pH does.
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Figure 3.9. (a) Fluorescence intensity of P(DMAmo9-co-DEAPyMA1). (Concentrations:
100, 10, 5 and 1 ppm, pH 7 and 2, Aexe= 350 nm, Aem= 490 nm) (b) Photograph of
P(DMAmg9-co-DEAPYMA ) at different concentrations in aqueous solution and different

pHs under 365 nm UV-light.

Following the work by Lie et al.,?® the pKa of DEAPyMA was calculated as 4.4 using the
Henderson-Hasselbalch equation (figure 3.10), suggesting its suitability for pH

quantification in acidic to neutral environments and CO2 detection.
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Figure 3.10. pKa of P(DMAmos-co-DEAPyMAI) calculated using the Henderson-
Hasselbach-type mass action equation (pH = pKa + c*log[(R—Rmin)/(Rmax—R)] +
log(Ia/Ib)) through analyzing fluorescence intensity ratio changes as a function of pH.
Where Rmax (or Rmin) is the maximum (or minimum) ratio value (I490nm/ [385nm), ¢ is the
slope and Ia /Ib is the ratio of absorption intensity in acid to the absorption intensity in
base at the wavelength chosen for the denominator of R. The pKa value for P(DMAmoo-

co-DEAPyMA) was 4.4.

3.3.3 COqy, air, and reversibility responsiveness of water-soluble polymers

containing pyrene monomers (PyMA, DMAPYMA and DEAPYyMA)

To evaluate the system's effectiveness in CO2 detection, we monitored the fluorescence
emission of a 1 ppm sample of P(DMAmos-co-DEAPyMA) in water before and after
exposing it to a continuous flow and pressure of CO2. Within minutes, a notable change
in visual fluorescence occurred. The reaction kinetics were further investigated by
measuring the fluorescence ratio (I49onm/I38snm) at various time intervals with different

CO2 volumes.
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Optical characteristics and pH assessments of the polymeric matrix were conducted
before and after exposing it to a constant CO2 flow (50 cm?/min) and pressure (1 bar).
After 15 seconds, an abrupt alteration in fluorescence intensity occurred, accompanied by
a significant pH decrease from 7.4 to 5.6. The fluorescence intensity ratio gradually
declined from 1.8 to 0.07 as the CO2 volume reached 25 c¢cm?’, ultimately stabilizing

(figures. 3.11a and b).
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Figure 3.11. (a) Fluorescence spectra of P(DMAmos-co-DEAPyMA ) after CO2 kinetics
for 150s. Concentration 0.01 mg/mL. Aexe= 350 nm. (b) Kinetics graph represents a
change in fluorescence intensity ratio I49onm/ I38snm of a sample of concentration 0.01

mg/mL as the effect of the volume of COx.

As the protonation reaction of P(DMAmos-co-DEAPyMA 1) was reversible, we assumed
that the fluorescence could be recovered by removing CO:2 by exposing the system to air.
The system previously exposed to CO:2 for 10 min, was then exposed to atmospheric air,
resulting in a gradual recovery of fluorescence (figure. 3.12a). The fluorescence intensity
ratio (I49om/I38snm) gradually increased from 0.07 to 1.56 (figure. 3.12b). The fluorescence
intensity at 490 nm exhibited an increase after being exposed to air, while the intensity at
385 nm experienced a sharp decrease. This reversal process took more time compared to

the response to COz, requiring exposure to air for 25 minutes to observe a substantial
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change in fluorescence and 1 hour for complete recovery of the excimer state, as

illustrated in figure. 11a. Images of different samples were also taken at various times

under 365 nm UV-light (figure. 3.12b), to visualize the reversible fluorescence change.
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Figure 3.12. (a) Fluorescence spectra of P(DMAmo9-co-DEAPYMA ) after exposure to

air for 60 min. Concentration 0.01 mg/mL. Aexe= 350 nm. (b) Kinetics graph representing

a change in fluorescence intensity ratio I49onm/ I3ssnm of a sample of concentration 0.01

mg/mL as the effect aeration of the solution.

Subsequently, the system underwent multiple cycles of CO2 exposure for 5 minutes

(OFF) and air exposure for lh (ON) to evaluate its reversibility. These results

demonstrated that this system's COz-responsive fluorescence property was stable and

possessed excellent repeatability over at least 6 cycles, transitioning between an ON and

OFF state, as shown in figure. 3.13.
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Figure 3.13. Graphic representing the change in fluorescence intensity ratio I49onm/ I385nm
of a concentration 0.01 mg/mL sample when being exposed to CO2 for 5 min and air for

1h for 6 cycles.

3.4 Conclusion

In this study, we developed a new water-soluble linear polymer via RAFT
polymerization, incorporating a custom-designed pyrene-based monomer that responds
to pH and CO:. The polymer showed a distinct and highly sensitive fluorescence “turn-
off” when exposed to CO2, with a rapid response time of around 15 seconds, even at
concentrations in the ppb range. This sensitivity is likely due to the interaction between
CO: and the amino group on the pyrene unit, which disrupts intermolecular excimer
formation through increased electrostatic repulsion between neighboring pyrene moieties.
This fluorescence change was not only quick and pronounced but also fully reversible,
with the polymer reliably returning to its initial state after at least six exposure cycles
under ambient conditions. These results suggest strong potential for use in real-time CO-
detection, particularly in aqueous or humid environments where fast and reversible
sensing is essential.

The sensing mechanism aligns with previous work on pyrene-based excimer systems?’
and CO:-responsive amine-containing polymers®® reinforcing the broader relevance of
this approach. Compared to some other CO:-responsive systems, this polymer stands out
due to its combination of solubility, fast kinetics, and sensitivity at low concentrations.

Looking ahead, further experiments are needed to confirm the reproducibility of this
behavior in different polymer architectures and under varying environmental conditions,

such as temperature, ionic strength, and gas mixtures. Exploring ways to incorporate this
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system into coatings, films, or hybrid materials could also open practical applications in
smart packaging, industrial safety monitoring, or environmental sensors.

Overall, this work contributes to the growing field of responsive materials by offering a
simple yet effective route toward CO: detection, and lays the groundwork for future

developments in smart, real-time sensing technologies.
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3.5 Experimental section

3.5.1 Materials

1-Aminopyrene (97%), 1-bromopyrene (98%), triethylamine (TEA), cupper (I)
iodide, (98%), 3-butyn-1-ol (97%), methacrylic acid (250 ppm MEHQ, 99%),
methacryloyl chloride (250 ppm MEHQ, 97%), N,N-dimethylacrylamide (DMAm,
99%, 500 ppm MEHQ), 4-(dimethylamino) pyridine (DMAP) (=99%), 4,4’-azobis(4-
cyanovaleric acid) (ACVA, 98%), acetonitrile (MeCN, >99.9%), methyl iodide
(99%), ethyl iodide (99%), and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CPAD) were obtained from Sigma-Aldrich. 1-(3-dimethylaminopropyl)-3
ethylcarbodiimide hydrochloride (EDC-HCI, 98+%) was acquired from Acros-
Organics. 1,4-Dioxane (99%), ethyl acetate (EtOAc, >99%), hexane (Hex, >95%),
chloroform (CHCls, 99%) dichloromethane (CH2Cl2, 99%), and Na2SO4 anhydrous
(99+%, Extra Pure) were obtained from Fisher Scientific.lkg CP carbon dioxide-
cylinder and pure nitrogen was obtained from BOC. Spectrum Spectra/Por dialysis
tubing with either 1 kDa or 68 kDa MWCO was supplied by Fisher Scientific.
Deionized and 18.2 MQ-cm ultrapure water was obtained from a triple red alto

purification system and was used in all experiments unless stated otherwise.

3.5.2 Characterization techniques

NMR Spectroscopy. '"H-NMR and '3*C-NMR spectra were recorded at 400 MHz on a
Bruker DPX-400 spectrometer, using dimethylsulfoxide-ds (DMSO-ds) as the solvent.
Chemical shifts of protons are reported as o in parts per million (ppm) and are relative to

solvent residual peaks.
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High Resolution Mass Spectra (HR-MS). Were obtained by using Bruker UHR-Q-ToF

MaXis spectrometer with electrospray ionization.

Fluorescence Spectroscopy. All steady state emission and excitation were obtained
with an Edinburgh Instruments FS5 Spectrofluorometer in matched quartz 3.5 mL
cuvettes (Starna Cell, Type: 3/Q/10), and analyzed in Fluoracle (Edinburgh Instruments)
and Origin Pro 2022 (Origin Labs). All samples of the pH studies were prepared at

concentration of 0.3 mg/ml and different buffers solutions.

Fourier-Transform Infrared Spectroscopy. Fourier-Transform Infrared (FTIR)
spectroscopy was conducted using an Agilent Technologies Cary 630 FTIR spectrometer.
16 Scans from 600 to 4000 cm* were taken at a resolution of 4 cm™, and the spectra were

corrected for background absorbance.

Size Exclusion Chromatography. Molecular weight distributions were determined
using aqueous size exclusion chromatography (SEC) on an Agilent PL50 instrument
fitted with an Agilent PL aquagel-OH MIXED-M column (300 x 7.5 mm x 5 pym) and an
aquagel guard column. The mobile phase used was DMF containing 4.6 mM of NH4BF4,
at a flow rate of 1.0 mL min%, a column temperature of 40 °C and detection by refractive
index (R1). 80 pL of sample were injected for each measurement and eluted for 35 min.
Samples were prepared at a concentration of 1 mg mLand filtered using a 0.45 um nylon
filter prior to analysis. Calibration was conducted in the molecular weight range 100-
30000 Da using EasiVial polyethylene glycol (PEG) standards supplied by Agilent

Technologies.

UV-Vis Spectroscopy. UV-Vis spectroscopy was performed using a Thermo Scientific

Evolution 350 UV-Vis spectrophotometer equipped with a Xenon flash lamp light source
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and a dual-matched silicon photodiode detector. Quartz cells (360—2500 nm) from Hellma
with two polished sides were used for examining the transmittance spectral data by using
Thermo INSIGHT-2. All samples were prepared at concentration of 0.3 mg/ml and

different buffers solutions.

CO; bubbling experiments procedure. In a 50 mL round-bottom flask (RBF), an
aqueous solution containing 10 ppm of P(DMAm-co-DEAPYMA) polymer is prepared
by dissolving 0.4 mg of the polymer in 40 mL of deionized (DI) water. The flask is sealed
with a septum, and CO2 from a 1 kg cylinder (BC) is bubbled into the solution while
stirring continuously. This process is conducted at a pressure of 1 bar and a constant flow
rate of 50 cm3/min for a duration typically not exceeding 10 minutes. Samples are taken
at different time intervals and their fluorescence is measured in an Edinburgh Instruments

FS5 Spectrofluorometer.

Air exposure experiments procedure. A previously CO2-bubbled (10 min) 10 ppm
P(DMAm-co-DEAPYMA) solution is exposed to air while rigorous stirring for 1 hour.
Samples are taken at different time intervals, and their fluorescence is measured in an

Edinburgh Instruments FS5 Spectrofluorometer.

Sample preparation at different pHs Samples at various pH levels were prepared by first
preparing phosphate-buffered saline (PBS) solutions. The pH of each PBS solution was
then adjusted to the desired value using standardized 0.01 M NaOH and 0.01 M HCI
solutions. Adjustments were made incrementally while continuously monitoring the pH
to ensure precision. All samples were prepared under consistent conditions to maintain

reproducibility across experiments.

114



3.5.3  Synthetic methods
3.5.3.1  Synthetic routes for different pyrene monomers (PyMA, DMAPYMA and

DEAPYMA)

Br
O Sonogashira
Coupling
(1), —
O HO~, —

O Etl, KoCOs3, DMF NBS, CHCl, Sonogashira
4H, 120°C 16h RT Couplmg
E—
O HO-\
HaN N

R

R= Methyl (2) R= Methyl (4) R= Methyl (6) R= Methyl (DMAPYMA)
R= Ethyl (3) R= Ethyl (5) R= Ethyl (7) R= Ethyl (DEAPYMA)

(1). In a dry RBF, 1-bromopyrene (1.00 g, 3.6 mmol) was dissolved in THF (30 mL)
and EtsN (3.01 mL, 21.4 mmol) was added under inert atmosphere. Cul (27.0 mg) and
Pd[PhsP]2Cl2 (65.0 mg) were added, followed by 3-butyn-1-ol (0.4 mL, 5.3 mmol). The
reaction mixture was heated to reflux and stirred for 18 h.. TLC (hexane/ethyl acetate 1:1)
showed the disappearance of starting material. The crude was filtered through celite and
washed with CH2Cl.. The solvent was removed in vacuo and the residue was loaded on
silica gel (3.5 g) and was purified by column chromatography on previously deactivated
silica gel in hexane/ethyl acetate (100% hexane to 1:1) and Compound 1 was isolated as
a red solid (129 mg, 35%). *H NMR (400 MHz, chloroform-d) § 8.55 (d, J = 9.1 Hz, 1H),
8.21 (ddd, J = 8.9, 7.6, 1.1 Hz, 2H), 8.16 (d, J = 9.1 Hz, 1H), 8.10 (s, 2H), 8.08 — 8.00

(m, 3H), 3.99 (g, J = 6.2 Hz, 2H), 2.95 (t, J = 6.3 Hz, 2H), 1.96 (t, J = 6.3 Hz, 1H).

PyMA. Compound (1) (0.302 g. 1.12 mmol) was dissolved in 5 mL dry CH2Clz and

triethylamine (TEA, 0.191 mL, 1.34 mmol) was added to the solution at 0 °C. Then
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methacryloyl chloride (0.143 mL, 1.46 mmol) dissolved in dry CH2Cl2 (5 mL) was added
to the above mixture dropwise at 0 °C under argon. The mixture was allowed to reach
room temperature overnight. The crude solution was washed with dilute HCI aqueous
solution (3%) (3 x 10 mL) and brine (3 x 10 mL) separately to remove water-soluble side
products. The CH2Cl2 phase was dried over anhydrous magnesium sulphate. Then the
CH:Cl: solution was concentrated to 3 mL by rotary evaporation. The crude product was
chromatographed on a silica gel using petroleum ether/ethyl acetate (9:1, v/v) to afford
the pure PyMA as an orange/yellow solid (0.120 g, yield: 32%). 'H NMR (400 MHz,
Chloroform-d) 6 8.55 (d, J = 9.1 Hz, 1H), 8.20 (ddd, J =9.1, 7.6, 1.2 Hz, 2H), 8.13 (d, J
= 9.2 Hz, 1H), 8.11 — 8.06 (m, 3H), 8.05 — 8.00 (m, 2H), 6.26 (dq, J = 2.1, 1.0 Hz, 1H),
5.64 (p, J = 1.6 Hz, 1H), 4.52 (t, J = 6.8 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 2.03 (dd, J =
1.6, 1.0 Hz, 3H), 1.53 (s, 1H). 3C NMR (400 MHz, chloroform-d) & 167.43, 136.35,
132.14, 131.38, 131.20, 131.11, 129.74, 128.27, 128.09, 127.36, 126.31, 126.11, 125.67,
125.60, 125.58, 124.58, 124.57, 124.46, 118.16, 91.44, 81.22, 62.90, 20.64, 18.51, 1.17.

TOF MS (ES+) m/z [M]: 339.138, calculated 339.138.

(2). Triethylamine (4.2 ml, 32 mmol) was added to a mixture of 1-aminopyrene (3.0 g,
13.8 mmol) and K2COs (4.19 g, 30 mmol) previously dissolved in DMF (30 mL) under
Ar atmosphere. To this stirring solution, methyl iodide (4.3 ml, 69 mmol) was added
dropwise. The reaction mixture was heated at 120 °C for 4 h. The reaction was followed
by TLC. After 4 h, TLC analysis showed the completion of the reaction; therefore, it was
allowed to cool down to room temperature, and the reaction mixture was evaporated to
dryness under reduced pressure. The residue was dissolved in CH2Cl2 and washed twice
with saturated aq. NaHCOs. The combined ag. phase was extracted with ethyl acetate.
The combined organic phase was dried with Na2SO4 and evaporated to dryness. The

residue was loaded on silica gel (5 g) and purified by column chromatography in
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hexane/ethyl acetate (99:1 to 9:1) yielding (2) as a yellow solid (2.01 g, 60%). *H NMR
(400 MHz, DMSO-ds): 6 (ppm)8.38 (d, J = 9.2 Hz, 1H), 8.20 (td, J = 8.7, 2.3 Hz, 3H),
8.14 (d, J =9.2 Hz, 1H), 8.05 (t, J = 9.3 Hz, 1H), 8.00 (dd, J = 8.3, 4.3 Hz, 2H), 7.82 (d,

J=8.3Hz, 1H), 2.99 (s, 6H).

(4). Previously recrystallized 1-bromo-2,5-pyrrolidinedione (NBS) (1.67 g, 9.4 mmol)
was added slowly under stirring to a solution of 2 (2.012 g, 8.1 mmol) in CHClI3 (29 mL)
and stirred overnight at rt. After full conversion, which was followed by TLC
(hexane/CH2Cl2 3:1) the mixture was diluted with CH2Cl2 (30 mL) and washed with water
and brine, then dried with Na2SOa4. After removing the solvent, the residue was loaded on
silica gel (5 g) and purified by column chromatography on silica gel in hexane/CH2Cl2
(19:1 to 9:1) to obtain product 4 (460 mg, 20%) as brown oil. *H NMR (400 MHz,
CDCls): & (ppm) 8.55 (d, J = 9.5 Hz, 1H), 8.40 (d, J = 9.5 Hz, 1H), 8.18 (d, J = 8.2 Hz,
1H), 8.13 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H), 7.86 (d,

J=8.9Hz, 1H), 7.76 (d, J = 8.3 Hz, 1H), 3.07 (s, 6H).

(6). In a dry RBF, and with the previous vacuum/nitrogen cycles done. 6-bromo-N,N-
dimethylpyren-1-amine (4) (0.46 g, 1.4 mmol) was dissolved in THF (13 mL) and EtsN
(1.2 mL, 8.3 mmol) was added under inert atmosphere. Cul (54 mg) and Pd[PhsP].Cl2
(36 mg) were added, followed by 3-butyn-1-ol (0.2 mL, 2.1 mmol). The reaction mixture
was heated to reflux and stirred for 18 h. The reaction mixture was heated to reflux and
stirred for 24 h. TLC (hexane/ethyl acetate 1:1) showed the disappearance of starting
material. The crude was filtered through celite and washed with CH2Cl.. The solvent was
removed in vacuo and the residue was loaded on silica gel (2.5 g) and was purified by
column chromatography on previously deactivated silica gel with TEA, in hexane/ethyl

acetate (100% hexane to 1:1) and Compound 6 was isolated as a yellow/orange viscous
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oil (195 mg, 44%). *H NMR (400 MHz, CDCl3): & (ppm) 8.52 (s, 2H), 8.11 (d, J = 8.3
Hz, 1H), 8.04 (d, J = 7.9 Hz, 1H), 8.01 — 7.95 (m, 2H), 7.87 (d, J = 8.9 Hz, 1H), 7.74 (d,

J=8.3Hz, 1H), 3.99 (t, J = 6.2 Hz, 2H), 3.07 (s, 6H), 2.95 (t, J = 6.2 Hz, 2H).

DMAPyYMA. A solution of EDC-HCI (0.17 g, 0.9 mmol) in dry CH2Cl2 (10 mL) was
added dropwise into a mixture of (6) (0.19 g, 0.6 mmol), DMAP (7 mg, 10 mol %), EtsN
(164 pL, 1.2 mmol) and methacrylic acid (500 pL, 0.6 mmol) in dry CH2Cl2 (15 mL) at
0 °C. The reaction was allowed to reach room temperature for 24 h. The crude was then
diluted with CH2Cl> (50 mL), washed with brine (60 mL x 3), and dried over Na2SO4
anhydrous. The reaction mixture was concentrated under vacuum and the residue was
loaded on silica gel (2 g) and was purified by column chromatography on previously
deactivated silica gel in hexane/ethyl acetate (from 100% hexane to 5:1) as eluent to
obtain compound DMAPYMA (101 mg, 45%). *H NMR (400 MHz, CDCl3): & (ppm)
8.50 (d, J = 2.6 Hz, 2H), 8.10 (d, J = 8.3 Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 8.01 — 7.95
(m, 2H), 7.87 (d, J = 8.9 Hz, 1H), 7.74 (d, J = 8.2 Hz, 1H), 6.26 (dq, J = 1.9, 1.0 Hz, 1H),
5.64 (p, J = 1.6 Hz, 1H), 4.51 (t, J = 6.8 Hz, 2H), 3.07 (s, 6H), 3.04 (d, J = 6.8 Hz, 2H),
2.03 (dd, J = 1.6, 1.0 Hz, 3H). *C NMR (400 MHz, CDCI3) & 167.45, 149.65, 136.36,
132.38, 131.72, 129.81, 128.09, 127.08, 126.10, 126.00, 125.87, 125.39, 125.18, 124.50,
124.44, 124.31, 123.96, 117.26, 116.75, 91.06, 81.41, 62.97, 45.78, 20.65, 18.53, 1.17.

TOF MS (ES+) m/z [M]: 381.170, calculated 381.480.

(3). Triethylamine (2.7 mL, 19.2 mmol) was added to a mixture of 1-aminopyrene (1.90
g, 8.7 mmol) and K2COs (2.66 g, 19.2 mmol) previously dissolved in DMF (18 ml) under
an argon atmosphere. To this stirring solution, ethyl iodide (3.20 mL, 43.7 mmol) was
added dropwise. The reaction mixture was heated at 120 °C for 4 h. The reaction was

followed by TLC. After 4 h, TLC analysis showed the completion of the reaction;
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therefore, it was allowed to cool down to room temperature, and the reaction mixture was
evaporated to dryness under reduced pressure. The residue was dissolved in CH2Cl2 and
washed twice with saturated ag. NaHCOs. The combined ag. phase was extracted with
ethyl acetate. The combined organic phase was dried with Na2SO4 and evaporated to
dryness. The residue was loaded on silica gel (5 g) and purified by column
chromatography in hexane/ethyl acetate (99:1 to 9:1) yielding 3 as a yellow solid (1.18 g,
50%). 'H NMR (400 MHz, CDCls): & (ppm) 8.57 (d, J = 9.2 Hz, 1H), 8.16 — 8.08 (m,
3H), 8.05 (d, J = 9.3 Hz, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.98 — 7.93 (m, 2H), 7.81 (d, J =

8.2 Hz, 1H), 3.35(q, J = 7.1 Hz, 4H), 1.08 (t, J = 7.1 Hz, 6H).

(5). Previously recrystallized 1-bromo-2,5-pyrrolidinedione (NBS) (1.16 g, 6.5 mmol)
was added slowly under stirring to a solution of 3 (1.18 g, 4.3 mmol) in CHCI3z (15 mL)
and stirred overnight at rt. After full conversion, which was followed by TLC
(hexane/CH2Cl2 3:1) the mixture was diluted with 30 mL of CH2Cl2 and washed with
water and brine, dried with Na2SO4. After removing the solvent, the residue was loaded
on silica gel (4 g) and purified by column chromatography on silica gel in hexane/CH2Cl2
(19:1t0 9:1) to obtain product 5 (143 mg, 10%) as brown oil in yield. *H NMR (400 MHz,
CDCls): & (ppm) 8.67 (d, J = 9.5 Hz, 1H), 8.40 (d, J = 9.5 Hz, 1H), 8.19 (d, J = 8.2 Hz,
1H), 8.15 (d, J = 8.2 Hz, 1H), 8.02 (d, J = 8.9 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.91 (d,
J =8.9 Hz, 1H), 7.83 (d, J = 8.2 Hz, 1H), 3.36 (g, J = 7.1 Hz, 4H), 1.09 (t, J = 7.1 Hz,

6H).

DEAPYMA. In a dry RBF, and with the previous vacuum/nitrogen cycles done. 6-
bromo-N,N-diethylpyren-1-amine (5) (130 mg, 0.4 mmol) was dissolved in THF (4 mL)
and EtsN (330 pL, 2.4 mmol) was added under argon atmosphere. Cul (3 mg) and

Pd[PhsP]2Cl2 (7 mg) were added, followed by 3-butyn-1-ol (45 pL, 0.6 mmol). The
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reaction mixture was heated to reflux and stirred for 24 h. TLC (hexane/ethyl acetate 1:1)
showed the disappearance of starting material. The crude was filtered through celite and
washed with CH2Cl.. The solvent was removed in vacuo and the residue was loaded on
silica gel (2.5 g) and was purified by column chromatography on previously deactivated
silica gel in hexane/ethyl acetate (100% hexane to 1:1) and Compound DEAPYMA was
isolated as a yellow/orange viscous oil (117 mg, 90%). *H NMR (400 MHz, CDCls): &
(ppm) 8.64 (d, J = 9.4 Hz, 1H), 8.50 (d, J = 9.4 Hz, 1H), 8.12 (d, J = 8.2 Hz, 1H), 8.05
(d, J=8.0 Hz, 1H), 8.01 (d, J = 2.6 Hz, 1H), 7.99 (d, J = 3.5 Hz, 1H), 7.91 (d, J = 8.9 Hz,
1H), 7.81 (d, J = 8.2 Hz, 1H), 3.99 (q, J = 6.3 Hz, 2H), 3.36 (q, J = 7.1 Hz, 4H), 2.96 (d,
J=6.2 Hz, 2H), 1.09 (t, J = 7.1 Hz, 6H). 3C NMR (400 MHz, CDCl3) & 146.97, 136.36,
129.69, 128.03, 126.11, 125.78, 125.63, 124.79, 124.52, 123.97, 120.45, 62.99, 48.88,

20.65, 18.52, 12.85. TOF MS (ES+) m/z [M]: 410.212, calculated 410.212.

3.5.3.2  Synthesis of poly(N,N'-dimethylacrylamide-co-diethylaminopyrene methacr

ylate) P(DMAm-co-DEAPYMA)

0O

HO S« S OH
NC “ 96 075 \/\rr
| o0 ~O S (0]
OH
100 ~ CN S
N O
| 1,4-Dioxane ‘O
N 80°C, N, 16h

N. P(DMAm-co-DEAPYMA)
n

DMAmM DEAPYMA

N,N’-Dimethylacrylamide (DMAmM) monomer (65 mg, 0.65 mmol, 100 equiv), 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic  acid chain-transfer agent
(CTA) (2.0 mg, 65 pmol, 1 equiv), 4-(6-(diethylamino)pyren-1-yl)but-3-yn-1-yl
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methacrylate (2.66 mg, 065 umol, 1 equiv) and 4,4'-azobis(4- cyanovaleric acid) (ACVA)
radical initiator (1.0 mg, 06 pumol, 0.1 equiv) were dissolved in 1,4-dioxane (3 mL). After
transferring the solution to an ampoule equipped with a magnetic stir bar, the solution
was deoxygenated by purging with Nz(g) for 30 min under rapid stirring. The
polymerization reaction was initiated upon immersion of the ampoule in an oil bath heated
at 80 °C, and the polymerization mixture was stirred at this temperature for 16 h to ensure
full monomer conversion. The polymerization reaction was then terminated upon cooling
and exposing the polymerization mixture to air. The resulting P(DMAmMgs-co-
DEAPyMAuo.75) polymer was purified by extensive dialysis against deionized water
(MWCO = 1 kDa) and was recovered as a yellow solid by freeze drying (60 mg). The
resulting polymer was then characterized by *H-NMR spectroscopy and aqueous SEC
analysis.'"H NMR (400 MHz, CDCl3) conv ~96%, Mnnmr = 10.1 kDa. SEC (CHCla)

Mnsec=16.2 kDa , Psec = 1.4
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3.5.4 Characterization
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Spectrum S1. '"H NMR spectrum of PyMA in CDCl3
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Spectrum S2. 3C NMR spectrum of PyMA in CDCl3
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Spectrum S4. HSQC 2D spectrum of PyMA in CDCl3
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Spectrum S6. 'H NMR spectrum of DMAPyMA in CDCl3
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Spectrum S7. *C NMR spectrum of DMAPyMA in CDCl3
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Spectrum S8. COSY 2D NMR spectrum of DMAPyMA in CDCls
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Spectrum S9. HSQC 2D NMR spectrum of DMAPyMA in CDCl3
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In this study, we developed a stable and minimally disruptive delivery method for the
previously synthesized DEAPyMA dye, aimed at potential sensing applications. The goal
was to maintain fluorescence properties comparable to the linear polymer P(DMAmoo-
co-DEAPyMAI) to ensure robustness and reproducibility. We incorporated a pH-
responsive pyrene monomer into two pH-responsive systems: a cross-linked hydrogel
P(DMAm-co-DEAPyMA-co-EGDMA) and spherical micelles PGMA3s-b-P(HPMAso-
co-DEAPyMAo.1). Our primary focus was on evaluating the pH-responsiveness and CO2
sensitivity of the DEAPyMA dye within these environments. Continuous spectroscopic
assessments during CO2 exposure revealed that both systems exhibited distinct yet
promising responsiveness, indicating their potential in gas sensing applications. The dye

in hydrogels responded well to pH, CO2, and air in a semi-dry state, while the nanoparticle
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system showed a slower CO2 response, and a faster air response compared to the linear

polymer system.

4.2 Introduction

As detailed in Chapter 3, we successfully synthesized the pyrene-derived monomer
DEAPyMA, which showed notable fluorescence changes in response to pH and CO:2
variations when incorporated into a water-soluble polymer. Building on this achievement,
our next goal was to develop a durable and stable polymer system for CO2 monitoring.
An ideal approach involves creating a hybrid system that combines polymer and
molecular elements. This system would feature a CO:z-responsive dye molecule that
changes its fluorescence directly in response to fluctuations in COz2 levels. By embedding
this system within a polymer-based delivery platform, its practical use and effectiveness

in aqueous environments could be significantly enhanced.

The desired characteristics for this system include reversibility, reusability, rapid
response, low detection limit, and the ability to activate in the presence of CO:2 in water
and deactivate upon CO2 removal. This chapter focuses on designing effective CO2
sensing methods using spherical nanoparticles and crosslinked hydrogels, both of which
incorporate a fluorescent pH-sensitive dye. The research aims to explore the efficiency

and performance of these materials under constant CO2 pressure conditions.

Hydrogels, known for their soft and hydrated nature, consist of 3D cross-linked networks
that can hold up to 90% water. They have recently garnered interest in analytical sensing
systems capable of detecting variables such as pressure, temperature, ionic strength,
organic compounds, biomolecules, and humidity.' Hydrogel-based composed of
functional polymers, particularly stimuli-responsive types, can undergo specific optical,*

chemical,’ colorimetric,®® fluorescence’ and mechanical changes in response to external
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physical and chemical stimuli. pH-sensitive gels exhibit swelling, or shrinkage based on
the surrounding pH.!” These gels contain ionizable groups that either donate or accept
protons depending on the pH, leading to a consistent electrical charge (either negative or
positive) within the gel." !! The resulting electrostatic repulsion among these charges
facilitates water entry into the gel, causing it to swell. In hydrogels containing basic
groups, low pH conditions lead to protonation, generating positive charges that repel each
other, promoting water diffusion and resulting in the gel's swelling. These features make

them interesting for pH sensing induced by COz in a semi-aqueous environment.

Additionally, COz-responsive nano-objects have been the subject of extensive research
due to their ability to utilize CO> as a trigger,'*!” distinguishing them from polymers that
respond to heat, pH, or light. The removal of CO2 by purging with an inert gas like
nitrogen enables the reversible activation of these polymers without generating harmful
byproducts. However, a significant challenge in these systems has been the limited
change in visual fluorescence. Moreover, polymer films can be made by spreading a
water-based dispersion of these nano-objects onto a substrate, and then evaporating water

until the particles come into contact and fuse together to deliver the nanoparticles.'®

In this study, we report on two distinct polymeric systems: a DMAm-based hydrogel
P(DMAm-co-DEAPyMA-co-EGDMA) and HPMA-based spherical nanoparticles
PGMA-b-P(HPMA-DEAPyMA), both incorporating varying amounts of the fluorescent
pH-responsive dye DEAPyMA- and displaying different interesting responses to pH

changes in different states.
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4.3 Results and discussion

4.3.1 pH/CO: responsiveness of P(DMAmM-co-DEAPYMA-co-EGDMA) hydrogels

To develop stable hydrogels with DEAPyMA, we initiated this investigation by focusing
on a system like the one described in Chapter 3, based on PDMAm. This approach
allowed us to compare the behavior of the dye in two analogous systems and observe any
differences in their response. To accomplish this, we copolymerized DMAm with 1% of
the previously synthesized DEAPYMA and 1% EGDMA as a crosslinker in aqueous
media, maintaining the reaction at 80°C for 16 hours (Figure 4.1).The resulting 20 wt%
hydrogel was too viscous, making it difficult to handle and unsuitable for property studies.
Therefore, we reduced the solid content from 20% to 10%, which yielded a more stable
and less viscous hydrogel that was easier to characterize. The obtained hydrogel was
extensively dialysis in a 6-8 kDa membrane in water/THF (1:1) to remove any residue of

unreacted monomer and was then freeze dried to obtain dry gels.

Scheme 4.1. Synthesis of P(DMAmioo-co-DEAPyMAI-co-EGDMA1) 10 wt%

crosslinked hydrogels via free-radical polymerization with 1 eq of DEAPYMA.
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After obtaining the crosslinked system, we encountered that its lack of solubility in

different solvents limited its characterization. Therefore, we began by measuring its FTIR
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spectrum (Figure 4.1), where we identified the characteristic peaks of the C=0 groups
and the acrylate groups of DMAm at 1610 cm™. Additionally, we observed OH peaks at

3500 cm™, likely due to water absorption, reflecting the gel's high hygroscopic nature.
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Figure 4.1. FTIR of freeze-dried hydrogels P(DMAmioo-co-DEAPyMA 1-co-EGDMA).

To investigate the pH-responsiveness of these hydrogels, we wanted to observe any
fluctuations in both visual and quantitative fluorescence. A fixed mass of dry hydrogel
(0.1 g) was weighed and placed in a vial containing 3 mL of PBS-based pH buffer solution
at pH levels of 7, 6, 5, 4, and 2. The hydrogel was incubated for 5 hours in the respective
pH solution, after which its solid-state (SS) fluorescence was measured. The results
exhibited a trend similar to that observed in the linear polymer described in Chapter 3.
Specifically, the fluorescence peak at 385-400 nm, corresponding to the unimer
(protonated pyrene), increased in intensity, while the peaks at 500-550 nm, representing
the excimer form (non-protonated pyrene), decreased in intensity. Consequently, the I490

nm/[385 nm ratio decreased as the pH lowered (figure 4.2b), resulting in a "turn off" of the
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visual fluorescence of the system from pH 7 to pH 2, as illustrated in Figures 4.2¢ and
4.2d. This study confirmed that the DEAPyMA moiety retains its pH responsiveness
within the crosslinked system, as well as the drastic change in visual fluorescence, in an

analogous manner as we could observed for the linear polymer in the previous chapter.
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Figure 4.2. (a) Solid state emission spectrum of cross-linked P(DMAmioo-co-
DEAPyMA -co-EGDMA) COz-responsive fluorescent hydrogels at pH 7, 6, 5 and 4. (b)
Graphic representing change in intensity ratio l49onm/I3ssnm as effect of the pH for
P(DMAmioo-co-DEAPYMA-co-EGDMA). Concentration 0.1 g of freeze-dried/3 mL
PBS buffer solution. Aexe= 350 nm. (c) Picture of vials with incubated hydrogels in buffers
at pH 7 and 2 under UV lamp. (d) Picture of hydrogels after incubation in pH 7 and 2

buffers for 5 h under UV lamp.

Given the similarity in pH-responsiveness of the hydrogels to the results observed in
Chapter 3, we proceeded to investigate the CO2 responsiveness of this hydrogel system.
A known hydrogel mass was incubated at pH 7 in a sealed vial. The solution was bubbled

with COz at a constant flow rate of 50 cm?*/min and a pressure of 1 bar for 30 minutes.
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Subsequently, the SS fluorescence of the system was measured, revealing an increase in
intensity in the unimer emission region (380-400 nm) (figure 4.3a). Notably, the visual
fluorescence of the system was completely quenched after CO2 exposure, as shown in
figure 4.3b. We hypothesize that this response is due to the higher permeability of CO2
into the hydrogel system,! attributable to its higher porosity promoting water and CO2

diffusion and resulting in the gel's swelling!® compared to the previously studied linear

polymer.
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Figure 4.3. (a) Solid state emission spectrum of cross-linked P(DMAmioo-co-
DEAPyMA -co-EGDMA) hydrogel at pH 7 and after 30 min of COz bubbling. Aexc=350

nm.

Encouraged by the promising results, we proceeded to examine the reversibility of the
hydrogel system. First, 0.1 g of hydrogel was introduced into 10 mL of DI water at pH 7.
The solid-state (SS) fluorescence was measured and taken as reference. CO2 was bubbled
into the solution for 30 minutes, after which the SS fluorescence was measured again.

The previous hydrogel was then exposed to air for 1 hour. The emission was quantified,
and this process was repeated three times to assess reversibility (figure 4.4a). The

fluorescence intensity ratio (I490 nm/I385 nm) decreased when CO2 was bubbled through the
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solution and increased when the system was subsequently exposed to air, indicating the
removal of COz. This reversible behavior was observed over three cycles, as shown in
figure 4.4b. Nevertheless, as the SS fluorescence depends on the amount of sample, there

were some fluctuations on the values of fluorescence emission.
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Figure 4.4. (a) Solid state emission spectrum of cross-linked P(DMAmioo-co-
DEAPyMA -co-EGDMA1) COz-responsive fluorescent hydrogels after several CO2/air
cycles in solution (b) Graphic representing change in intensity ratio l49onm/I385nm after
several COgz/air cycles in solution for P(DMAmioo-co-DEAPYMAI-co-EGDMA)).

Concentration 0.1 g of freeze-dried/3 mL PBS buffer solution. Aexc= 350 nm.

For COz to dissolve and dissociate, thereby generating protons and reacting with the
amines present in DEAPyMA, the reaction needed to take place in a wet/aqueous state.
Therefore, as the main purpose of this PhD was to develop responsive polymers for
detection in pipelines, we wanted to simulate a pipeline. For that, we used a glass pipette,
sealed with a septum, and connected to the CO2 cylinder with tubing. We then introduced
the previously hydrated at pH 7 hydrogel into the system (scheme 4.2), and we flowed
CO: for 1 hour at a constant flow rate of 50 cm®/min. We measured its visual changes
(figure 4.5a), and we observed a drastic change in fluorescence in comparison to the

reference sample at pH 7 (figure 4.5b). This demonstrated that this system could be also
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applied in a semi-dried state and did not need to be submerged in a solution to be
responsive, amplifying the range of applicability.
Scheme 4.2. Schematic representation of pipeline simulation experiment with CO2. 0.1g

of dye hydrogel, previously hydrated in DI water at pH 7 for 30 min.
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Figure 4.5. (a) Cross-linked P(DMAmioo-co-DEAPyMA-co-EGDMA) hydrogels in
glass pipette, before and after being exposed to CO2 under visible light (left) and under
UV light (right). (b) SS fluorescence of cross-linked P(DMAmioo-co-DEAPYMA i-co-

EGDMA) hydrogels after pipeline simulation experiment. Aexc= 350 nm.
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Finally, we aimed to investigate additional physical properties of the hydrogel, such as
swelling behavior, rheological test and porosity using SEM, to better understand the

mechanisms behind its excellent responsiveness.

For the swelling test, the hydrogel was monitored over the course of one week. The results
showed a swelling ratio increase of approximately 70% relative to the original dry mass
as it can be seen in figure 4.6, indicating a high swelling capacity in aqueous
environments. This high swelling capacity is advantageous for CO: solution and

subsequent reaction within the hydrogel matrix.
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Figure 4.6. Swelling test of cross-linked P(DMAmioo-co-DEAPyMA-co-EGDMA )

hydrogel.
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Figure 4.7. Rheological test of hydrated cross-linked P(DMAmioo-co-DEAPyMA-co-

EGDMA) hydrogel at 5°C.

The rheological analysis shows the storage modulus (G') higher than the loss modulus
(G") across the range of shear rates. It indicates that hydrogel has a predominantly elastic
nature. The material exhibits shear-thinning behavior: the hydrogel can maintain its
structure under low stress but becomes less viscous and flow more easily under high
stress. This means, these hydrogels could be applied as coating for CO2 sensing as they
are shear-thinning materials.

The hydrogel system demonstrated to have promised for COz sensing. It performed not
only a remarkable response to CO2 but also a high swelling ratio and interesting
rheological properties for their potential applicability as CO: sensors in pressurized

systems.
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4.3.2 pH/CO, responsiveness of PGMA-b-P(HPMA-DEAPYMA) spherical

nanoparticles.

Scheme 4.3. PGMA3s macro-CTA 2-step synthesis starting from glycidyl methacrylate.
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From the previous system, we observed how the structural properties of the hydrogel
could affect CO2 permeation and, as consequence, the fluorescence response of the dye.
For the nanoparticle system we wanted to observe how the hydrophobicity of the core
would affect its performance. We started this investigation by finding a well-known
water-dispersible spherical nanoparticle scaffold that could be used as a potential delivery
method for our previously synthesized dye DEAPyMA. For that we chose to be used, a
similar system based on one previously reported by Armes and coworkers.,?’ synthesized
by RAFT aqueous dispersion polymerization. Subsequently, a well-defined poly(glycerol
methacrylate)ss (PGMAs3s) macro-CTA was synthesized by RAFT polymerization in
ethanol at 70°C for 2 h. (DMF GPC, Mn = 11,800 g mol ™!, Mw/Mn = 1.27; vs poly(methyl
methacrylate) calibration standards) of glycerol methacrylate (GMA) and 2-Cyano-2-

propyl benzodithioate (CPBD) as RAFT agent.
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Figure 4.8. Normalized SEC RI molecular weight distribution for PGMA3s macro-CTA,

along with corresponding Mn and D values calculated based on PEG standards using DMF

containing 4.6 mM of NH4BF4 as the eluent.

To obtain spherical nano-objects we first synthesized a reference system by chain-

extension of the previously synthesized PGMA3s with 2-hydroxypropyl methacrylate

(HPMA) via RAFT dispersion polymerization in a H2O/EtOH (1:1) dual solvent system.

The use of this dual solvent system was necessary due to the highly hydrophobic nature

of the DEAPyMA dye.
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Figure 4.9. (a) Normalized SEC RI molecular weight distributions for PGMAas-b-
PHPMAso reference nanoparticles and macroCTA, along with corresponding Ma and B
values calculated based on PEG standards. (b) Normalized DLS particle size distribution
of reference nanoparticles in water with corresponding correlogram. (c) Dry-state TEM
image of nanoparticles at pH 7, stained with uranyl acetate. (d) Corresponding histogram

showing size distribution of nanoparticles.

PGMAss-b-PHPMAso spherical nanoparticles were obtained and the resulting polymer
had a molecular weight (Mn) of 20,600 g/mol and a narrow molecular weight distribution
(Mw/Mn = 1.17) (figure 4.9a), according to DMF GPC analysis using poly(methyl
methacrylate) standards. The reaction achieved a high monomer conversion rate of over

98%, as indicated by the disappearance of vinyl proton signals at 5.6 and 6.2 ppm in the
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"H NMR spectrum (see figure 4.10). Dynamic Light Scattering (DLS) studies showed
that the average hydrodynamic diameter of the PGMA35-b-PHPMAs0 copolymer nano-
objects was approximately 30nm (see figure 4.9b). Additionally, dry TEM analysis
confirmed the formation of well-defined spherical nanoparticles as it can be observed in
figures of size average size 27 nm (4.9c and d).

Scheme 4.4. Synthetic scheme of synthesis of both reference and fluorescence pH-

responsive nanoparticles via RAFT-PISA polymerization in H2O/EtOH (1:1)
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After synthesizing the reference nanoparticles, our goal was to incorporate the
DEAPyMA dye into the hydrophobic core to compare its reactivity with CO2 to
previously developed systems. For that, we used the same synthetic method as for the
reference particles, but copolymerizing DEAPyMA with HPMA in the second step on a
ratio 50/1 (HPMA/DEAPyMA). However, during the first polymerization attempt, the
hydrophobic nature of DEAPyMA disrupted the process, leading to gelation. To resolve
this issue, we reduced the HPMA/DEAPyMA ratio to 50/0.1. This adjustment was
feasible due to the high sensitivity of the DEAPYMA moiety, around the ppb range, as

discussed in Chapter 3 for P(DMAmioo-co-DEAPyMA).
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We successfully obtained the self-assembled system PGMA3s-b-P(HPMASso-co-
DEAPyMAo.1) at 5 wt.% solids via RAFT-PISA polymerization, this time without

gelation process occurring as it can be seen in figure 4.11d.
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Figure 4.10. '"H NMR spectra of synthesis of PGMA3s-b-P(HPMAs0-co-DEAPyMAG.1)

via RAFT-PISA polymerization at time 0 h and time 24 h. Solvent DMSO-ds.

The obtention of the polymer was confirmed by '"H NMR spectroscopy, which showed
over 95% conversion (figure 4.10), and size exclusion chromatography, which indicated
the resulting polymer had a molecular weight (Mxa) of 24,900 g/mol and a narrow
molecular weight distribution (Mw/Mn = 1.12) as it is shown in figure 4.11a. The
nanoparticles were dispersed in water and DLS analysis revealed one single distribution
in intensity, number, and volume with an average particles size of 61 nm (figure 4.11b),
almost double the size of the reference nanoparticles. Dry-state TEM confirmed that the
spherical morphology was maintained (figure 4.11c). We attributed this increase in size
to the incorporation of the voluminous DEAPyMA molecule into the core and the overall
increased of the hydrophobicity which expanded the core and, consequently, the average
size of the nanoparticles.
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Figure 4.11. (a) Normalized SEC RI (black trace) molecular weight distributions for
PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) nanoparticles, along with corresponding Mn
and D values calculated based on PEG standards. (b) Normalized DLS graphic of
PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) nanoparticles in water with corresponding
correlogram. (c) Dry-state TEM image of PGMA3s-b-P(HPMAso-co-DEAPyMAo.1)
nanoparticles at pH 7, stained with uranyl acetate. (d) Picture of Schlenk flask containing

PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) after 24 h of polymerization.

Once we obtained the spherical nanoparticles, the next step was to study their optical
properties and how these properties changed with variations in pH or CO2 concentration
in the solution, just as we did with the previous systems. This time, we aimed to compare
the responses of this nanoparticle system with the results obtained for the linear polymer
P(DMAmy-co-DEAPyMAI). Despite the differences in composition between these
systems, we wanted to observe the behaviour of the pyrene monomer in two different
environments. We studied the fluorescence emission of the self-assembled system across

a pH range of 7 to 2 at a concentration of 0.1 mg/mL. DEAPyMA exhibited a more
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distinct response in the nanoparticles compared to the linear system (figure 4.12a vs
4.12c¢); specifically, each emissive peak changed gradually. The intensity ratio I490/I1385
trend observed was consistent with previous systems: as the pH became more acidic, the
intensity of the unimer peak at 385 nm increased, while the peak at 490 nm decreased.

This is, the ratio I490/I1385 increased as the pH increased (figure 4.12b vs 4.12d)
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Figure 4.12. (a) Fluorescence spectrum of PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) at
pHs 7, 6, 5, 4.5, 4, 3.5, 3 and 2. (b) Graph representing change in intensity ratio
L1oonm/I38snm  as effect of the pH for PGMA3s-b-P(HPMAso-co-DEAPyMA..1).
Concentration of 0.1 mg/mL of nanoparticles. Aexe= 350 nm. (c¢) Fluorescence spectrum
of P(DMAmys-co-DEAPyMAI) at pHs 7, 6, 5, 4.5, 4, 3.5, 3 and 2. (d) Graph representing
change in intensity ratio l49onm/I385nm as effect of the pH for P(DMAmg9-co-DEAPYMA).

Concentration of linear polymer 0.1 mg/mL. Aexc= 350 nm.
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To assess the CO:z responsiveness of the particles, we first evaluated a 0.1 mg/mL solution
of the nanoparticles in water at pH 7, using a CO:z flow rate of 50 cm?*/min for 5 minutes,
consistent with our previous experiments on the linear polymer. As shown in figure 4.13a,
the intensities of both unimer and excimer peaks change gradually with increasing CO2
exposure time. The change in intensity for the peak at 490nm was less anticipated,
resulting in no visible change in fluorescence despite a notable change in the intensity
ratio l490/l1385 (figure 4.13b). For a better understanding of the system's behavior, we
extended the kinetics time to 1 hour. The fluorescence intensity measured over this period
revealed a decrease in the 490 nm peak intensity, similar to what we observed for the
linear polymer (figures 4.13c and 4.13e). Figures 4.13d and 4.13f indicate that a higher
volume of CO2 was required to 'turn off' the fluorescence of the nanoparticles compared
to the linear polymer. Specifically, while the linear polymer required approximately 50
cm? of COz, the nanoparticles required 1000 cm? to achieve fluorescence quenching, The
lowest l490/I1385 ratio achieved for the nanoparticles was 0.28, compared to 0.05 for the

linear polymer.
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Figure 4.13. (a) CO2 kinetics fluorescence spectrum of PGMAs3s-b-P(HPMAso-co-
DEAPyMAy.1) (4 minutes kinetics). (b) Graph representing change in intensity ratio
L490nm/I385nm as effect of CO2 volume for PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) (4
minutes kinetics). Concentration of 0.1 mg/mL of nanoparticles. Aexe= 350 nm. (c) CO2
kinetics fluorescence spectrum of PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) (60 minutes
kinetics). (d) Graph representing change in intensity ratio I49onm/I38snm as effect of CO2
PGMA3s-b-P(HPMAso-co-DEAPyMAo.1) (60 minutes  kinetics).
Concentration of 0.1 mg/mL of nanoparticles. Aexe= 350 nm. (e) CO: kinetics fluorescence

spectrum of P(DMAmos-co-DEAPyMA). (f) Graphic representing change in intensity
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ratio l49onm/I3ssnm as effect of the CO2 volume P(DMAmoyo-co-DEAPYMA)).

Concentration of linear polymer 0.1 mg/mL. Aexe= 350 nm.

To evaluate the air kinetics, a previously CO2 bubbled sample was exposed to
atmospheric air while stirring at 1000 rpm for 1 h. this resulted in a recovery of the 'ON'
state, the unimer peak in this case was decreasing in intensity while the excimer peak was
increasing simultaneously (figure 4.14a), as effect of the removal of CO: from the system
and increase of the pH from 4.3 to 7. In the case of the nanoparticles the I490/I1385 ratio
gradually increased and the 'ON' process was a much faster process than expected, just
after 1 minute of exposure (figure 4.14b), while it took around 25 minutes in the linear

polymer to recover the same state of visual fluorescence. (figure 4.14c and 4.14d).
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Figure 4.14. (a) Air kinetics fluorescence spectrum of PGMA3s-b-P(HPMAso-co-
DEAPyMAo.1) (50 minutes kinetics). (b) Graph representing change in intensity ratio

L490nm/I385nm as effect of air exposure time for PGMA3s-b-P(HPMAso-co-DEAPyMAo.1)
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(50 minutes kinetics). Concentration of 0.1 mg/mL of nanoparticles. Aexe= 350 nm. (c)
Air kinetics fluorescence spectrum of P(DMAmg-co-DEAPYMA). (d) Graph
representing change in intensity ratio l4oonm/I3gsnm as effect of air exposure time

P(DMAmg9-co-DEAPYMA ). Concentration of linear polymer 0.1 mg/mL. Aexc= 350 nm.

We hypothesized that the process occurs much faster in the self-assembled system due to
the hydrophobic core of the particles. Since the pyrene moiety is located within this core,
it is more challenging for CO2 and water to permeate, necessitating a longer exposure to
COzto protonate the pyrene moieties and disrupt the excimer state. Conversely, when the
system is exposed to air, the process is rapid for the same reason. The hydrophobic core
resists interaction with hydrophilic compounds, so as soon as air exposure begins, the

COz2 dissolved in the core quickly escapes, this is the excimer state is recovered.
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Figure 4.15. (a) Graph representing change in intensity ratio I49onm/I385nm as effect of CO2

(60 min)/air (60 min) reversibility cycles for PGMA3s-b-P(HPMAso-co-DEAPyMAG.1)
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nanoparticles. Concentration of 0.1 mg/mL of nanoparticles. Aexe= 350 nm. (b) Pictures
of vials of PGMA3s-b-P(HPMAso-co-DEAPyMA..1) nanoparticles after CO2/air cycles
under 365 nm UV-light. (c) Graph representing change in intensity ratio [490nm/I385nm as
effect of CO2 (10 min)/air (60 min) reversibility cycles for P(DMAmg9-co-DEAPYMA).
Concentration of linear polymer 0.1 mg/mL. Aexe= 350 nm. (d) Pictures of vials of

P(DMAmy9-co-DEAPyMA) after COz/air cycles under 365 nm UV-light.

Finally, the reversibility test involved exposing the nanoparticle system to COz2 for 1 hour
and to air for 50 minutes, continuously, while measuring the fluorescence intensity ratio
and pH. Comparing the results, the nanoparticles did not exhibit as robust reversibility as
the linear polymer, mainly due to difficulty of permeation of CO2 into the system.
Additionally, the change in fluorescence was significantly more pronounced for the linear
polymer than for the nanoparticles, which did not exhibit the expected level of change.
We believe that the particles' permeability and hydrophobicity, as previously mentioned,
play a crucial role in these cycles. One way of further investigation would be to synthesize
analogue nanoparticles with a less hydrophobic core to observe the differences in

response of the dye within the system.
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4.4 Conclusion

Conclusion

In this study, we successfully integrated the DEAPYMA monomer into two distinct
polymeric platforms with potential for CO2-responsive applications. Both systems
showed behaviours consistent with the linear polymer analogue described in Chapter 3,
while also revealing new characteristics influenced by their structural environments.
The P(DMAmM-co-DEAPYMA-co-EGDMA) hydrogel system demonstrated strong
fluorescence modulation under pH, CO-, and air exposure, particularly in a semi-dry
state. This enhanced response is likely due to improved gas permeability, facilitating the
interaction between CO: and the dye-functionalized matrix—an effect similarly reported

in gas-permeable hydrogel-based sensing systems.!

On the other hand, nanoparticles incorporating the pyrene-functional DEAPYMA
exhibited a more delayed response to CO- and a quicker one to air. This difference can
be attributed to the pyrene unit being embedded in the hydrophobic core, which limits
CO: and water diffusion—behaviour consistent with findings in polymeric micelle

systems where core-localized dyes show attenuated interactions with external stimuli.??

These results highlight the versatility and reliability of the DEAPYMA fluorophore
across varying architectures. While the kinetics and sensitivity vary depending on the
physical structure, the core sensing mechanism remains robust. The distinct advantages
offered by each system—whether faster signal change in semi-dry hydrogels or
encapsulated protection and tunability in nanoparticle systems—suggest a broad range

of future applications in real-time CO: sensing.
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Moving forward, optimization of these materials’ mechanical and physicochemical
properties will be critical. Enhancing aspects like swelling behaviour, particle
permeability, and photostability will allow better adaptability to complex environments,
including industrial CO: leak detection, environmental monitoring, and potentially
biomedical scenarios such as respiratory diagnostics, where accurate and timely CO:

detection is crucial.z®

By refining these systems, we aim to lay the groundwork for multifunctional, scalable,

and application-ready CO: sensing materials capable of real-world implementation.
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4.5 Experimental section

45.1 Materials

N,N-Dimethylacrylamide (DMAm, 99%, 500 ppm MEHQ), ethylene glycol
dimethacrylate (EGDMA, 98%), glycidyl methacrylate (97%, 100 ppm MEHQ), 4,4’-
azobis(4-cyanovaleric acid) (ACVA, 98%), hydroxypropyl methacrylate (97%, mixture
of isomers, 180-22 ppm MEHQ), 2-cyano-2-propyl benzodithioate (CPBD, 97%) were
supplied by Sigma Aldrich. Ethanol (EtOH, >99.5%) was supplied by Fisher Scientific.
4-(6-(diethylamino)pyren-1-yl)but-3-yn-1-yl methacrylate (DEAPyMA) was previously
synthesized in chapter 3. 1kg CP carbon dioxide-cylinder and pure nitrogen was obtained
from BOC. Spectrum Spectra/Por dialysis tubing with either 1 kDa or 6-8 kDa MWCO
was supplied by Fisher Scientific. Deionized and 18.2 MQ-cm ultrapure water was
obtained from a Triple Red Alto purification system and was used in all experiments

unless stated otherwise.

45.2 Instrumentation

Size Exclusion Chromatography. Molecular weight distributions were determined using
size exclusion chromatography (SEC) on an Agilent PL50 instrument. The mobile phase
used was DMF containing 4.6 mM of NH4BF4, at a flow rate of 1.0 mL min™, a column
temperature of 40 °C and detection by refractive index (RI). 80 pL of sample were
injected for each measurement and eluted for 35 min. Samples were prepared at a
concentration of 1 mg mL™ and filtered using a 0.45 um nylon filter prior to analysis.
Calibration was conducted in the molecular weight range 100-30000 Da using EasiVial

polyethylene glycol (PEG) standards supplied by Agilent Technologies.

'H, 13C - Nuclear Magnetic Resonance (NMR) spectra were acquired at 400 MHz using

a Bruker DPX-400 spectrometer with D20 containing 0.5 M NacCl as the solvent in the
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case of PDMAPS, CDCls for SPMA and ACMMA, DMSO-d6 for NBDMA and CHzCl2
for TPEMA. At least 32 scans were recorded for each sample and the proton chemical
shifts are reported as chemical shift (0) in parts per million (ppm) and are relative to
solvent residual peaks.

Hydrodynamic diameters (Dn) and size distributions (PD) of particles were determined
by dynamic light scattering (DLS) using either a Malvern Panalytical Zetasizer Nano S
or Nano ZSP fitted with a 633 nm He-Ne laser operating at 4 or 10 mW. Samples were
prepared at a concentration of approximately 1 mg mL in 0.3 M NaCl. Measurements
were performed at 20 °C using a scattering angle of 173° (backscattering) using the high
resolution mode, and the results analysed using Malvern Panalytical Zetasizer software
version 7.13. All determinations were repeated 4 times, taking the average of at least 10
measurements for each run. Dn values were calculated using the Stokes-Einstein equation,
assuming the particles are spherical in solution.

UV-Vis spectroscopy was performed on an Evolution 350 UV-Vis spectrophotometer
equipped with Xenon Flash Lamp light source and Dual Matched Silicon Photodiodes
detector. Quartz cells (170 - 2000 nm) from Hellma, with two polished sides, were used
for examining the absorption spectral data by using Thermo INSIGHT-2 v.10.0.30319.1
software. A thermostat and 8-cell Peltier system with precise temperature control between
0 °C and 90 °C was coupled with an Evolution 350 UV-Vis spectrophotometer to record
the LCST behaviour, temperature-dependent absorption/transmittance spectra of the
sample. All variable temperature analysis size experiments were made using samples of
concentration 5 mg mL! in 0.3 M NaCl(aq), Variable temperature analyses were run from

15-90 °C at a heating rate of 1 °C min’'.

Fluorescence Spectroscopy. All steady state emission and excitation were obtained with

an Edinburgh Instruments FS5 Spectrofluorometer in matched quartz 3.5 mL cuvettes
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(Starna Cell, Type: 3/Q/10), and analyzed in Fluoracle (Edinburgh Instruments) and
Origin Pro 2022 (Origin Labs). All samples of the pH studies were prepared at

concentration of 0.3 mg/mL and different buffer solutions.

PH measurements were carried out in a Mettler Toledo G20 compact titrator equipped
with a pH-electrode DGi115-SC. The calibration of the glass pH-electrode was performed
using buffer solutions pH 4.01, 7.00, and 9.21 from Mettler Toledo. All data were

recorded using the LabX Light Titration 3.1.1.0 software provided by Mettler Toledo.

Transmission Electron Microscopy. Dry-state-stained transmission electron microscopy
(TEM) imaging was performed on a JEOL JEM-1400 microscope at an acceleration
voltage of 80 kV. All samples were diluted with deionized water to appropriate analysis
concentration and then deposited onto formvar-coated copper grids. After approximately
1 min, excess sample was blotted from the grid and the grid was stained using an aqueous
1 wt % uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic
analysis. Average particle diameters (Dave) Were determined by measuring 100 particles

per sample using the ImageJ software.

Fourier-Transform Infrared Spectroscopy. Fourier-Transform Infrared (FTIR)
spectroscopy was carried out using an Agilent Technologies Cary 630 FTIR spectrometer.
16 scans from 600 to 4000 cm* were taken at a resolution of 4 cm™!, and the spectra were

corrected for background absorbance.

Sample preparation at different pHs Samples at various pH levels were prepared by first
preparing phosphate-buffered saline (PBS) solutions. The pH of each PBS solution was
then adjusted to the desired value using standardized 0.01 M NaOH and 0.01 M HCI

solutions. Adjustments were made incrementally while continuously monitoring the pH
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to ensure precision. All samples were prepared under consistent conditions to maintain

reproducibility across experiments.

45.3 COg testing experimental procedure

CO. experiments procedure for hydrogels in solution. In 20 mL vial, a previously
hydrated freeze-dried P(DMAmioo-co-DEAPYyMA1-co-EGDMA 1) hydrogel with DI H20
at pH 7, is bubbled with CO: at flow rate 100 cm*/min for 30 min. The sample is taken,
and the solid-state fluorescence is measured in an Edinburgh Instruments FS5
Spectrofluorometer. Then, the same hydrogel is put back into solution and the solution is
bubbled with pressurized air for 1 h, and the fluorescence is measured the same way, for

several cycles.

CO; bubbling experiments procedure for nanoparticles. In a 50 mL round-bottom flask
(RBF), an aqueous solution containing 0.1 mg/mL of PGMAss-b-P(HPMAso-co-
DEAPYMAuo.1) polymer is prepared by dissolving dispersing the nanoparticles in DI water
and adjusting the pH to 7 by the addition of NaOH (0.1M). The flask is sealed with a
septum, and CO2 from a 1 kg cylinder (BC) is bubbled into the solution while stirring
continuously. This process is conducted at a pressure of 1 bar and a constant flow rate of
50 cm3/min for a duration typically not exceeding 10 minutes. Samples are taken at
different time intervals and their fluorescence is measured in an Edinburgh Instruments

FS5 Spectrofluorometer.

Air exposure experiments procedure. A previously CO2-bubbled (1 hr) 0.1 mg/mL of
PGMAs3s-b-P(HPMAGs0-co-DEAPYMAG.1) solution is exposed to air while rigorous
stirring for 1 h. Samples are taken at different time intervals and their fluorescence is

measured in an Edinburgh Instruments FS5 Spectrofluorometer.
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4.5.4 Synthetic procedure for 10 wt % cross-linked P(DMAmM1go-co-DEAPYMA ;-

co-EGDMA:) hydrogels
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DMAm (0.22g; 0.013 mmol), DEAPyMA (2.0 mg; 0.049 mmol), EGDMA (2 mg; 0.006

mmol) were weighted into a 20 mL vial and dissolved in DI water (1.8 mL). Then ACVA
(0.002g, 0.007 mmol) was added into the, and the solution was degassed using N2
mixture. The mixture was heated at 80 °C for 16 h. The resulting hydrogel was thoroughly
washed with THF and purified via dialysis against pure water. The resulting purified

hydrogel was freeze-dried to obtain 0.21g of dry gel.
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455 Synthetic procedure for 5 wt% PGMAss-b-P(HPMAse-co-DEAPYMAG.1)

spherical nanoparticles

4.5.5.1 Synthesis of PGMA3s macroCTA
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PGMA;3s. CPDB RAFT agent (0.25 mg; 0.11 mmol) and the glycerol methacrylate
(GMA) monomer (0.902 g; 5.62 mmol), which had been previously synthesized, were
combined in a 7 mL vial. This mixture was then purged with nitrogen for 30 minutes.
Following this, ACVA initiator (6.3 mg; 22 umol), corresponding to a CTA/ACV A molar
ratio of 5.0, along with anhydrous ethanol (1.77 mL ) (also purged with nitrogen for 30
minutes), was added to the vial. The resulting pink solution underwent an additional
nitrogen purge for 10 minutes. The vial was subsequently sealed and placed in an oil bath
at a temperature of 70 °C. After a polymerization duration of 120 minutes, the reaction
was terminated by immersing the vial in liquid nitrogen and diluting it with 3 mL of
methanol. The final conversion of GMA was measured at 75% using 'H NMR
spectroscopic analysis. To precipitate the product, the methanolic solution was combined
with an excess of diethyl ether (ten times the volume). After filtration and rinsing with
diethyl ether, the crude homopolymer was dissolved in water, and residual CH2Cl> was
removed under vacuum. The resulting solution was then freeze-dried overnight, yielding
a pink powder. Analysis of the purified solid using 'H NMR spectroscopy showed an
average polymerization degree of 35 for the PGMA macro-CTA. Its M and Mw/Mn were
11,800 g mol! and 1.27, respectively, as judged by DMF GPC (using a refractive index
detector and a series of near-monodisperse poly(methyl methacrylate) calibration

standards).

4.5.5.2 Synthesis of PGMAazs-b-PHPMAsg
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PGMA3s macroCTA (20 mg, 3.43 umol), HPMA monomer (24.74 mg, 0.172 mmol;
target DP = 50), ACVA (0.32 mg, 1.1 pmol, CTA/ACVA molar ratio = 3.0) were
introduced into a 5 mL Schlenk flask. 0.9 puL of mixture deionized water/ethanol (1:1)
were added (producing a 5.0% w/w solution). The resultant mixture was freeze-pump
thawed for 3 cycles and immersed in an oil bath set at 70 °C. The reaction solution was
stirred for 24 h before the RAFT polymerization was quenched by exposure to air. 'H
NMR analysis of the solution indicated a mean degree of polymerization of 50 for this
PGMA35-b-PHPMA 0. Its M and Mw/Mx were 20,600 g mol™! and 1.17, respectively, as
judged by DMF GPC (using a refractive index detector and a series of near-monodisperse

poly(methyl methacrylate) calibration standards).

4.5.5.3 Synthesis of PGMAzs-b-P(HPMAGs-co-DEAPYMA( 1)
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(5 wt%)
DEAPyMA monomer (0.141 mg; 0.34 pmol), PGMA3s macroCTA (20 mg, 3.4 umol),
HPMA monomer (24.74 mg, 0.172 mmol; target DP = 50), ACVA (0.32 mg, 1.13 umol,
CTA/ACVA molar ratio = 3.0) were introduced into a 5 mL Schlenk flask. 0.9 uL of
mixture deionized water/ethanol (1:1) were added (producing a 5.0% w/w solution). The
resultant mixture was freeze-pump thawed for 3 cycles and immersed in an oil bath set at
70 °C. The reaction solution was stirred for 24 h before the RAFT polymerization was

quenched by exposure to air. 'H NMR spectroscopic analysis of the solution indicated a
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mean degree of polymerization of 50.1 for this PGMA3s-b-P(HPMAso-co-DEAPyMAo.1).
Its M and Mw/Mi were 24,900 g mol™! and 1.12, respectively, as judged by DMF GPC
(using a refractive index detector and a series of near-monodisperse poly(methyl

methacrylate) calibration standards).
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Figure 4.16. '"H NMR spectra recorded in DMSO-ds for the PGMA3s-b-P(HPMA s0-co-

DEAPyMAy.1) diblock copolymer prepared by RAFT-mediated PISA.
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S5 Conclusion and Outlook

The primary goal of this project was to explore the synthesis of fluorescent pH-responsive
polymers and examine how COz in an aqueous environment affects these polymers. This
involved studying pH changes, size characteristics, and optical properties across various

systems, including linear polymers, self-assembled nanoparticles, and hydrogels.

In Chapter 1, fundamental concepts related to synthetic polymers and polymerization
techniques were introduced, with a focus on reversible addition-fragmentation chain
transfer (RAFT) polymerization, the main method used in this research for copolymer
synthesis. The chapter also covered polymerization-induced self-assembly (PISA), as
well as the principles of photoluminescence and fluorescence emission. Fluorescent pH-
responsive polymers were then presented, highlighting their design, current examples,

and potential applications in COz sensing.

Chapter 2 detailed the synthesis of four distinct CO2-responsive polymeric nanoparticles,
all produced via RAFT emulsion polymerization. These systems shared common
elements such as a pH-responsive unit (DEAEMA), a crosslinker (EGDMA), and a
macro-CTA (PDMAPs), but each contained a different fluorescent dye. When CO2 was
introduced into the aqueous environment, the pH of the nanoparticles decreased due to
the interaction between the tertiary amine groups and the in-situ formation of HCOs3".
Among the fluorescent dyes evaluated, the NBDMA fluorophore emerged as the most
effective for COz2 sensing, demonstrating a fluorescence turn-on and an ultra-fast response
time (15 seconds) under CO:2 bubbling, while also reversible to N2 for at least 6 cycles.
In contrast, systems incorporating ACMMA, SPMA, and TPEMA faced issues with

stability, interference in fluorescence response, or slower response rates. While the



NBDMA nanoparticles showed promise for real-time CO2 sensing, further research is

needed to enhance their fluorescence turn-off for greater sensitivity.

In Chapter 3, building on the challenges encountered in Chapter 2 with both quantitative
and qualitative fluorescence emission, we adopted a combined polymer and molecular-
based approach. To achieve this, we synthesized a pH-responsive pyrene monomer
(DEAPYMA) capable of switching its fluorescence ON and OFF in response to CO2
interaction. This dye-based sensor demonstrated noticeable changes in fluorescence,
effectively detecting CO2-induced pH variations at dye concentrations as low as parts per
billion. The pyrene-modified unit was then incorporated into PDMAmM-based linear
polymers, resulting in a system that exhibited a dramatic response to pH changes.
Notably, this marked a significant breakthrough, as it was the first instance where the
fluorescence of pyrene was completely quenched within a polymeric system in aqueous
solution by disrupting excimer bonds in the presence of CO2. Moreover, the fluorescence
quenching effect was fully reversible, with the system recovering upon exposure to
atmospheric air for at least five cycles. With its rapid response time, high sensitivity, and
reversibility, this polymer system shows great promise for real-time CO2 detection and

could be further developed for integration into smart surface technologies.

In Chapter 4, we introduced the DEAPYMA monomer into two distinct systems, both of
which could serve as potential delivery methods. These systems not only exhibited
behaviors like the linear polymer analogue discussed in Chapter 3 but also showed unique
characteristics depending on the surrounding environment. The P(DMAmMm-co-
DEAPYMA-co-EGDMA) hydrogels, were synthesized via free radical polymerization,
using PDMAm as backbone and EGDMA as crosslinker, that for instance, demonstrated
significant changes in both quantitative and qualitative fluorescence when exposed to pH,

COg2, and air in a semi-dry state, likely due to the improved CO2 permeation. In contrast,



the pyrene moiety within the core of nanoparticles synthesized via RAFT-PISA
polymerization, using a PGMAss macroCTA as solvophilic block and chain extending
with HPMA as solvophobic monomer. Nanoparticle formation at 70°C was shown via
DLS and TEM measurements. This nanoparticle formation responded more slowly to
CO2 and more rapidly to air compared to the linear system, a result of its location within
the hydrophobic core, which restricts water and CO2 permeation. These results highlight
the remarkable and versatile performance of the DEAPYMA dye, which, despite slight
variations across different systems, consistently proves to be a robust and adaptable
candidate for integration into diverse polymer structures and delivery methods for live

COz2 sensing.

This project investigated various polymeric systems for CO2 sensing, using fluorescence
changes as the detection method. A key achievement was the successful synthesis of a
pH-responsive pyrene monomer, whose fluorescence properties demonstrated robustness
and reproducibility across different polymer architectures. This breakthrough opens the
door to a wide array of pH-responsive pyrenes, where modifications to amine groups
could tailor the sensors for different pH ranges, expanding their application scope,
However, the synthesis of these compounds presents a challenge, particularly due to the

complexity of their purification process.

Looking ahead, the focus will be on optimizing the physical and mechanical properties
of these systems, particularly hydrogels, to enhance their stability, sensitivity, and
responsiveness. Transitioning to more robust hydrogels with improved surface adhesion,
higher swelling ratios, and greater long-term stability will be critical for adapting these
systems to real-time CO: detection. These enhancements are essential for applications
ranging from industrial and environmental monitoring to potential medical uses, where

rapid and precise CO2 measurement is vital. By refining these properties, we aim to pave



the way for advanced CO: sensing technologies capable of performing effectively under

diverse, real-world conditions.
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