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Introduction

1.1. Motivation

Trying to mimic the outstanding functionalities of enzymes and intrinsically disordered
proteins (IDPs) the research field of folding functionalized synthetic polymers to single-
chain polymer nanoparticles (SCNPs) has flourished in recent years. The folded
conformations of SCNPs produce robust SCNPs when stabilized by covalent interactions.
Conversely, when folding results from noncovalent interactions such as hydrogen bonds,
host-guest interactions, metal complexation, m-m stacking and hydrophobic interactions,
dynamic SCNPs are obtained. Even if current single-chain technology still lacks the nature’s
exquisite degree of control to generate 3D-proteins, some SCNPs already mimic the
outstanding properties of antimicrobial polypeptides, as well as both the size and function
of structural proteins, IDPs and metallo-enzymes.

The motivation of this Thesis is to deepen the understanding of single-chain polymer
nanoparticles (SCNPs) as complex soft nano-objects with potential applications in a variety
of fields, specially catalysis and sensing. In particular, this work covers different aspects
related to the structure and properties of SCNPs such as: i) the development of a theoretical
model of elastic SCNPs allowing to understand the behavior of these nanoparticles in
solution and on surfaces; ii) the design of SCNPs as advanced nanoreactors for the synthesis
of a relevant intrinsically conducting polymer such as poly(ethylenedioxythiophene),
PEDOT; iii) the design of highly fluorescent SCNPs by photoactivation of copolymers
containing diazo functional groups and an aggregation induced emission (AIE) fluorophore
decorated with azide moieties; and iv) the synthesis of SCNPs containing orthogonal
fluorophores for self-reporting intramolecular compaction and, when present or externally
induced, intermolecular aggregation.

Since the research carried out in this Thesis is a multidisciplinary research that covers
different disciplines such as polymer chemistry, polymer physics, nanoscience,
nanotechnology and luminescence, in next sections we briefly introduce several concepts
relevant to understand the results reported in Chapters 3 - 6. Additionally, all the
experimental techniques employed in this work are described in Chapter 2.

1.2. Polymers

Polymers are large molecules (macromolecules) formed by the repetition of smaller
subunits (monomers) [1]. Polymers include synthetic materials like plastics, natural
compounds like rubber and biopolymers like proteins and DNA. They are synthetized by
the polymerization reaction of their constituent units.

Polymers are classified according to their architecture. Linear polymers consist of a single
chain with two ends. Branched polymers include side chains, or branches, attached to the
main chain. Sometimes these branches are cross-linked forming a network polymer.

Copolymers are polymers formed by 2 or more different monomers. They have different
structures based on how the monomers are arranged in the chain. Alternating copolymers
have regularly alternating monomers. Periodic copolymers have the monomer units
arranged in a repeating sequence. Random copolymers have different monomers
distributed randomly. Block copolymers have homopolymer subunits. Grafted copolymers
have side chains of different composition than the main chain.
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The structure of polymers can be amorphous or semi-crystalline. Amorphous polymers lack
long range order and are arranged randomly. Semi-crystalline polymers are partially
ordered with crystalline structures separated by amorphous regions. A polymer cannot be
100% crystalline.

In polymers individual chains do not have the same number of repeating units and in
consequence they have different molar masses. Normally an average is calculated. The
molar mass distribution describes the relation between the number of polymer chains and
the mass of the polymer. The most common methods to calculate the average are the
number average and the weight average.

The number average molar mass (M,) is the arithmetic mean of the molar masses. It is
calculated by dividing the sum of all polymer masses by the number of polymer chains.

(11)
_ XNM;

M
YN

The weight average molar mass (M,,) represents an average over the weight of the polymer.
Larger molecules have a larger contribution than smaller molecules. Some properties are
dependent on molecular size.

(1.2)

_ INM?
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The dispersity index £ > 1 is the ratio between M,, and M,. If P is high the polymer has a
broad size distribution.

The hydrodynamic radius (Ry) of a solute particle is the radius of a hypothetical equivalent
hard sphere that diffuses at the same speed than the solute. The movement of the solute
particles is resisted by the viscosity of the solution. The hydrodynamic radius takes into
account all the molecules attracted to the solute and solvating it. These molecules hinder
the mobility of the particle.

The radius of gyration (&) of a polymer is the average distance from any point in the
polymer to its centre of mass. The value of R;depends on the molar mass, the architecture
and the quality of the solvent. It is worth mentioning that polymers swell in good solvents
and shrink in bad ones.

1.3. Polymer conformations

Polymers are made of repeating units. A simple model of polymers consists of a chain of ¥
repeating segments of length / In an ideal chain the segments can be oriented in any
direction and the parts of the chain units do not interact with each other. In this case the
polymer can be described as a random walk in three dimensions [1, 2].
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The end-to-end distance vector is given by the sum of the vectors corresponding to all
individual segments.

(1.3)

The length and number of the individual segments of the model does not necessarily
correspond with the length and number of monomers.

The end-to-end distance in a random walk can be approximated by the following scaling
law:

(1.4)

Where the vis the Flory exponent, which is v = 1/2 for an ideal chain. However, in real
chains the excluded volume must be taken into account, and the chain is best modelled as a
self-avoiding random walk. In this case the value of the exponentis v= 3/5.

The Flory exponent of a polymer depends on its solubility. In a good solvent the chain swells
to maximize interaction with the solvent, corresponding to the self-avoiding random walk
with v= 3/5. Meanwhile, in a poor solvent the polymer chain collapsed into a solid sphere
where v = 1/3. In the so-called 8-solvent the polymer behaves as an ideal chain with v=
1/2.

1.4. Polymer synthesis

Many methods have been developed along time for the synthesis of (co)polymers with
narrow molecular weight distribution (£ — 1) such as anionic, cationic, and controlled
radical polymerization techniques. Among them, the most useful, versatile and easy to use
is the reversible addition fragmentation chain transfer (RAFT) polymerization technique.

1.4.1. RAFT polymerization

Reversible addition fragmentation chain transfer polymerization is a type of reversible
deactivation radical polymerization. It uses a chain transfer agent, normally a
thiocarbonylthio compound, to control the molecular weight and the polydispersity of the
polymer chain during synthesis [3]. It was first reported in the Commonwealth Scientific
and Industrial Research Organization (CSIRO) of Australia in 1998 [4] and it has since
become one of the most versatile and powerful polymerization techniques for the synthesis
of complex polymeric architectures.

A RAFT polymerization system consists of an initiator, a chain transfer agent (CTA), the
monomers and the solvent. The mechanism consists of six steps: In step 1 the initiator reacts

11
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with the monomer forming a radical. This radical reacts with more monomer molecules,
propagating a growing polymer-radical chain (step 2). In step 3, the propagating polymer
chain reacts reversibly with the CTA, stopping the growth of the chain and releasing a
radical. In step 4, the released radical adds new monomers to a propagating polymer chain.
In the next step the main equilibrium is reached, where the CTA agent is exchanged between
polymer chains allowing chains that have not undergone termination to share the radicals,
allowing equal opportunities for growth. The last step involves the reaction of two radicals
terminating chain growth [5].

M

(1)  iniiastor ——> 24¢ ———» P{ initiation
(2) Pr + M ———> Py propagation / chain growth
S S
° g e NS P .
(3) po + n " + R RAFT pre-equilibrium
z z 4
(4) R * M — P/ re-initiation
S S\ /S S\ /S S
(5) b Po P Po P :
" _— J—— * P RAFT main equilibrium
Z z z
(6) p* 4 p* D termination
n m n+m

Scheme 1.1. Schematic representation of the RAFT polymerization mechanism with a thiocarbonylthio chain-
transfer agent [6].

1.5. Intrinsically conducting polymers

Conductive polymers or intrinsically conducting polymers are organic polymers that
conduct electricity [7]. Electrical conductivity is the fundamental property of materials that
quantify how strongly it conducts electric currents. A high conductivity means that a
material allows electric currents. Conductivity is the inverse of electrical resistivity.
Electrical resistance is the opposition an object shows to the flow of an electrical current
and its SI unit is the ohm (Q). It depends on the properties of the material and it is
proportional to the length of the conductor and inversely proportional to its cross section.
Resistivity is defined as the electrical resistance produced by an object of unit cross section
per unit length.

12
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(1.5)

Where p is the resistivity, Ris the resistance, A the cross section area and /the length. The
SI unit of the resistivity is the ohm metre (Q-m). This means that resistivity (like its
reciprocal conductivity) is an intrinsic property of the conducting material and does not
depend on the shape of the conducting object. Conductivity (o) is given as the inverse of
resistivity and its SI unit is the Siemens per metre (S/m).

(1.6)

Q|

Historically, polymers were considered insulators of electricity. Later it was discovered that
some conjugated polymers could conduct electricity nearly as well as metals. These
conducting polymers combine the electrical properties of metals with advantages of
polymers such as lighter weight, greater workability, resistance to corrosion and lower cost.
Polymers are more easily processed than metals: large surfaces can be covered by spin
coated polymers, they can be deformed reversibly and they can be shaped into complex
multi polymer architectures. Some of their potential applications are organic light emitting
diodes, organic solar cells and biosensors [8].

The first breakthrough in the field of electrically conducting polymers happened in 1977
when Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa [9] demonstrated that
polyacetylene increased its electrical conductivity after treatment with oxidizing or
reducing agents. They were awarded the Nobel Prize in Chemistry in 2000 for the discovery
and study of conducting polymers. That discovery led to the research and study of
conducting polymers.

Electrically conducting polymers have a molecular character and lack long range order. This
character causes the electronic motion across macromolecules to be one-dimensional. In
traditional polymers the valence electrons form molecular bonds between sp3 hybridized
electronic orbitals. These sigma bonds have low mobility and do not contribute to the
electrical conductivity of the polymer. In conjugated polymers, with a backbone of
alternating single and double bonds, it is different. The backbone of the polymer is formed
by sp? hybridized carbon atoms. These atoms have a valence electron in a p, orbital
orthogonal to the sigma bonds. These p, orbitals form mbonds between them. When 1 bonds
are conjugated the electrons are delocalized. The conducting properties of these polymers
arise from this m-conjugation after the introduction of an electrical charge. When the
polymer is doped by oxidation (or reduction) these electrons (or holes) become highly
mobile and the polymer becomes conductive.

13
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Figure 1.1. Scheme of conducting polymer p-doped polyacetylene.

The conductivity of conducting polymers is similar to that of semiconductors. The main
difference is the susceptibility of conducting polymers to structural distortion. The dopant,
normally a charged molecule, stabilizes the backbone and neutralizes the charge. The
dopant introduces a charge carrier in the system by removing or adding electrons from the
polymer chain. It is energetically favourable to localize the charge and surround it with a
relaxation or structural distortion, forming a polaron and stabilizing the structure. The
structure change displaces the valence and conductivity bands of the molecule, shifting the
Highest Occupied Molecular Orbital (HOMO) upward and the Lowest Unoccupied Molecular
Orbital (LUMO) downward and increasing the conductivity. The polaron can travel through
the polymer chain, conducting electricity. If two polarons are near each other they can lower
their energy sharing their lattice distortion. If the attraction becomes large enough they
become bound and surrounded by the distortion, forming a bipolaron [10].

There are two types of doping processes: p-doping, where the polymer is oxidized and has
a positive charge because of the loss of electrons, and n-doping, where the polymer is
reduced and has a negative charge due to the acceptance of electrons. There is a
proportional relationship between the amount of dopant used and the conductivity of the
doped polymer. The doping is reversible and an electrical potential applied through the
system causes the polymer to switch between conductive and insulating redox states.

Dopants can be separated into two categories according to their molecular size: small
dopants like Cl- and large dopants like poly(sodium 4-styrenesulfonate), PSS. Small dopants
leave and re-enter the polymer with electrical stimulation. Large dopants affect the material
properties dramatically and they are immobile and more integrated with the polymer [10,
11].

1.6. Nanoscience and nanotechnology

Nanoscience is the science of structures and materials at the nanoscale level, with sizes
intermediate between the largest molecules and the smallest structures that can be
fabricated by photolithography, that is, objects with dimensions ranging between 1 nm and
100 nm [12]. The prefix nano in nanoscience and nanotechnology comes from the Greek
word for dwarf and is the SI prefix for one billionth (10-9). One nanometre is 10-° meters
[13].

The first reference to the concepts associated with nanoscience was the talk by physicist
Richard Feynman “There’s plenty of room at the bottom” in 1959, where he discussed the
possibility of manipulation of individual atoms.

Properties at the nanometric scale differ significantly from those at larger scales [14],
resulting in many promising applications. Nanoscience has important applications in the
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fields of physics, chemistry and biology. In chemistry the nanoscale is associated with
micelles, colloids, polymer molecules or phase separated regions of block copolymers.
Meanwhile in physics nanoscience is associated with quantum effects and the behaviour of
photons and electrons on nanostructures. In the field of biology and biochemistry
nanostructures such as the components of the cell (DNA, proteins) or viruses are important.
Structures considered nanostructures include buckyballs, nanotubes, quantum dots,
colloids, etc.

On the other hand, nanotechnology is the building and manipulation of these
nanostructures for practical applications.

1.6.1. Nanoparticles

Nanoparticles (NPs) are one of the most important applications of nanotechnology. They
are defined by IUPAC as particulate materials of any size which have at least two dimensions
below 100 nm [15]. Due to their small size and high surface area to volume ratio they have
physical, chemical and optical properties different from those of bulk materials. Those
properties are dependent on the shape and size of the nanoparticle.

Nanoparticles can be classified into various categories [16], including “hard” inorganic NPs
and “soft” organic NPs. Hard nanoparticles include carbon based NPs (fullerenes, carbon
nanonotubes), metallic NPs (gold NPs), ceramic NPs, and semiconductor NPs (quantum
dots), while soft nanoparticles include polymeric NPs and lipid-based NPs.

1.6.2. Single-chain technology

In recent years, inside the field of nanoscience, a new discipline has emerged: single chain
technology. This field consists of soft nanoparticles based on polymers with ultra-small
sizes in the range of 3 to 30 nm. The ability to control the synthesis of soft nanoparticles
appeared at the beginning of the 21st century. Since then, the discipline has expanded and
many different applications have been found [17].

Single chain technology deals with the synthesis of soft nano-objects from single polymers
chains. These structures are inspired by natural macromolecules [18]. Nano-objects
synthesized in this way include dynamic [19], letter-shaped [20] or unsymmetrical [21]
single rings, and complex multi-ring objects. Moreover, copolymer chains of different sizes
and masses have been folded into single-chain nanoparticles [22], tadpoles [23]
(monotailed SCNPs), dumbbells [24] and hairpins [25].

1.7. Single chain nanoparticles (SCNPs)

The most important products of single-chain technology are single-chain polymeric
nanoparticles (SCNPs). SCNPs are a class of nanoparticles that consist of a single polymer
chain folded by crosslinking between reactive pendant groups [26, 27]. Intramolecular
cross-linking in linear single polymer chains was first reported by Kuhn and Balmer in 1962
[28]. SCNPs are the smallest nano-objects that can be prepared from a linear polymer

15



Chapter 1

through intra-chain collapse. They have potential applications as enzyme mimics, sensors,
catalytic systems, etc. These SCNPs are synthesized by the folding and collapse of a single
polymer chain into a nanoparticle via covalent or non-covalent bonds.

SCNPs can show sparse or globular morphologies. Sparse SCNPs are synthesized in dilute
good solvent conditions, where compaction is relatively inefficient, since it involves cross-
linking events separated by short distances. Globular SCNPs have a high degree of
compaction caused by cross-links forming long-range loops [25]. These are synthesized by
the folding/collapse of amphiphilic random copolymers or by the addition of relatively long
cross-linkers.

1.7.1. Synthesis of SCNPs

The synthesis of SCNPs often consists of 3 steps: the synthesis of a precursor polymer from
monomers, the functionalization of the polymer with functional groups suitable for the
reaction, and the folding or collapse of the polymer chain [29].

1.7.1.1. Precursor synthesis

Precursor synthesis consists of the addition of complementary (reactive and inert)
monomers into a polymer chain in a controlled manner forming a linear chain. For the
synthesis of precursor polymers, it is important to find a polymerization technique that
results in polymers with a narrow molar mass (and size) distribution. In chain growth
polymerizations the occurrence of irreversible termination reactions in propagating chains
results in “dead” polymer chains with very different chain lengths [30]. Controlled Radical
Polymerization (CRP), also known as living radical polymerization or reversible
deactivation radical polymerization (RDRP), processes allow a facile construction of
polymers with low dispersity values and controlled architectures (stars, branches,
dendrimers...) even in the presence of a broad range of monomer functional groups. A
common feature in CRP is the existence of an equilibrium between free radical and
deactivated species. The exchange between active and growing radicals and dormant
species results in a slow but simultaneous growth of all chains [29]. As the reaction with a
chain transfer agent is reversible the propagating chains are considered as “living”. Some of
the most common CPR techniques employed in the synthesis of precursor polymers are
reversible addition fragmentation chain transfer (RAFT) [4], atom transfer radical
polymerization (ATRP) [31], nitroxide mediated radical polymerization (NMP) [32] or ring
opening polymerization (ROP) [33].

The precursor polymers used in the experiments carried out in this thesis were synthesized
by RAFT polymerization.

1.7.1.2. Precursor functionalization

Sometimes precursor polymers lack the functional groups necessary for the intra-chain
cross-linking that forms SCNPs. In these cases an additional step called polymer
functionalization is needed. In this step the functional groups of the polymer are modified
to produce suitable functional groups for cross-linking [29]. The aim of polymer
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functionalization is the selective modification of a polymer under mild conditions avoiding
side-reactions.

Some of the most efficient and used polymer functionalization reactions are the following:
thiol-ene/thiol-yne additions (click reactions); modification of epoxides, anhydrides,
oxazolines and isocyanates by reaction with amines/alcohols/thiols [34] (click reactions);
modification of active esters by reaction with amines; thiol-disulphide exchange [35]; Diels-
Alder reaction [36] (click reaction); Michael-type addition; Copper-catalyzed azide alkyne
cycloaddition (CuAAC); Modification of ketones and aldehydes with amines / alkoxyamines
/ hydrazines; azidation [37] (nucleophilic substitution); and the transfer of diazo groups
[38].

1.7.1.3. Intra-chain folding/collapse

The final step in the synthesis of SCNPs is the folding/collapse of the polymer. The formation
of SCNPs is achieved by collapsing the polymer chain and stabilizing the resulting
nanoparticle by intramolecular cross-linking in a process analogous to many folding
processes of natural biomacromolecules. Reactive functional groups from the polymer
chain react with each other to form cross-links. The cross-linking reactions are normally
carried out at low concentrations to avoid intermolecular cross-linking and the formation
of aggregates.

There are several approaches to generate intra-chain collapse. The bonding interactions of
the crosslinks can be classified as covalent or non-covalent [39, 40].

Covalent folding

SCNPs are cross-linked irreversibly by covalent bonds. Many of these reactions follow the
“click-chemistry” approach, where simple, specific and high-yield reactions form carbon
heteroatom bonds [41]. There are three main strategies to form intramolecular covalent
bonds: intra-chain homocoupling, intra-chain heterocoupling or cross-linker induced
collapse.

Intra-chain homocoupling

In the homofunctional chain collapse method the chain is functionalized with self-
complementary groups like double bonds. These functional groups react with each other
(e.g. via radical-radical coupling reactions) collapsing the chain.

Intra-chain heterocoupling

The heterobifunctional chain collapse approach is similar to homocoupling but requires two
different complementary functional groups on the same chain instead of a single one.
Copper-catalyzed azide alkyne cycloaddition (CuAAC, click chemistry) [42] is a good
example.
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Cross-linker-induced Collapse

In the cross-linker mediated chain collapse strategy, functional groups in the polymer chain
do not react directly with one another. The polymer is functionalized with suitable
functional groups to react with the end-groups of a small cross-linker molecule. When the
external cross-linker is added it reacts with 2 or more polymer functional groups, forming
a bridge [43]. Examples include SCNP synthesis via Michael addition [44, 45], amide
formation [46] and thiol-ene/thiol-yne additions [47].

Non-covalent folding

Non-covalent interactions, also called supramolecular interactions, are interactions
between atoms of an intensity much weaker than covalent bonds. Non-covalent bonds are
responsible for the structure of biomacromolecules such as proteins and they can be used
in the construction of artificial macromolecular structures [48]. Some examples are
hydrogen bonds, hydrophobic interactions, - stacking, metal coordination [49-51], van
der Waals forces or ionic interactions. These interactions are reversible and the strength of
the bonds is dependent on many factors such as temperature, pressure, concentration, etc.
A result of this is that the structure of the complexes they form depends on solvent polarity,
concentration, pH, temperature, etc. [52]. This versatility allows the formation of complex,
dynamic and responsive structures.

Dynamic covalent bonds

Dynamic covalent bonds are covalent bonds that are stable under certain conditions but can
be broken and reformed under specific external factors such as temperature, pH, light or
catalysts [53, 54]. They combine the strength of covalent bonds and the reversibility of non-
covalent bonds under certain conditions. For example, disulphides are stable under acidic
and neutral conditions and exchange under basic conditions while hydrazones are stable
under neutral and basic conditions and hydrolyse under acidic conditions [55]. Examples of
dynamic covalent interactions include disulphide bonds [56], imine derivatives [56, 57],
hydrazones [58], enamines [59], acetals/hemiacetals [60], etc. Dynamic covalent bonds are
common in natural macromolecules (e.g. disulphide bonds in proteins) and are promising
for the fabrication of artificial nanoparticles that change their structure in response to
external stimuli [58].

1.8. Applications of SCNPs

SCNPs have potential applications in a wide range of fields [39, 61]. Despite the field being
relatively recent, the experiments that have been carried out show promising results.

1.8.1. Catalysis

One of the most promising applications of SCNPs is their use as catalysts. The folding of
bioinspired polymers is reminiscent of the folding of proteins and SCNPs mimic roughly
their structure [29]. Proteins are constituted by one or several folded peptides that function
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under unique conformations. A complex and delicate self-folded structure and dynamic
adaptability endows proteins with various functions. One of the most important of these
functions is enzyme catalysis, where the reaction time is increased up to a factor of 109,
which means enzymes are the most efficient catalysts known in nature. Many enzymes have
an active site that consists of a hydrophobic nano-cavity stabilized by hydrophobic
interactions where catalysis takes place. The folded structure of the enzyme provides a
unique environment for the catalytic site and is responsible for its specificity. This structure
is maintained by hydrogen bonds, hydrophobic interactions and disulphide bonds. As a
result, the design of artificial enzymes with high catalytic efficiency has been subject to
many studies and they are the source of inspiration for artificial SCNPs with catalytic
properties [62, 63].

There are two approaches to build artificial enzymes. The first approach consists on copying
the structure of the active catalytic centres of the enzyme. Sparse SCNPs mimic the
morphology of Intrinsically Disordered Proteins (IDPs). The structure of IDPs is a “pearl
necklace” conformation consisting of many small active pockets that can bind several
ligands, such as ions, small molecules, other proteins or nucleic acids. Sparse SCNPs with
this conformation are endowed with transient-binding activity.

The second approach is to mimic the morphology of proteins. The spatial conformation of
the active centre is very important in enzymatic catalysis and, in consequence, the strategy
of imitating the structure has attracted much attention. Globular SCNPs mimic native
proteins by creating a large hydrophobic pocket by self-assembly of amphiphilic
copolymers [61]. Metal ions can be placed in the pocket to provide it with catalytic activity
[64].

Those characteristics of proteins are mimicked by self-folding polymers, which take the
form of SCPNs. SCPNs mimic the whole enzyme taking into account both the conformation
and the chemical entity of the reactive centre [65].

SCNPs that mimic the catalytic activity of carboxylases [66], polymerases [67], reductases
[67], oxidases [49], etc. have been synthesized.

1.8.2. Sensing

SCNPs have promising applications as sensors and biosensors. Changes in the optical
properties of SCNP solutions in the presence substances such as metal ions [68] or proteins
[69] allow their easy, visual detection.

1.8.3. Nanomedicine

Nanomedicine is the application of nanotechnology for diagnosis monitoring and therapy of
physical and pathological processes [70].

1.8.3.1. Drug delivery
SCNPs are promising nanomaterials for drug delivery applications. Nanoparticles can
protect drugs from the action of enzymes and their size is large enough to avoid rapid
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clearance in the kidneys and be retained in the body in a range of physiological media long
enough to have the desired effect. Insoluble or toxic drugs could be encapsulated into
biocompatible SCNPs, providing several advantages [71]. Functionalized polymers would
deliver the encapsulated drug to their target before releasing it in a controlled way, reducing
the toxicity of the drug and improving its effectivity. Experiments have been performed with
SCNPs as drug delivery nanocarriers for amino acids [72], peptides [73], vitamins [44] and
anti-cancer drugs [74].

1.8.3.2. Imaging

Nanoparticles have promising applications in the medical imaging field as contrast agents
or luminescent markers. For example, metal-complexed SCNPs have been used as contrast
agents for Magnetic Resonance Imaging [75].

Fluorescence has long been used in many applications in biology, biochemistry and
medicine; for example, biomarker analysis, immunoassays and diagnostic imaging. Small
organic molecules suffer from limitations regarding their wavelength range, brightness,
photo-stability and fluorescence self-quenching. The toxicity of some organic fluorophores
has limited their application for in vitro and in vivo optical imaging.

Fluorescent nanoparticles are a possible solution to the limitations of small organic
fluorescent dyes. Fluorescent nanoparticles often contain multiple fluorophores, leading to
brighter photoluminescent emission compared to the low absorption coefficients of
individual organic fluorophore molecules. The encapsulation of the fluorophore into the
nanoparticle increases its stability and reduces photo-bleaching and toxicity. Proper
selection of the nature of the particle can improve biocompatibility compared to small
organic fluorescent molecules. The possibility to combine imaging and drug delivery in the
same system is a unique characteristic of fluorescent nanoparticles.

Fluorescent nanoparticle systems based on block copolymer micelles and cross-linked
polymer networks, quantum dots (QDs), m-conjugated polymers, and dendrimers have been
evaluated as optical imaging systems. However, despite the successful use of fluorescent
nanoparticles for optical imaging, some problems remain to be solved. The large size of
these particles prevents them from traversing intact cell membranes efficiently,
appropriate tuning of absorption and photoluminescence emission wavelengths is difficult
and, in the case of inorganic nanoparticles, the issue is non-degradability and in vivo
accumulation of large particles [76].

In recent years, several methods have been developed to endow SCNPs with fluorescent
characteristics. The folding of linear polymer chains into a collapsed state provides dense
zones where Tt-conjugated fluorophore molecules can be packed.

Four different pathways have been developed to endow SCNPs with fluorescent properties:
precursor pre-functionalization with fluorophore, fluorophore entrapment / in situ
generation, SCNP post-functionalization with fluorophore, and fluorophore generation
through SCNP formation [77].

Precursor pre-functionalization with fluorophore: The precursor polymer is functionalized
with a fluorescent moiety before crosslinking into an SCNP.

Fluorophore entrapment / in situ generation: Fluorophore molecules are entrapped into
the dense local packaging zones of the polymer or fluorophores are synthesized in the
packaging zones taking advantage of the local environment.
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SCNP post-functionalization with fluorophore: Cross-linked SCNPs are functionalized by
reacting with fluorescent moieties.

Fluorophore generation through SCNP formation: The cross-linking reaction generates
fluorophores inside the SCNP. For example synthesis of fluorescent SCNPs via photoinduced
nitrile imine mediated tetrazole-ene cycloaddition [78].

1.9. Luminescence

Luminescescence is the emission of light by a substance not resulting from heat. It can be
caused by chemical reactions (chemoluminescence), ionizing radiation
(radioluminescence), mechanical action (mechanoluminescence), electric currents
(electroluminescence) or light (photoluminescence) [79].

Photoluminescence is caused by the absorption of photons by a molecule. It is initiated
when the absorption of photons causes the excitation of electrons to a higher energy level
in an atom. This phenomenon is known as photoexcitation. The electrons then return to the
ground state via several relaxation processes that include the emission of photons. Part of
the energy can be dissipated through non-radiative pathways such as vibrations, resulting
in the emission of lower energy, and longer wavelength, photons. The phenomena that
produce this result are fluorescence and phosphorescence.

Phosphorescence is a process where the electronic spin changes and electrons are
promoted to a triplet excited state. The only transitions back to the ground singlet state are
through “forbidden” mechanisms. These “forbidden” transitions can happen but are
kinetically unfavoured, resulting in a slower decay to the ground state. The lifetime of the
excited state is of the order of seconds to minutes, which means that phosphorescence
persists after the exciting source is removed as an afterglow.

1.9.1. Fluorescence

Fluorescence was first described by George Gabriel Stokes [80] in 1852, when he observed
the ability of fluorspar and uranium glass to change invisible ultraviolet light into visible
blue light. Fluorescence is a type of photoluminescence where an electron in the singlet
ground state is promoted to the singlet-excited state. The electronic transition does not
change the electron spin and the transition back to the ground state is allowed. The excited
state is shortlived (<10-5s). Vibrations dissipate part of the energy and the electron returns
to the ground state emitting a longer wavelength photon. Fluorescence ceases immediately
after the photoexcitation of the fluorescent material stops [81].

Fluorescence is common in nature. It appears in many different animals and some plants. [t
can also be seen in some minerals and in atmospheric phenomena like auroras. Among the
practical applications of fluorescence are fluorescent lamps, the use of fluorescent dyes
(fluorophores) in sensing [82] and imaging, as markers in biological applications [83], and
fluorescence spectroscopy.

Fluorophores are chemical compounds that emit light under light excitation. Usually they
contain aromatic rings or conjugated double bonds with conjugated T electrons in them.
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Intrinsically fluorescent molecules can be used alone as tracers, dyes or indicators, while
others can be bound covalently to otherwise non-fluorescent systems as markers for
spectroscopy and imaging applications. The emission range of organic fluorophores goes
from UV light to the near infrared. Some of the most common fluorophores include
fluorescein, rhodamine, coumarin or cyanine [84].

The fluorescence quantum yield is the parameter used to measure the efficiency of
fluorescent emission. It is defined as the ratio of the number of photons emitted by a
fluorophore to the number of photons absorbed. It represents the probability that a given
excited fluorophore will produce an emitted photon.

(1.7)

Number of photons emitted
Number of photons absorbed

QuantumYield =

The quantum yield of a fluorophore is calculated by building a calibration curve using
multiple standards of a compound with known fluorescence quantum yield. The integrated
area of fluorescence is plotted against the absorbance for different concentrations of the
fluorophore [85].

1.10. Aggregation Induced Emission

In most biomedical applications luminophores are used in aqueous media in physiological
environments where the intrinsically hydrophobic aromatic components like phenyl rings
responsible for the luminescence are insoluble, causing the formation of nanoaggregates
[86]. Aggregation can result in changes in the emissivity of the molecule.

In 1954 Forster and Kasper discovered that the fluorescence of pyrene was weakened with
increasing solute concentration [87]. This phenomenon is known as aggregation caused
quenching (ACQ). This effect is common in simple aromatic compounds according to the
summary Photophysics of Aromatic Molecules (Birks, 1970) [88]. These conventional
fluorescent molecules emit strongly in the isolated state. In the aggregated state, however,
fluorophores interact with adjoining molecules in their immediate vicinity. The aromatic
rings of adjoining molecules experience intermolecular m-m stacking interactions, causing
these fluorophores to decay from the excited state to the ground state via non-radiative
pathways, resulting in the quenching of fluorescent emission [86].

Fluorescence is caused mostly by electronic conjugation of ™ bands. One strategy to increase
the yield of organic luminescence has been to increase m conjugation by adding more
aromatic rings. The resulting molecules have increased fluorescence efficiency but often
suffer a severe ACQ effect [89]. ACQ is detrimental to most applications. In biological
applications for example, these molecules are in an aqueous medium (physiological
medium) resulting in aggregation. Even when attaching polar functional groups to the
fluorophore to increase their solubility and make them hydrophilic, the resulting
compounds -despite being water soluble- tend to form aggregates due to the intrinsic
hydrophobicity of the luminescent part, filled with 1t conjugated aromatic rings [89]. As ACQ
is deleterious on most practical applications, different strategies were followed to deal with
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this problem. Most of them tried to avoid aggregation, but some followed a different
strategy.

In 2001, Tang and co-workers discovered a luminogen system in which aggregation
resulted in an increase of fluorescence rather than a decrease [90]. These compounds were
non emissive in dilute solutions but became fluorescent in concentrated solutions or solid
films. Because the emission was induced by aggregates, the process was named Aggregation
Induced Emission (AIE).

1.10.1. Mechanism

The first AIE luminogen was hexaphenyl silole (HPS). Unlike conventional luminophores,
such as disk-shaped perylene [89], HPS is propeller shaped and non-planar. In a diluted
solution the aromatic rings of the luminophore rotate freely, dissipating the energy of the
excited state and causing the molecule to return to the ground state via non-radiative ways,
rendering it non-luminescent. In the aggregate state the m-m stacking that causes ACQ is
avoided by the propeller shape of HPS, while intramolecular rotations are restricted by
steric hindrance caused by the presence of other molecules in a crowded space. As a result
HPS is emissive in the aggregated state [89].

Scheme 1.2. Representation of the 3D structure of aggregation induced emission luminophore hexaphenyl silole.

1.11. Structure of this thesis

The present Chapter has summarized several concepts relevant for the understanding of
the results reported in Chapters 3-6.

Chapter 2 explains the techniques and instruments used in the characterization of polymers,
SCNPs, and products used or synthesized in this thesis.

Chapter 3 introduces a new model for the calculation of the size, apparent molar mass, and
shrinking factor of elastic SCNPs based on the length of the polymer chain, the monomer
fraction and the solvent quality. The model is used to understand the size of SCNPs on
different surfaces.

23



Chapter 1

In Chapter 4 we present the synthesis of enzyme-mimicking, iron containing, water soluble
SCNPs comprised of poly (oligo (ethylene glycol) methyl ether methacrylate-co-2-
acetoacetoxy ethyl methacrylate) [poly(OEGMA-co-AEMA)] copolymers by metal
coordination. These SCNPs will be used -for the first time- as catalysts for the synthesis of
intrinsically conducting polymer PEDOT: PSS dispersions via oxidative polymerization.

Chapter 5 shows the synthesis and characterization of fluorescent SCNPs by photoactivation
of poly (methyl methacrylate-co-2-acetoacetoxy ethyl methacrylate) [poly(MMA-co-
AEMA)] copolymers functionalized with diazo functional groups. Fluorescence emission is
produced by the addition of an aggregation induced emission (AIE) fluorophore with azide
moieties. Crosslinking in the SCNP is achieved by the cleavage of azide and diazo groups by
irradiating them with UV light.

Chapter 6 presents a route for synthesis and characterization of fluorescent poly(MMA-co-
AEMA) SCNPs based on the Hantzsch pyridine synthesis reaction. Orthogonal fluorophores
will allow for the reporting of both the folding and the aggregation of these SCNPs.
Intramolecular compaction and SCNP formation is identified by the formation of fluorescent
Hantzsch esters, while the addition of AIE luminophores with fluorescence at redshifted
wavelengths allows for the detection of intermolecular aggregation.

Finally, Chapter 7 summarizes the major conclusions of this thesis.
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Experimental Techniques
2.1. Motivation

In this Chapter, the techniques and instruments used in the characterization of polymers,
single-chain polymer nanoparticles, and products used or synthesized in this thesis are
explained.

2.2. Size exclusion chromatography / Gel permeation chromatography

Size exclusion chromatography (SEC) is a chromatographic method that separates
molecules according to their size. It was first developed in 1955 by Lathe and Ruthven [1].
Gel permeation chromatography (GPC) is a type of SEC introduced by ].C. Moore of the Dow
Chemical Company in 1964 [2] to separate polymers. Soon it was discovered that this
method provided good molar mass distribution (M,) information for polymers. Because of
this GPC is widely used for polymer characterization.

GPC is used primarily for the analysis of large molecules such as polymers and proteins. This
technique separates molecules based on the hydrodynamic radius of the analyte. The
differentiation takes place in a porous column which typically consists of a hollow tube
tightly packed with polymer beads containing microscopic pores of different sizes called the
stationary phase. The smaller molecules become trapped in the pores more easily and spend
more time there, needing longer times to elute. This increases their retention time. Large
molecules are too big to enter the pores and are eluted quickly, separating them from the
smaller ones.

Theoretically, in the SEC mode of separation the analyte molecules do not interact with the
surface of the stationary phase. Due to this lack of interactions, the separation of the analyte
depends only on the hydrodynamic volume of the solute rather than the chemical or
electrostatic interactions between the phases.

The concentration by weight of the polymer is monitored continuously with a detector. The
concentration in each part of the chromatogram can be measured by refractive index (RI),
UV or light scattering detectors. The molar mass of the polymer is measured either directly
by a multi-angle laser light scattering (MALLS) detector or indirectly by calibrating the
column. A chromatogram is generated, which consists of a weight distribution of the
polymer as a function of the retention time. The shape of the peak depends on the dispersity
(D) of the polymer: disperse samples (£ >> 1) form wide peaks, while when the peaks are
narrow the sample is near monodisperse (P = 1).

Refractive index detectors measure changes in the refractive index of the solution. Changes
in the refractive index of the solution (n7) are proportional to the solute concentration (c)
according to

(2.1)
n < ng+ c(np — no)

where n, is the refractive index of the solute and m the refractive index of the solvent.
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A method to calculate the molecular mass distribution of polymer samples is to construct a
calibration curve, which is created by plotting the molar mass of monodisperse standards
of known molecular weight vs. the retention time in the column. Using this curve, the
molecular weight of the sample can be interpolated from its retention time.

MALLS is used to determine the absolute molecular weight of polymers. This technique
allows to measure the mass and size of molecules independently of the retention time and
without need for calibration. The intensity of the scattered light (/) is dependent on the
molar mass (M), the solute concentration (¢), and the differential refractive index (dn/dc)
of the solute

2.2)

dny?
Iy < Mc (E)

The hydrodynamic volume (V%) and the hydrodynamic radius (&) of the polymer can be
measured with the help of viscometers according to the Einstein viscosity relation [3]

(2.3)

where /i7]is the viscosity of the solution and N, is Avogadro’s number.

The relation between viscosity and molar mass is given by the Mark-Howink-Sakurada
equation

(24)
[n] = KM*

where Kand a are constants specific to the solvent- polymer system that give information
about the conformation of the polymer. These parameters be calculated plotting /7/and M.

GPC can be used for the monitoring of the formation of SCNPs. Polymeric nanoparticles have
a smaller hydrodynamic radius compared to the precursor polymer due to the collapse of
the polymer chain upon intra-chain crosslinking. The formation of SCNPs is indicated by an
increase in the retention time compared to the precursor polymer [4].

The samples were dissolved in THF and filtered before injecting them in the chromatograph.

GPC measurements were performed in an Agilent 1200 GPC-SEC Analysis system equipped
with Wyatt light scattering miniDawnTreos, a ViscoStar II differential viscometer and a
Optilab rEX Refractive Index Detector (Figure 2.1).
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Figure Z.1. GPC equipment used in this work.

2.3. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a spectroscopic technique in which atomic nuclei in
a strong magnetic field are perturbed by a weak oscillating magnetic field, resulting in the
production of an electromagnetic signal with a frequency dependent on the magnetic field
on the nucleus.

Nuclear particles like protons and neutrons have a spin. In nuclei with an odd number of
protons or neutrons the spins pf the particles are not cancelled, resulting in an overall
nuclear spin. In the absence of an external magnetic field, all spin states have the same
energy. However, when an external magnetic field is applied, spin states aligned with the
magnetic field are more stable and have less energy than anti-aligned states. The difference
between both energy levels is proportional to the intensity of the magnetic field.

A weak oscillating magnetic field in the form of radio waves induces the excitation of the
nuclei and a transition between the spin energy levels, producing an electromagnetic signal.
The resonance frequency is directly proportional to the magnetic field around the nucleus.
This magnetic field is shielded by the magnetic fields induced by other nuclei and electrons
in the molecule, giving information about the chemical environment of atoms.

The resonant frequency of the signals change with the intensity of the applied magnetic
field. To eliminate this dependence a reference frequency is employed, that corresponds to
that observed for tetramethylsilane. The chemical shift (J) of the analyte relative to the
reference frequency is calculated in equation (2.5), where vis the resonant frequency of the
analyte and vy the frequency of the reference [5].

(2.5)

The nuclei most commonly used in NMR are 'H and 13C.

1H NMR spectra were recorded at r.t. on a Bruker spectrometer operating at 400 MHz
(Figure 2.2), using CDCl3 as a solvent and tetramethylsilane as internal reference.
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Figure 2.2. NMR equipment used in this work.

2.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a spectroscopy technique used to
measure the absorption of a sample in the infrared (IR) range of the spectrum. Absorption
in the IR range is due to the transition between different vibrational energy levels of the
molecule. Only the vibration modes that change the dipole moment are active. The
frequencies of the vibrations are related to the strength of the bond and the mass of the
atoms forming the bond.

In FTIR measurements, the sample is irradiated simultaneously with the entire range of
frequencies, reducing the time needed for the experiment. The sample is commonly mixed
with a non-absorbing salt (usually KBr) to form a pellet that is crossed by the light beam.
The development of attenuated total reflection (ATR) allowed to simplify the sample
preparation procedure. In ATR the sample is placed in direct contact with a crystal. The light
passes through the crystal reflecting on the sample and producing evanescent waves that
extend into the sample, and after multiple reflections the light is collected. After collection
the light passes through an interferometer (normally a Michelson interferometer), where
the beam is separated into 2 by a beam-splitter, reflected back by 2 mirrors and directed
toward the detector. One of the mirrors is fixed while the other is moving, resulting in a
difference in the optical path length that changes with time. This produces an interferogram
where each wavelength is periodically blocked or transmitted due to wave interference,
with a maximum at the zero retardation position where interference is constructive in all
wavelengths. The detector receives a different spectrum each moment and a computer
converts the raw data into the actual spectrum through a Fourier transform mathematical
process [6].

FTIR spectra were recorded in a FT-IR JASCO 6360 (130-400K) infrared spectrometer
(Figure 2.3).
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Figure 2.3. FTIR equipment used in this work.

2.5. Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is a spectroscopy technique that measures the
absorption of light in the visible and adjacent near-UV and near-IR ranges. Absorption in the
ultraviolet (UV) and visible range is due to the transitions of electrons from low energy to
high energy atomic or molecular orbitals. Such transitions occur in transition metal ions,
including d-d transitions and metal-ligand chain transfers, and inorganic and organic
molecules, especially n-n* and m-m* orbital transitions in double bonds from conjugated
organic compounds. Electrons with small energy gaps between the Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), and
therefore easily excited to higher orbitals, absorb light at longer wavelengths than those
with larger gaps. The absorption in the visible range is responsible for the colour of the
sample [7].

According to the Beer-Lambert law [Equation (2.6)] the absorbance of a solution (A4) is
directly proportional to the concentration of the solute (¢) and the path length (Z).

(2.6)
A =log,(y/1) = ecL

where /p is the intensity of the incident light, 7 is the transmitted intensity and ¢ is the
extinction coefficient, which is an intrinsic property of the sample. Beer-Lambert law is
often only valid for values of 4 < 1.

UV-Vis spectra were recorded in an Agilent 8453A UV-Vis spectrometer with Peltier
thermostatic cell holder T-controller 89096A (Figure 2.4).
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Figure 2.4. UV-Vis equipment used in this work.

2.6. Fluorescence spectroscopy

Fluorescence spectroscopy is a spectroscopic technique that analyses samples based on
their fluorescent properties.

Fluorescence spectroscopy, like UV-Vis spectroscopy, is based on the electronic transitions,
but it is focused on the emission rather than the absorption of light. Within each electronic
level there are different vibrational levels. When a fluorescent molecule absorbs a photon
of a certain wavelength an electron is promoted to a higher energy level and the molecule
adopts a higher vibrational energy state. Then the molecules collide with other molecules
causing them to lose energy and return to the lowest vibrational energy state inside the
excited state. When the excited molecule returns to the ground state it emits a photon with
a longer wavelength than the absorbed one. This process can be visualized in a Jablonsky
energy diagram (Figure 2.5) [8].

Excited state

L Vibrational
Ground state levels

Figure 2.5. Representation of a Jablonsky diagram.
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This change in the frequency of emitted photons is called Stokes shift and occurs in most
fluorophore solutions. It is caused by the rapid decay of excited electrons to the lowest
vibrational level of the excited state. The shift is measured as the difference between the
wavelengths of the maxima of the excitation and emission spectra. This phenomenon blocks
excitation light from reaching the detector, allowing higher precision measurements.

Excitation of a fluorophore with a single wavelength of maximum absorption while scanning
all wavelengths produces the emission spectrum and scanning through the absorption
spectrum while recording the emission intensity at a single wavelength (usually the
wavelength of maximum emission intensity) generates the excitation spectrum. The
emission spectrum for many common fluorophores looks like the mirror image of the
excitation spectrum due to the similarity of the vibrational levels of the ground state and
the excited state. The emission spectrum is independent of the excitation energy
(wavelength) as a consequence of rapid internal conversion from higher initial excited
states to the lowest vibrational energy level of the excited state [9].

In a fluorescence spectrometer, a light from the source passes through a monochromator to
select the excitation wavelength. The light is directed toward the fluorophore sample
producing fluorescence. The intensity of fluorescence is measured by a detector placed ata
902 angle to avoid interference from the excitation light [10].

Fluorescence spectra were recorded at r.t. on an Agilent Cary Eclipse spectrometer at an
excitation wavelength of 365 nm (Figure 2.6).

Figure 2.6. Fluorescence spectroscopy equipment used in this work.

2.7. Dynamic light scattering

Dynamic light scattering (DLS) is a technique used to determine the distribution of sizes of
small particles in suspension and polymer solutions, dispersions and emulsions.
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In order to measure the sample a monochromatic light source, normally a laser, is shot
through the sample. When the light hits small particles it scatters in all directions if the
particles are small in relation to the wavelength. The diffracted light from all the molecules
interferes, either constructively or destructively, creating interference patterns. Then, this
scattered light is recorded by a detector at a fixed angle. The Brownian motion of the small
molecules in the sample causes the scattering intensities of a monochromatic light to vary
with time, giving information about the time scale of movement of the scatters. These
fluctuations are then recorded by the autocorrelator that compares the intensity of light at
each point over time and from this information a correlation function is created. After a
short time interval the intensity is virtually unchanged and the correlation remains high. At
longer time delays, however, the correlation decays exponentially, meaning that after a long
period there is no correlation between the intensity of the initial and final states. Small
particles cause the intensity of the scattered light to fluctuate in shorter time-scales, while
larger particles have more difficulty for diffusion and change the intensity slower [11].
According to the Stokes-Einstein equation [equation (2.7)], the diffusion coefficient (D) is
inversely proportional to the radius (&) of the particle.

(2.7)
kgT
D=-2
6mnR

Where 7 is the viscosity, kzthe Boltzmann constant and 7the absolute temperature [12].

DLS measurements were performed in a Malvern Zetasizer Nano apparatus (Figure 2.7).

Figure 2.7. DLS equipment used in this work.

2.8. Transmission electron microscopy
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Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through a thin sample to form an image. The transmission electron
microscope was developed by Knoll and Ruska in 1932, for which Ruska was awarded the
Nobel Prize in 1986. In TEM, electrons from an electron gun are focused into a narrow beam
by magnetic lenses and directed toward the sample. Transmitted electrons reach a
fluorescent screen where an image is projected. The image contrasts depends on the density
of the sample material. High atom densities and atoms with high atomic numbers produce
more scattering events that result in fewer electrons reaching the detector. TEM allows to
take images with a resolution much higher than that of optical microscopes due to electrons
having a De Broglie wavelength orders of magnitude smaller than that of visible light,
allowing them to take images with atom level resolution [13].

TEM measurements were performed using a high-resolution transmission electron
microscope TECNAI G220 TWIN (Figure 2.8). The measurements were carried out using an
accelerating voltage of 200 kV under low dose conditions.

Figure 2.8. TEM equipment used in this work.

2.9. Elemental Analysis

Elemental Analysis (EA) is a process where presence and the proportions of chemical
elements present in a sample are measured. In organic chemistry, the most common type of
EA is CHNS analysis, where mass fractions of carbon, hydrogen, nitrogen, and sulphur are
determined. The technique for CHNS analysis is usually combustion analysis, where the
sample is burned and the combustion products; CO2, H20, NO, and SO; are collected and
weighted. The composition of the sample is calculated from the obtained product masses
[14].
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EA measurements were performed in a Euro EA3000 elemental analyser (CHNS) (Figure
2.9).

Figure 2.9. EA equipment used in this work.

2.10. X-ray scattering

X-ray scattering is a family of techniques used to study the structure, composition and
physical properties of materials. Scattering is produced by the movement of the electronic
cloud in atoms caused by incident electromagnetic waves, resulting in the re-radiation of
these waves. These techniques are based on the observation and measurement of the
scattering intensity of an X-ray beam hitting a sample as a function of the incident and
scattering angle.

X-ray scattering can be elastic, where the energy of incident and scattered photons does not
change, or inelastic, where energy is transferred from the X-rays to the sample. Elastic X-
ray scattering techniques are classified according to their scattering angle. As the scattering
angle provides information about the reciprocal space, the variation of electronic density at
nanometre length scales cause the beams to scatter at low angles, while at atomic size scales
it scatters at high angles [15].

2.10.1. Small angle X-ray scattering

Small angle X-Ray scattering (SAXS) is a small angle scattering technique used to
characterize nanostructures with a resolution of nanometres. It can be used to determine
the size, distribution and shape of nanoparticles and macromolecules [16]. [t measures the
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scattering caused on an X-ray beam when travelling through the sample at small angles
(0.12to 109).

The first principles of SAXS were developed by Guinier in the 1930s for the study of metallic
alloys [17]. In 1955 Guinier and Fournet demonstrated that the method yields not just
information on the sizes and shapes of particles but also on the internal structure of
disordered and partially ordered systems [18]. In the 1960s the method become important
for the study of biological macromolecules and in the 1970s a breakthrough was achieved
with the use of synchrotron radiation as the X-ray source, which provided a higher X-ray
flux [19].

In a SAXS instrument a monochromatic beam of X-rays travels through the sample. Most of
the X-rays do not interact with the sample, but some are scattered. A scattering pattern is
formed in the detector, which is situated behind the sample. The high intensity produced by
the main beam is blocked in order to detect the weak scattered intensity. The 2D data
collected on the detector is reduced by converting the position of each pixel in the image
into scattering angle 26 or scattering vector gaccording to

2.8)
q = (4msinO) /A

where Ais the wavelength of the X-rays. The intensity of the scattering is plotted as a
function of g [15]. The scattering intensity /(q) is the product of the from factor P(q),
which depends on the size and shape of the particles, and the structure factor S(g), which
depends on the interactions between particles. In the case of SCNPs in solution, SAXS is
employed for a precise determination of the values of radius of gyration, R, and scaling
exponent, V.

If U — (2V+1)(2V+2) 2R§
and y(a,x) = f(f t% lexp(—t)dt

the generalized Gaussian coil function [20] is given by:

(2.9)

p _ 1 1 1 1
(@)= le/ZVy<2_v'U> _le/Vy(;'U)

SAXS measurements were performed on a Rigaku PSAXS-L SAXS instrument (Figure 2.10).
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Figure 2.10. SAXS equipment used in this work

2.11. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique that measures the mass change of a
material as a result of changes in temperature. It is used to determine characteristics of a
materials that loss or gain mass due to decomposition, oxidation or loss of volatiles. Its
applications are the analysis of degradation mechanisms and kinetics, and the
determination of organic and inorganic content of a sample [21].

TGA measurements were performed in a Q500, TA Instruments Thermogravimetric
analyser (Figure 2.11).
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Figure 2.11. TGA equipment used in this work.

2.12. Inductively coupled plasma atomic emission spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is an analytical
technique used for the detection of chemical elements, often metal atoms in solution. This
technique uses inductively coupled plasma to excite atoms and ions that then emit light at
characteristic wavelengths.

In a plasma source, a gas (usually argon) is ionized forming a plasma. The free electrons are
accelerated by an electromagnetic field, producing more ions and heating the plasma to
6000-10000K. Then, the sample is introduced into the flame. The heat of the plasma breaks
the chemical bonds of the sample molecules, and the free atoms are excited into excited
electronic states. When the excited electrons return to the ground state, they emit photons
of a frequency characteristic to each element. This light is detected by a spectrometer [22].

ICP-AES was performed on an Agilent 7700X spectrometer (Figure 2.12).
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Figure 2.12. [CP-AES equipment used in this work.

2.13. Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy that allows to see
surfaces with a resolution in the order of fractions of a nanometre.

The atomic force microscope was developed by Binnig, Quate, and Gerber at IBM labs in
1985 [23]. AFM consists of a cantilever with a very sharp tip. This tip scans the surface of
the sample. When the tip approaches a surface interactions (Van der Waals, electric...)
between the tips and the sample cause the cantilever to deflect toward or away from the
sample. Alaser beam is reflected on the cantilever towards a detector. Cantilever deflections
cause the direction of the reflected beam to change. These changes allow a feedback-loop
mechanism to adjust the height of the tip over the surface, creating a topographic map of
the surface [24, 25].

AFM measurements were performed using a Multimode AFM, equipped with a Nanoscope
V controller (Bruker) (Figure 2.13).
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Figure 2.13. AFM equipment used in this work.

2.14. Conductivity measurements

The 4-point-probe is the standard method for the measurement of electric resistivity in thin
films. The probe consists in four equally spaced conducting tips placed on a line on the
sample film. An electric current is applied between the outer probes and the current is
measured by a voltmeter connected to the inner probes [26, 27].

Conductivity of thin films was measured using a 4-point probe setup (HFS600-P, Linkam)
(Figure 2.14) and an Alpha impedance analyser (Novocontrol).
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Figure 2.14. A 4-point probe setup.

2.15. UV irradiation

UV irradiation experiments were performed with UV irradiation experiments were
performed in i) a Hamamatsu LightningCure spot light source Model LC8 1.9588 (Figure
2.15) and ii) a Penn PhD Photoreactor M2 (Penn Photon Devices, LLC). The equipment
consisted of a Hg—Xe Lamp equipped with an A9616-05 filter (the transmittance
wavelength was 300—400 nm with the maximum at 365 nm; the transmitted intensity was
80%) and the corresponding UV-light guide. The intensity of the UV light was 3.5 W/cmz2.
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Figure 2.15. UV light source equipment used in this work.
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3.1. Motivation

To understand the complexity of single-chain polymer nanoparticles (SCNPs) as intricate
soft nano-objects with potential applications in a variety of fields we can make use of
physical models of different complexity degrees. In this Chapter, a simple model of SCNPs
that allows one to reproduce the structure of these nano-objects both in solution and on
surfaces is developed. The model deals with SCNPs with covalent (permanent) intra-chain
bonds.

3.2. Introduction

The folding of individual synthetic polymer chains (precursors) to single-chain polymer
nanoparticles (SCNPs) is reminiscent of protein folding to its functional, native state and is
attracting significant interest in recent years [1-3]. The self-folding process can be driven
by different intramolecular interactions such as noncovalent, covalent, and dynamic
covalent bonds by using well-defined precursors decorated with appropriate functional
groups and experimental conditions such that inter-chain coupling events are minimized to
a large extent [4-13]. The resulting SCNPs are useful soft nano-objects with potential
applications in nanomedicine [14-17], biosensing [18, 19], and catalysis [20-23], among
other different fields. [24-39] Theoretical models providing a connection between both the
amount of functional groups, x; and precursor molar mass, M, with the size of the resulting
SCNPs are of great interest to establish useful structure—property relationships. In
particular, relevant parameters for end-use applications such as surface area, intrinsic
viscosity, and diffusion coefficient do depend on SCNP size.

Recently, a model providing the expected size reduction upon folding single chains of size
RO to SCNPs of size Rby means of reversible interactions (noncovalent bonds) as a function
of x and M has been introduced [40]. This simple model affords a valuable a priori
estimation of the size reduction upon folding single chains to conventional SCNPs via
reversible interactions (~7% of average deviation of calculated data from experimental
ones; 72 SCNPs and 22 reversible interactions analysed). In spite of such advance in
providing useful structure-property relationships for developing practical applications of
responsive SCNPs, to the best of our knowledge no equivalent model has been yet reported
for the case of covalent-bonded SCNPs.

When compared to reversible SCNPs, the structure of covalent-bonded SCNPs includes
permanent intramolecular cross-links that affect to a large extent the final compaction
degree achieved [40, 41] and provide them with superior thermal stability. Hence, covalent-
bonded SCNPs in solution with similar nature, M, and x than reversible SCNPs do display,
on average, a higher level of chain compaction [40]. In this work, we introduce a simple
model of covalent-bonded SCNPs by considering these intra-chain cross-linked nano-
objects as elastic unimolecular networks composed of elastic strands connected by cross-
links [42]. We derive scaling law expressions for the size, diffusion coefficient, apparent
molar mass, and shrinking factor of elastic SCNPs in good, theta, and bad solvents. Also, we
obtain scaling laws for the height of elastic SCNPs deposited on both low- and high-surface
free energy substrates.
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3.3. Theoretical section

3.3.1. Model of elastic single-chain nanoparticles

We consider a SCNP precursor of total degree of polymerization N and root-mean-square
size Ry containing two different monomers distributed randomly along the chain: reactive
monomers of type A and unreactive monomers of type B. The number fraction of A
monomers in the precursor is x. Let us assume that the precursor follows a scaling law such
as [42]:

(3.1)

RO =~ aONVO

where ayis proportional to the monomer size and vy is the corresponding scaling exponent.
For the precursor in good solvent conditions, vo = vy = 3/5 = 0.6 (0.588 according to
renormalization group theory) [42].

Upon SCNP formation in a solvent at high dilution via intra-chain covalent bonds, the A
monomers are expected to dimerise to produce cross-links of type A-A. By working at very
high dilution, the nature of the cross-linking should be intramolecular due to isolation of
each individual chain under such conditions. Each resulting SCNP can be regarded as a
network of elastic strands connected by cross-links (see Figure 3.1).

N

2R

Figure 3.1. Schematic illustration of an elastic single-chain nanoparticle (SCNP) regarded as a network of elastic
strands connected by crosslinks.

The free energy (F) of such SCNP of size R is decomposed into two contributions: (i) an
elastic free energy (Fa) arising from the presence of the elastic strands and (ii) an excluded
volume contribution ( Fz) from the balance of monomer— monomer and monomer—solvent
interactions, such as:
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(3.2)
F=F, +FE,

The elastic free energy can be expressed as:

(3.3)

Fet 3R2+KR2—(3 +A )RZ
ksT = 2Ry? —\2r, "

where kzis the Boltzmann constant, 7the absolute temperature, and Kan effective constant
related to the elasticity of the unimolecular network. We assume that Kis proportional to x
where 4 is the corresponding proportionality constant.

When x— 0, equation (3.3) reduces to the Flory expression for a linear chain [42]. For elastic
SCNPs equation (3.3) becomes:

(3.4)

Fel

~ KR? = AxR?
kpT X

by assuming K > 3/(2RZ), which is a good approximation (see section 3.4.4). An
expression similar to equation (3.4) was originally introduced by Vilgis [44] for the case of
soft micro-gels in the presence of excluded volume interactions.

The excluded volume contribution to the free energy can be expressed as a virial expansion
of p[43]:

(3.5)

FBX
k5T

N 2
zE(pB+p C+-)

where p « N/R3 and B, C, ... are effective second, third, ... virial coefficients of the monomer
interaction. The first term in equation (3.5) corresponds to the excluded volume coefficient
(B> 0inagood solvent, 5= 0 in a 6-solvent, and B< 0 in a bad solvent). The second term
in equation (3.5) accounts for three-body interactions (C'> 0).

The equilibrium configuration of the elastic SCNP is obtained by minimizing equation (3.2)
with respect to &, so:

(3.6)

BN? (N3
2AxR — 3 —1=0

2R* * R7
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Equation (3.6) will be used in next section to derive useful expressions relating the relative
amount of reactive monomers, x, and precursor molecular weight, M, with the size, R, and
diffusion coefficient, D, of elastic SCNPs in solvents of different quality.

3.3.2. Size, diffusion coefficient, apparent molar mass, and shrinking factor of elastic
single-chain nanoparticles in solution

3.3.2.1. Good solvent conditions

Size

In good solvent (B> 0) the third term in equation (3.6) can be neglected, so we obtain the
following scaling law for the size of the elastic SCNP:

(3.7)
R = a;x V5N?/5 = p,x~V/5M?/5 = pyx®1 M1

1/5
where a; = (%) 5 b, = (4;: 2) ,my = % and Mis the molar mass. Consequently, the
0

elastic SCNP has a scaling exponent (v; = 2/5 = 0.4) smaller than that of a linear chain in a
good solvent (vp = 3/5 = 0.6). The same value of scaling exponent was previously derived
for the case of soft micro-gels in the presence of excluded volume interactions [44]. A ratio
of radius of gyration (&) to hydrodynamic radius (&) very close to 1 is expected for chains
having v= 0.4 (see Figure 3.2).

The R,/Ryratio as a function of v can be estimated from [45, 46]:

(3.8)

R, = b NV

¢ J@v+D@Ev+2)

(3.9)

n(1-=v)@2-v)b

R, = e N
(3.10)
Ry 2v6

Ri  (1-v)2—w)rv + D + 2)

where b is the segment length. It is worth of mention that for compact globules (v=1/3)
the exact value of R,/ R,is 3/5 = 0.775.
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Figure 3.2 illustrates the values of R,/R;ratio for v=3/5, v=1/2, and v= 1/3. Both for v
=2/5=0.4and v=3/8 = 0.375 a value of R;/R;ratio very close to 1 is expected.

2,5
2- . .
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e J
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T I P d
o - -
\o 1,54 3 o>
4 | s
i P
I ' d
| ' d
-
1 -7
rd
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0,35 0,4 0,45 0,5 0,55 0,6

v

Figure 3.2. Ry/Rn ratio as a function of the scaling exponent v.

Hence, equation (3.7) should be valid for R, as well as for R;data. It is worth of mention that
the size of elastic SCNPs scales with the relative amount of reactive monomers, x, with an
exponent w;=-1/5=-0.2. According to equation (3.7), the size of the elastic SCNP depends
on the ratio of the excluded volume coefficient Bto the effective elastic constant 4, with a
value of scaling exponent of 1/5.

Diffusion coefficient

By assuming R.,/R, = 1, we can use the Stokes-Einstein equation [42] to obtain an
expression for the diffusion coefficient (D) of elastic SCNPs in good solvent as a function of
xand M, such as:

(3.11)

kgT
D =
6mnR

— d1x1/5N_2/5 — elxl/SM—Z/S

where d; = ( kpT ), e

6mna,

k : . .
( 5T ), and 7 is the viscosity of the solvent.
6mnb,
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Apparent molar mass

Size exclusion chromatography (SEC) allows determining the apparent molar mass of
SCNPs, referred to the molar mass of linear polymer standards. In SEC experiments,
macromolecules are separated according to their respective hydrodynamic radius [47]. The
hydrodynamic size of a linear polymer standard is related to its molar mass according to:

(3.12)

Ry, = coMYo

where c is a constant. According to equations (3.7) and (3.12), an elastic SCNP of size R
prepared from a precursor of molar mass M and relative amount of reactive monomers x
will have a SEC apparent molecular weight (M,,,) given by [48]:

(3.13)

) Vi ~ 4
blx 1MVt = CoMapp 0

and hence:

(3.14)

Mapp = flxalMﬁl

1/v
where f; = (?) 0, a = w1/vy, and 1 = v, /vy. For vp=3/5, we obtain a;=-1/3 = -0.33
0

and B;=2/3 = 0.67 so equation (3.14) becomes:
(3.15)

M =f1x—1/3M2/3

app

Shrinking factor
The shrinking factor is defined as (G) = Mgy, /M. Consequently, by using equation (3.14),
we obtain:
(3.16)
(G) = frxamPr~t
For vy = 3/5 equation (3.16) becomes:
(3.17)

(G) = fix™/3MY/3
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3.3.2.2. Theta solvent conditions

Size

In a theta solvent, the second term in equation (3.6) vanishes (# = 0) so we obtain the
following expression for the size of the elastic SCNP:

(3.18)

R = ayx~V/8N3/8 = p,x~1/8M3/8 = p,xW2 V2

3¢ \1/8 3C
where a, = (ﬂ) and b, = (W
= 3/8 =0.375) is obtained for the elastic SCNP in theta solvent than that in good solvent. In
this case, the size of elastic SCNPs scales with x with a smaller exponent w,;=1/8 = -0.125.
Equation (3.18) should be also valid for Rzas well as for R,data (see Figure 3.2). In this case,
the size of the elastic SCNP depends on the ratio of the coefficient of three-body interactions
Cto the effective elastic constant 4, with a value of scaling exponent of 1/8.

1/8
) . As expected, a smaller scaling law exponent (v;

Diftusion coefficient
By assuming R./R; = 1, the diffusion coefficient of an elastic SCNP in theta solvent is given

by:

(3.19)
D= kT — d2x1/8N—3/8 — ele/BM—3/8
6mnR
— kBT —_ kBT

where d, = (6m}az) and e, = (6nnbz)'

Apparent molar mass

For an elastic SCNP in theta solvent, M., is given by:
(3.20)

Mapp = fzxazMﬁz

1/v
where f, = (IC)—[Z)) 0, a, = wy /vy, and Py = v, /v,. For vp = 3/5, we obtain a, = -5/24 = -

0.21 and S2=5/8 = 0.63 so equation (3.20) becomes:
(3.21)

M — fzx_5/24M5/8

app

Shrinking factor
The shrinking factor of an elastic SCNP in theta solvent is given by:
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(3.22)
(G) = fox2mPat
For vp= 3/5 equation (3.22) becomes:
(3.23)
(G) — fzx—5/24M—3/8
3.3.2.3. Bad solvent conditions
Size
In bad solvent B< 0, so the size of the elastic SCNP can be approximated by:
(3.24)

R = agN/3 = byM'/3 = byMVs

3¢ \1/3 3¢ \1/3 . . . .
where a; = (E) and b3 = (W) . In this case, the size of elastic SCNPs scales with
0

Nwith the expected exponent for globules (v;=1/3 = 0.33), and no dependence of Ron x
is predicted.

Diffusion coefficient
It is well-known that for compact globules R;/Ry, = /3/5 =~ 0.775, so the diffusion
coefficient of an elastic SCNP in bad solvent becomes:

(3.25)
kgT
D= = d;N71/3 = e;M1/3
6mnR 3 és
— \/ngT — \/§RBT
where d; = (m) and e; = (6\/§m1b3).
Apparent molar mass
For an elastic SCNP in bad solvent, M, is given by:
(3.26)

Mapp = f3Mﬁ3

1/v
where f; = (ICJ—Z) * and B3 = v3/vy. For vy = 3/5, we obtain 3= 5/9 = 0.56 so equation

(3.26) becomes:
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(3.27)
Mapp = f3M5/9
Shrinking factor
The shrinking factor of an elastic SCNP in bad solvent is given by:
(3.28)
(G) = fsMPs~1
For vp= 3/5 equation (3.28) becomes:
(3.29)

(G = fsM ™/

3.3.3. Size of elastic single-chain nanoparticles on surfaces

3.3.3.1. Low-surface free energy substrate

Let us consider the case of an elastic SCNP deposited onto a very low-surface free energy
substrate. The SCNP is expected to take a compact, globular conformation onto this surface,
which allows minimizing the contact between the SCNP and the low-surface energy
substrate. The volume of the SCNP should be:

(3.30)

where pyis the bulk density. Consequently, the height (/4= ZR) of the SCNP will be given by
[49]:

(3.31)
H = byM/3

6 )1/3.

TPoNg

where b, = (

3.3.3.2. High-surface free energy substrate

When compared to the previous case, now the elastic SCNP is expected to spread to some
extent over the surface. Let us assume that the SCNP over the substrate adopt a
conformation equivalent to that in the melt [50, 51]. Generalization of equation (3.2) to d
dimensions for melt and theta solvent conditions gives:
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(3.32)
3
—— ~ AxR?* + ¢
kgT 2R?d
and by minimization of equation (3.32) to:
(3.33)
dCN3
2AxR — W =
Consequently,
(3.34)
1/(2d+2)
— (d_C) x—l/(2d+2)N3/(2d+2)
24

We obtain an estimation of the lateral spreading by using equation (3.18) in two dimensions
(d=2) such as:

(3.35)

R” e x—l/(2d+2)M3/(2d+2) « x1/6M3/6

Since the volume of the elastic SCNP in the high-surface free energy substrate, V ~ H (nR?),
should be equal to the volume of the SCNP in a low-surface free energy substrate [equation
(3.30)], we obtain:

(3.36)

H =g, x/3

c\1/3].
where g; = [n;n;)v (Z) ] is a constant.
0VA

3.3.3.3. Single-chain nanoparticle stretching
From equation (3.4) we obtain the force (/) versus stretching (2) equation of elastic SCNPs
such as:

(3.37)

OF)
f ==~ (2ksTAX)z = Kz
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where K;is the effective (x-dependent) spring coefficient. Equation (3.37 could be used to
determine the constant 4 from experimental fvs zcurves by AFM of covalent-bonded SCNPs
with different amount of reactive groups, x. To the best of our knowledge, such experiments
have not been performed yet. For the case of a linear chain (x — 0), the classical result
corresponding to the freely jointed chain (FJC) model [52] is obtained from equation (3.3):

(3.38)

_OFy  (3kgT
f= 0z Ry2 d

3.3.4. Summary of scaling laws for elastic single-chain nanoparticles

A summary of the scaling law expressions for elastic SCNP in solution and on solid
substrates is given in Table 3.1, as derived by assuming vy= 3/5.

Table 3.1. Summary of Scaling Law Expressions for Elastic SCNPs (See Text).

Solution
Magnitude Good solvent Theta solvent Bad solvent
Size R oc x 15 M2/5 R oc x-1/8M3/8 R oc M1/3
Diffusion coefficient | D oc x2/5M-2/5 D oc x1/8M-3/8 D oc M-1/3

Apparent molar mass | Mapp oc x 13 M2/3 Mapp o€ x-2/24M>/8 | Mapp oc M>/?

Shrinking factor (G) oc x 13 M-1/3 (G) oc x5/24M-3/8 | (G) oc M~#/7
Solid Substrate
Low Surface Free Energy High Surface Free Energy
Height Hoc M/3 Ho x1/3

Nanoparticle Stretching

Spring Coefficient Ko x
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3.4. Results and discussion

3.4.1. Comparison to experimental results

The most accurate compilation of size data for covalent-bonded SCNPs is due to Hawker and
co-workers [49, 53] corresponding to polystyrene (PS)-SCNPs (see Table 3.2 and Table 3.3).
The intra-chain cross-linking process was carried out at high temperature (250 °C) by using
precursors with highly reactive benzocyclobutene functional groups. In particular, a large
set of size data in solution (THF as solvent) was reported corresponding to precursors of
narrow molecular weight distribution (1.09 < D < 1.26), different amount of reactive
groups (0.025 < x< 0.3), and varying precursor molar mass (44 < M < 235 kDa) [53]. Size
characterization of the resulting covalent-bonded PS-SCNPs was carried out by SEC in THF.
Moreover, the absolute molar mass by static light scattering (SLS) of the PS-SCNPs of higher
molar mass (M= 230 kDa) was found to be in agreement, within experimental error, with
the molar mass by SEC of the corresponding linear precursor (M = 234 kDa), supporting
the formation of discrete nanoparticles each composed of a single chain. Concerning size
data on surfaces (mica and silanized wafer substrates), they cover data from precursors of
Dbetween 1.04 and 1.91, molar mass between 33.0 and 211 kDa, and amount of reactive
groups between 0.025 and 0.60 [49].

In section 3.4.2, we perform a comparison of the experimental data from Table 3.2 with
model predictions corresponding to elastic SCNPs in good, theta, and bad solvent
conditions. For the same system, a similar comparison of experimental and theoretical H
data corresponding to SCNPs deposited on low and high-energy substrates (Table 3.3) is
carried out in section 3.4.3. Comparison of model predictions to experimental data for
SCNPs different from those given in Table 3.2 and Table 3.3 is performed in section 3.4.5.
Relevant information about the conformation of SCNPs in solution and on solid substrates
can be found in refs [41] and [49], respectively.

3.4.2. Size, diffusion coefficient, apparent molar mass, and shrinking factor of
polystyrene single-chain nanoparticles in tetrahydrofuran

We investigate the ability of the elastic SCNP model corresponding to good, theta, and bad
solvent conditions [equations (3.14), (3.20) and (3.26), respectively] to reproduce the M,
data from Table 3.2 as a function of x and M, by using the values in equation (3.12)
corresponding to PS standards in THF (co= 1.44 X 102, vy = 0.561) [54]. Best fitting of the
M., data to equation (3.14) corresponding to elastic SCNPs in good solvent gives f; = 5.95,
bi=cp ;=392 x 102 and B/A= (4/3)(b*ms) = 1.33 X 10-3. Average deviation of data
calculated from M,,, = 5.95x0357M0.713 and experimental M,,, data was only 4.2% (see
Figure 3.3 A). Conversely, best-fitting the M,,, data to equations (3.20) and (3.26),
corresponding to theta and bad solvent conditions, gives average deviation of calculated
and experimental M;,, data of 13.0% and 33.4%, respectively (Figure 3.3 B, C). Hence, as
illustrated in Figure 3.3, the observed experimental trend is only reproduced with
reasonable accuracy by the elastic SCNP model for the case of good solvent conditions, as it
is expected for the case of THF solutions. The description is fairly achieved in terms of a
single model parameter (the ratio of the excluded volume coefficient B to the effective
elastic constant A4).
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Table 3.2. Summary of Size Data for PS-SCNPs in THF [53].

Size of Elastic Single-Chain Nanoparticles in Solution and on Surfaces

Precursors SCNPs

X M (kDa) | P Map(kDa) | <G> R2(nm) Db (nm2/ s)
0.025 44.0 1.09 41.7 0.95 5.6 85
0.050 44.5 1.08 38.2 0.86 5.4 88
0.10 45.5 1.09 29.1 0.64 4.6 103
0.15 43.5 1.10 20.7 0.48 3.8 125
0.20 44.0 1.07 18.5 0.42 3.6 132
0.0125 110.5 1.15 103.0 0.93 9.3 51
0.025 113.0 1.12 94.5 0.84 8.9 53
0.050 109.0 1.14 79.3 0.73 8.1 59
0.075 108.0 1.15 59.8 0.55 6.9 69

0.10 112.0 1.10 56.0 0.50 6.6 (6.2) 72 (77)
0.15 110.0 1.16 44.2 0.40 5.8 82

0.20 111.0 1.11 42.8 0.39 5.7 83

0.25 112.0 1.12 40.5 0.36 55 86
0.0125 231.0 1.23 189.8 0.82 13.2 36
0.025 235.0 1.25 174.0 0.74 12.5 38
0.050 228.0 1.22 109.0 0.48 9.6 49
0.075 230.0 1.19 98.0 0.43 9.1 52

0.10 233.0 1.26 91.5 0.39 8.7 (9.5) 55 (50)
0.125 231.0 1.24 81.0 0.35 8.2 58
0.15 235.0 1.23 80.3 0.34 8.1 59

0.20 230.0 1.21 66.0 0.29 7.3 65
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Precursors SCNPs

X M (kDa) | P Map(kDa) | <G> R2(nm) Db (nm2/ s)
0.25 229.0 1.24 62.0 0.27 7.0 (6.4) 68 (74)

0.3 234.0 1.23 63.5 0.27 7.1 32

aCalculated from [53]. Rx (nm) = 1.44 x 10-2M?-5¢1, Data from DLS are shown in parentheses.

bCalculated from D= ks7/6mn Ry Data from DLS are shown in parentheses.
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Figure 3.3. Mapp data of PS-SCNPs in THF (solid green circles: M = 232 kDa; solid red squares: M = 111 kDa; and
solid blue circles: M = 44 kDa).[53] The same data are described by the elastic SCNPs model (solid green, red,
and blue lines, respectively), assuming the case of good solvent conditions (A), theta solvent conditions (B), and
bad solvent conditions (C). The experimental trend is only reproduced by the elastic SCNP model for good
solvent conditions in terms of a single model parameter.
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Figure 3.4 provides a comparison of calculated size, diffusion coefficient, and shrinking
factor to experimental data reported in Table 3.2 according to the elastic SCNP model for
good solvent conditions.
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A Elastic SCNPs in
Good Solvent
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Figure 3.4. Comparison of calculated size (Ri) (A), diffusion coefficient (D) (B), and shrinking factor ((G)) (C)
from the elastic SCNP model corresponding to good solvent conditions to experimental data from Table 3.2.[53]
Closed symbols and continuous lines have the same meaning as in Figure 3.3. Open symbols correspond to data
from dynamic light scattering (DLS) experiments.
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3.4.3. Size of polystyrene single-chain nanoparticles on silanized wafer and mica
substrates

A comparison of predictions from the elastic SCNP model and experimental size data for PS-
SCNPs [48] deposited onto substrates of different surface free energy is illustrated in Figure
3.5. On a low-free energy substrate such as the silanized wafer surface, PS-SCNPs with x =
0.2 and 0.6 behave as solid globules, a result previously reported by Dukette et al [49]. Itis
worth of mention that departure from the globular conformation is observed for PS-SCNPs
with very low amount of reactive functional groups (x= 0.025).

Table 3.3. Summary of Size Data for PS-SCNPs on Silanized Wafer and Mica Substrates [49].

PS-SCNPs H(nm)

X M (kDa) | D Silanized Wafer Substrate Mica Substrate
0.025 | 24.5 1.14 |26 1.8

0.025 | 60.1 1.16 | 3.0 2.4

0.025 | 158 140 | 4.0 2.6

0.20 |41.0 1.04 | 4.0 1.6

0.20 |78.0 1.14 | 4.8 3.0

0.20 | 211 1.32 |93 2.8

0.60 |33.0 191 |54 4.3

Figure 3.5 B shows the ability of the elastic SCNP model to reproduce the experimental
behaviour of PS-SCNPs deposited onto a high-surface energy substrate such as mica [49] in
terms of a single parameter (related to the ratio of the third virial coefficient C to the
effective elastic constant A). Best fitting of the data in Figure 3.5 B to equation (3.36) gives
£g:1=5.81, C/A=7.3 x107,and C= 3.47 X 10-5 by using A= 47.6 (see section 3.4.4).
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Figure 3.5. Comparison of theoretical predictions from the elastic SCNP model to experimental size data of PS-
SCNPs48 (solid blue circles: x = 0.025; solid red squares: x = 0.20; and solid green circles: x = 0.60) on (A) low-
and (B) high-surface free energy substrates (see text and Table 4). Solid green, red, and blue lines are the
predicted behaviour for x = 0.025, 0.20, and 0.60, respectively.

3.4.4. Stretching of polystyrene single-chain nanoparticles

Here we use the elastic SCNP model to estimate the force (£) versus stretching (2) curves
for PS-SCNPs at low values of z
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From equations (3.3) (with x= 0) and (3.5) (#> 0) and taking into account that R,/R;, =
1.86 for v=3/5, we obtain:

(3.39)

2 5., 3
B = ﬁ(1.86 X €p)°Mmyg

where b ~ 0.7 [55], ¢ = 1.44 X 1072, and my = 104 so B ~ 6.33 X 1072 for PS in THF.

By using B/A = 1.33 X 10-3 (see section 3.4.2) and B~= 6.33 X 10 the estimated value of 4
is 47.6, which guarantees the condition K = Ax > 3/(2R%) [see equation (3.4)] even for the
lower values of Mand xof Table 3.2 and Table 3.3.

Figure 3.6 shows the predicted force (f) versus stretching (2) curves for PS-SCNPs of
different values of xin the regime of low deformations according to equation (3.37). The
corresponding values of the effective spring constant are K; = 9.8, 19.6, 39.2, 117.5, and
235.0 for x=0.025, 0.05, 0.10, 0.30, and 0.60, respectively.
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Figure 3.6. Predicted force (f) versus stretching (z) curves for PS— SCNPs of different values of x at low
deformation.

3.4.5. Comparison of model predictions to experimental data for other covalent-
bonded SCNPs

3.4.5.1. SCNP Size in Good Solvent Conditions
We are interested to investigate the predictive possibilities of the model for covalent-
bonded PS-SCNPs obtained from other different cross-linking techniques and also for
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covalent-bonded SCNPs of other chemical composition (e.g., methacrylate- and acrylate-
based SCNPs).

Figure 3.7 provides a comparison of experimental R;data and calculated ones from R, (nm)
= 392 X 102 x15M2/5 (see section 3.4.2.) for SCNPs in good solvent conditions.
Experimental Ry data were taken from ref. [41] corresponding to covalent-bonded PS-
SCNPs obtained by several crosslinking techniques different from benzocyclobutene
dimerization as well as covalent-bonded poly(methyl methacrylate) (PMMA)- and
poly(alkyl acrylate) (PAA)-based SCNPs. The overall average standard deviation between
calculated and experimental size data is 11%, which is quite reasonable by taking into
account that both the effective excluded volume coefficient B and the effective elastic
constant A could change depending on the specific chemical nature of the reactive functional
groups and monomer repeat units (styrene vs (meth)acrylate), the overall chain rigidity,
etc. When only PS-SCNPs are compared, the average standard deviation between calculated
and experimental data reduces to 8.5%.
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Figure 3.7. Comparison of experimental Ri data [40] and calculated ones (Rn (nm) = 3.92x-1/°MZ2/5, see text) for
covalent-bonded PS-SCNPs obtained from several cross-linking techniques different from benzocyclobutene
dimerization, as well as covalent-bonded polymethyl methacrylate (PMMA)- and polyalkyl acrylate (PAA)-
based SCNPs.

3.4.5.2. SCNP size on high-surface free energy substrates

A comparison of experimental H data from AFM experiments over mica substrate and
calculated ones from H (nm) = 5.81x27 (see section 3.4.3.) is provided in Table 3.4. It is
worth of mention that only a reduced number of covalent-bonded SCNPs have been
investigated by AFM on mica substrate [16, 49, 56-59]. In spite of the scarce data available,
a reasonable agreement is found between predictions and experimental results for
covalent-bonded PS-SCNPs obtained by cross-linking techniques different from
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benzocyclobutene dimerization [56-58] as well as for covalent-bonded poly(tert-butyl
methacrylate) (PtBMA) [59] and poly(methacrylic acid) (PMAA) [16] SCNPs.

Table 3.4. Comparison of Experimental H Data (Hexp) and Calculated Ones (Hcal) for Covalent-Bonded PS-SCNPs
Obtained from Cross-Linking Techniques Different from Benzocyclobutene Dimerization as Well as for Covalent-
Bonded PtBMA- and PMAA-SCNPs.

SCNP Type2 X Hexp(nm) Hea(nm)P Ref.
PS 0.09 3.0 2.6 [56]
PS 0.10 1.6,3.8 2.7 [57]
PS 0.10 1.7 2.7 [58]
PMAA 0.10 2.0 2.7 [16]
PtBMA 0.17 3.5 3.2 [59]

aPtBMA = poly(tert-butyl methacrylate); PMAA = poly(methacrylic acid).

bCalculated from A (nm) = 5.81x%/7 (see text).

3.5. Concluding remarks

A simple model of covalent-bonded SCNPs has been developed by considering these soft
nano-objects as a network of strands, which behave as elastic springs, connected by
crosslinks. Based on this model, scaling law expressions for the size, diffusion coefficient,
apparent molar mass, and shrinking factor of elastic SCNPs in good, theta, and bad solvents
have been derived as well as scaling laws for the height of elastic SCNPs deposited on both
low- and high-surface free energy substrates.

The elastic SCNP model for good solvent conditions reproduces with reasonable accuracy
the experimental size, diffusion coefficient, apparent molar mass, and shrinking factor of PS
SCNPs in THF as a function of xand M, in terms of a single model parameter (the ratio of the
effective excluded volume coefficient Bto the effective elastic constant A). The predictions
of the elastic SCNP model are found to be in excellent agreement with (i) the approximately
constant height of PS-SCNPs of different M on high-surface energy substrates and (ii) the
dependence of the height of PS-SCNPs on A, with a theoretical exponent of 1/3 for the case
of low-surface energy substrates. Force versus stretching curves for PS-SCNPs of different
values of xat low deformation would allow determining experimentally the effective elastic
constant 4.

To summarize, the simple elastic SCNP model introduced in this Chapter provides a useful
framework for connecting the amount of reactive groups and precursor molar mass with
the size upon intra-chain cross-linking for a variety of covalent-bonded SCNPs both in
solvents of different quality and on substrates of different surface free energy.
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Enzyme-Mimetic Single-Chain Nanoparticles for the Synthesis of PEDOT

4.1, Motivation

The use of single-chain polymer nanoparticles (SCNPs) as enzyme-mimic constructs has
attracted significant interest in recent years. In this Chapter, we investigate the design of
SCNPs as artificial iron-containing pseudo-enzymes for the synthesis of a relevant
intrinsically conducting polymer (ICP) such as poly(3,4-ethylenedioxythiophene), PEDOT.
This is the first report of the use of SCNPs as enzyme-mimetic nano-objects for the synthesis
of ICPs.

4.2, Introduction

Intrinsically conducting poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT:
PSS) films prepared upon water removal from PEDOT: PSS dispersions have attracted
significant interest for the development of transparent electrodes [1], as functional layers
in light emitting diodes [2], electrochromic devices [3] and solar cells [4], as well as for
biosensing [5] and regenerative medicine [6] applications.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conjugated polymer. It is a polythiophene
derivative. It is formed by the polymerization of bicyclic monomer 3,4-
ethylenedioxythiophene (EDOT). The EDOT molecule consists of a thiophene ring and a
dioxyethylene group bridging across the 3 and 4 positions of the heterocyclic ring. PEDOT
is insoluble in water. In its oxidative state, PEDOT has a positive charge roughly every third
repeating unit, thus the conductivity is produced through hole transport.

PEDOT:PSS is a polymer mixture made of 2 polymers: PEDOT and PSS. It is a successful
conducting polymer with many practical applications (Scheme 4.1).

* x “s y
PSS
SOy

SOzH

Scheme 4.1. Chemical structure of PEDOT: PSS.
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PEDOT:PSS consists of positively charged conjugated PEDOT and negatively charged
polystyrene sulfonate (PSS) [7]. PEDOT: PSS, unlike pure PEDOT, is dispersible in water and
forms a deep-blue opaque solution. It forms a continuous thin film on rigid or flexible
substrates by various solution processing techniques. PEDOT: PSS films are smooth and thin
films are almost transparent in the visible range. PEDOT: PSS exhibits a wide range of
electrical conductivities that range from 102 to 103 S cml. These conductivities of the
polymer are influenced by the conditions of the synthesis, processing additives and post-
treatment. PEDOT: PSS possesses good photo stability and electrical stability.

PEDOT:PSS has been utilized in a wide range of applications like antistatic coating, as
electrode in light-emitting diodes (LEDs), photovoltaics, memories, sensors, electrochromic
devices, field effect transistors and circuits in general [8]. One potential application is as
electrode in organic solar cells (OSC). The electrodes are the bottleneck of the processing of
0SCs. At least one electrode needs to be transparent in order to collect light. Currently the
standard transparent electrode is made of doped indium tin oxide (ITO). The high cost and
brittleness if ITO demands an alternative. PEDOT:PSS is promising as a substitute because
of its transparency in the visible range, high mechanical flexibility, excellent thermal
stability and can be produced through conventional solution processing [9].

However, PEDOT: PSS has a conductivity much lower than that of ITO (3000 S cm-1) but it
can be enhanced. Several treatments have been performed to enhance the conductivity by
3 orders of magnitude. These treatments include hydrophilic solvents like sorbitol [8],
methanol [9], DMSO [10], ethylene glycol, glycerol... and thermal annealing [8]. Screening
by polar solvents causes the excess PSS to dissolve and the system is rearranged forming a
higher PEDOT concentration film with higher conductivity. It has also been suggested that
increasing the crystallinity of PEDOT:PSS increases its conductivity [11].

There are two conduction mechanisms in PEDOT: PSS. One of them is dominated by
polarons and the other by bipolarons. Bipolarons are more efficient charge carriers and
PEDOT: PSS films have different conductivities according to which charge carrier
dominates. The higher charge density provided by bipolarons leads to higher conductivity.
Absorption of light by polarons produces a peak in the spectrum centered at ~-795 nm.
Bipolarons produce a broad absorption in the near infrared that is centered at .3600 cm-!
[12].

The first enzyme-mediated synthesis of a PEDOT: PSS dispersion was reported in 2007,
through the use of horseradish peroxidase in the presence of PSS as both water-soluble
template and charge-balancing dopant [13]. Traditional synthesis of PEDOT: PSS
dispersions involves the use of iron-containing salts and oxidants such as ammonium
persulfate. With the aim to introduce environmentally friendly alternatives over
conventional chemical catalyst, a variety of enzyme mediated synthesis of PEDOT: PSS have
been developed in recent years by introducing proteins containing iron in a heme complex
(horseradish peroxidase [1], soybean peroxidase [14], catalase and hemoglobin [12],
cytochrome c [15]) and hydrogen peroxide as an oxidant. The properties of the resulting
PEDOT: PSS films depend on the specific enzyme employed during the synthesis [16].
Interestingly, as demonstrated by Hira and Payne [17], even simple iron-binding proteins
showing non-enzymatic activity (e.g., transferrin) can been used as oxidants for the
synthesis of PEDOT: PSS dispersions. This fact significantly expands the library of
biomolecular oxidants available for the synthesis of PEDOT based films with a desired set
of properties, since nowadays over 800 different heme proteins are known [18].
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Recently, the use of single-chain polymer nanoparticles (SCNPs) as enzyme-mimic
constructs has attracted significant interest [19-22]. It is worth mentioning that SCNPs
endowed with enzyme-mimetic morphology and activity often show increased stability
against thermal changes and reduced degradability when compared to natural enzymes
[23]. SCNPs are constructed via self-folding of a single linear polymer chain by means of
intra-chain covalent bonds or supramolecular interactions (e.g, hydrogen bonding,
dynamic covalent bonds, metal complexation) [24-34]. Two limiting morphologies have
been observed in SCNPs depending on the particular synthesis route employed and the
hydrophobic/hydrophilic balance of the SCNP precursor chain. A sparse morphology
resembling that displayed by intrinsically disordered proteins is often observed by means
of intra-chain folding/collapse of the precursor under good solvent conditions [35, 36].
Conversely, a globular morphology more akin to that found in enzymes is typically obtained
by single-chain self-folding in water of amphiphilic (neutral or charged) random
copolymers of appropriate composition and molecular weight [37-41].

Recently, SCNPs have been used as enzyme-mimetic nanoreactors for the synthesis of a
variety of chemical compounds [19], gold nanoparticles [42], quantum dots [43], and carbon
nano-dots [44], as well as for ring-opening polymerization (ROP) [45] and living radical
polymerization (LRP) [46, 47] processes. Hence, SCNPs containing entrapped B(CsFs)3
molecules were found to display polymerase-like activity toward tetrahydrofuran via ring-
opening polymerization in the presence of glycidyl phenyl ether that played the role of a co-
catalyst [45]. Additionally, Sanchez-Sanchez and coworkers reported the metalloenzyme-
mimic properties of copper (II)-containing SCNPs toward the controlled radical
polymerization of water-soluble vinyl-type monomers under reductive conditions [46].
Very recently, efficient living radical polymerization of various alkyl methacrylate
monomers using iron-containing SCNPs has been described by Azuma et al [47].

However, to the best of our knowledge, the use of water-soluble self-folded metal-
containing SCNPs as robust enzyme-mimic nanoreactors for the synthesis of intrinsically
conducting polymers (ICPs) via step growth polymerization has not been investigated yet.
In this Chapter, we disclose the use of water-soluble self-folded metal-containing single-
chain nanoparticles (SCNPs) as robust enzyme-mimic nanoreactors for the synthesis of ICPs
via step-growth polymerization. As a proof of concept, we report the first enzyme-mimetic
synthesis of PEDOT: PSS dispersions at room temperature (r.t.) via oxidative
polymerization using self-folded iron-containing SCNPs as efficient artificial pseudo-
enzymes (Scheme 4.2).

Remarkably, this work paves the way to the synthesis of other types of intrinsically
conducting polymers (e.g., polyaniline, polypyrrole) for a variety of potential applications
using water-soluble SCNPs as robust enzyme-mimic nanoreactors operating at r.t.
Moreover, it expands the use of SCNPs as bioinspired catalysts from chain-growth
polymerization (i.e, ROP and LRP) to step-growth polymerization (i.e., polycondensation
via oxidative polymerization).
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Scheme 4.2. Synthesis of PEDOT: PSS by enzymes and artificial pseudo-enzymes.

4.3. Experimental procedures

4.3.1. Materials

Oligo(ethylene glycol) methyl ether methacrylate (OEGMA) (average M,~300 g/mol), 2-
acetoacetoxy ethyl methacrylate (AEMA) (95%), 3,4-ethylenedioxythiophene (EDOT)
(97%), poly(sodium 4- styrenesulfonate) (PSS) (average M,~77000 g/mol), iron(Il)
acetate (Fe(OAc)2) (95%), 2,2-azobis(2-methylpropionitrile) (AIBN) (=98%), hydrogen
peroxide (H202) (30 wt% solution in water, ACS reagent), horseradish peroxidase (HRP)
(type VI, essentially salt-free, lyophilized powder, >250 units/mg), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (3.0-4.0% in H»O, high-
conductivity grade), 1,4-dioxane (anhydrous, 99.8%), N,N-dimethyl formamide (DMF)
(ACS reagent, 99.8%) and deuterated chloroform (CDCl3) (99.96 atom % D, containing
0.03% (v/v) tetramethylsilane, TMS) were purchased from Sigma-Aldrich.
Tetrahydrofuran (THF) (GPC grade), diethyl ether (Et,0) (ACS reagent, anhydrous, >
99.0%), hexane (anhydrous, 95 %), and hydrochloric acid (extra pure, 37% in water) were
supplied by Scharlau. 4-Cyanopentanoic acid dithiobenzoate (> 97%) was purchased from
Strem Chemicals. Deionized water obtained from a Thermo Scientific apparatus (Barnstead
TII Pure Water System) was employed in this work. AIBN was recrystallized from methanol.
OEGMA and AEMA were purified by passing through basic and neutral alumina,
respectively.

4.3.2. Techniques

Size exclusion chromatography (SEC) measurements were performed at 30 °C on an Agilent
1200 system equipped with PLgel 5 um Guard and PLgel 5 pm MIXED-C columns and triple
detection: a differential refractive index (RI) detector (Optilab Rex, Wyatt), a multi-angle
laser light scattering (MALLS) detector (MiniDawn Treos, Wyatt), and a viscosimetric (VIS)
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detector (ViscoStar-II, Wyatt). Data analysis was performed with ASTRA Software (version
6.1) from Wyatt. THF was used as eluent at a flow rate of 1 ml/min. A value of dn/dc=0.115
was used for the precursor and the single-chain nanoparticles.

The freeze-drying system employed was a Telstar-Cryodos equipment.

1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker spectrometer
operating at 400 MHz, using CDCl;3 as solvent. AEMA content was determined following the
procedure described in section 4.4.1. [46].

Fourier transform infra-red (FTIR) measurements were performed at r.t. on a Jasco 3600
FTIR spectrometer.

Dynamic Light Scattering (DLS) measurements were carried out at 25 °C in a Zetasizer
Nano-ZS apparatus.

Ultraviolet-visible (UV-vis) spectra were recorded on an Agilent 8453A apparatus
equipped with a Peltier thermostatic cell holder (T-controller 890904).

Metal content was determined by inductively coupled plasma (ICP) atomic emission
spectroscopy performed on an Agilent 7700X spectrometer.

TGA Measurements were performed in a Q500, TA Instruments Thermogravimetric
analysis. The sample was heated from 252C to 8002C in an inert atmosphere.

Atomic Force Microscopy (AFM) measurements were performed using a Multimode AFM,
equipped with a Nanoscope V controller (Bruker). All images were taken in tapping mode,
using Multi300AIl-G probes (Budgetsensors). Samples for AFM were prepared by spin
coating (3000 rpm, 2 min) the PEDOT: PSS dispersions at 100 mg/ml concentration onto
glass slides, allowing to obtain thin films. Prior coating, the glass substrates were washed in
soapy solution with deionized water, rinsed with acetone and finally dried under a N flow.
Conductivity of PEDOT: PSS thin films was measured using a 4-point probe setup (HFS600-
P, Linkam) and an Alpha impedance analyzer (Novocontrol).

4.3.3. Synthesis of OEGMA-AEMA copolymers

In a typical procedure, OEGMA (1.54 ml, 5.4 mmol), AEMA (0.34 ml, 1.8 mmol), CPADB (20
mg, 7X10-2 mmol) and AIBN (2.35 mg, 1.4X10-2 mmol) were dissolved in 1,4-dioxane (3
ml). The reaction mixture was degassed by passing argon for 15 min. The copolymerization
reaction was carried out at 70 2C for 24 h (Scheme 4.3). The resulting pink oil was isolated
by precipitation in hexane. After that, the copolymer was redissolved in a minimal amount
of THF and added to a large excess of hexane (twice), the residual solvent was concentrated
and further drying at r.t. under dynamic vacuum. Poly(OEGMA-co-AEMA) copolymers were
obtained as pink oils with 24-44 mol% of AEMA content, as determined by 'H NMR
spectroscopy [46].
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Scheme 4.3. Representation of the synthesis of poly (OEGMA-co-AEMA) precursor copolymer P.

4.3.4. Synthesis of artificial iron-containing pseudo-enzymes

In a typical procedure, 1000 mg of an amphiphilic random copolymer of
oligo(ethyleneglycol) methyl ether methacrylate (OEGMA) and 2-acetoacetoxy ethyl
methacrylate (AEMA) prepared following the experimental procedures reported the
previous section [46] (P, M,: 135 KDa, £: 1.10, AEMA content: 24 mol%) were dissolved in
1000 ml of THF at r.t. To this solution, 73.4 mg of Fe(0Ac); dissolved in 1 mL of DMF were
added under stirring to induce intrachain folding/collapse via iron(Il)/ (AEMA):
complexation (see Scheme 4.5). After 24 h of reaction time, solvent exchange to water was
preformed and the mixture was dialyzed to remove unreacted Fe(OAc), and residual
organic compounds. The concentration of the final single-chain nanoparticles (NP) solution
in water was 0.96 mg/ml. Finally, a fraction of the NP solution was isolated via freeze-drying
for characterization and other fraction was keep in solution to be used as artificial iron-
containing pseudo-enzymes. The average number of iron atoms per individual single-chain
nanoparticle was found to be 48 by ICP atomic emission spectroscopy.

4.3.5. Synthesis of PEDOT using artificial iron-containing pseudo-enzymes

In a typical reaction, 0.512 mL of artificial iron-containing pseudo-enzymes aqueous
solution (0.49 mg of NP), 226.6 mg of poly(sodium 4-styrenesulfonate) (PSS) and 0.117 mL
of 3,4-ethylenedioxythiophene (EDOT) monomer were dissolved in water (20 ml) at r.t.
under an argon atmosphere. To this mixture, 0.112 ml of a hydrogen peroxide solution (30
wt% H20; solution in water) was added (Scheme 4.4). The oxidative polymerization of
EDOT was followed by UV-vis spectrometry by taken periodically samples from the
polymerization medium. After reaction completion, conducting films (containing the
artificial iron-containing pseudo-enzymes) were prepared from the resulting PEDOT: PSS
dispersions via solvent casting.
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Scheme 4.4. [llustration of the synthesis of PEDOT: PSS.

4.3.6. Synthesis of PEDOT using Fe(OAc)z (as control reaction)

In a typical reaction, 0.512 mL of a Fe(0OAc)zaqueous solution (23.73 mg of Fe(OAc)>), 226.6
mg of poly(sodium 4-styrenesulfonate) (PSS) and 0.117 ml of 3,4-ethylenedioxythiophene
(EDOT) monomer were dissolved in water (20 ml) at r.t. under an argon atmosphere. This
amount of Fe(0Ac)is the equimolar quantity used in the PEDOT synthesis using SCNPs. To
this mixture, 0.112 ml of a hydrogen peroxide solution (30 wt% H20; solution in water) was
added. The oxidative polymerization of EDOT was followed by UV-vis spectrometry, until a
total time of 5 hours.

4.4, Results and discussion

4.4.1. Synthesis of iron-containing self-folded single-chain nanoparticles as artificial
pseudo-enzymes

SCNPs were synthesized from poly(OEGMA-co-AEMA) copolymers. 1H-NMR spectra of
copolymers synthesized in this Chapter correspond to those found in the literature.
OEGMA/AEMA ratios of the precursor polymers were calculated measuring the normalized
integrated areas of the peaks (Figure 4.1) of the NMR spectrum of the OEGMA-co-AEMA
copolymers.
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Figure 4.1.1H NMR spectrum of poly(OEGMA-co-AEMA) precursor copolymer P.

Copolymer compositions and molecular weights of copolymers synthesized in this project
are shown on Table 4.1 below.

Table 4.1. Characterization data of poly(OEGMA-co-AEMA) precursor copolymers.

OEGMA/AEMA ratio Mw (kDa) | P
56.2% OEGMA/43.8% AEMA | 29.2 1.01
76.4% OEGMA/23.6% AEMA | 134.6 1.10

Scheme 4.5 illustrates the synthetic approach followed in this work to produce iron(Il)-
containing SCNPs as artificial pseudo-enzymes. Based on previous works [46], we
synthesized a high molecular weight (M, = 135 kDa, # = 1.10) amphiphilic random
copolymer (P) composed of OEGMA (76 mol%) and AEMA (24 mol%) units to guarantee
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the formation of single-chain core-shell globules in water with the hydrophobic AEMA units
placed in the core and the hydrophilic OEGMA moieties in the shell, by working at highly
diluted conditions (1 mg P/ ml). Metal complexation of AEMA units was carried out for 24
h at r.t. The resulting single-chain nanoparticles (NP) were purified from unreacted
Fe(OAc) and residual organic compounds by dialysis after solvent exchange to water, and
isolated for characterization via freeze-drying.

w
B
i

O]

% + Fe(OAc), TH'; ;Ti}’mL ~%
b (1/2x)
INTRACHAIN

poly(OEGMA-co-AEMA) Iron(ll)-containing self-folded SCNP
P:x=307;y=97 NP: 24 mol% AEMA (48 Fe)
In THF In H,0
Amphiphilic Artificial Iron(ll)-containing
Poly(OEGMA,-co-AEMA,) Pseudo-Enzyme

Scheme 4.5. Schematic illustration of the synthesis of self-folded iron (1)-containing single-chain nanoparticles
(NP) as artificial pseudo-enzymes.

The efficient formation of self-folded iron-containing SCNPs was confirmed by combined
size exclusion chromatography (SEC) and dynamic light scattering (DLS) measurements. As
depicted in Figure 4.2, the iron-containing SCNPs NP showed an increase in retention time
(i.e. a reduction in hydrodynamic size) during SEC in THF when compared to the
amphiphilic random copolymer precursor P due to the formation of intra-chain
iron(I1)/(AEMA); complexes in the former case.
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Figure 4.2. Size-exclusion chromatography (SEC) traces in THF showing the typical reduction in hydrodynamic
size of an amphiphilic random poly(OEGMA-co-AEMA) copolymer (P) (red line) upon intra-chain iron(1l)
complexation to give single-chain nanoparticles (NP) (blue line).

The difference in hydrodynamic size of the iron-containing SCNPs when dissolved in water
(good solvent for OEGMA units, bad solvent for AEMA moieties) and in THF (good solvent
for both OEGMA and AEMA units) is shown in Figure 4.3, as determined by DLS
measurements. The conformational change taking place on passing from THF to H20 due to
a modification in solvophilic/solvophobic balance promoting the self-folding of P to
individual core-shell nanoparticles is illustrated schematically in Scheme 4.5. Further
compaction is induced by intrachain iron(Il)/(AEMA). complexation. On average, self-
folded iron-containing SCNPs were found to contain 48 Fe atoms per single-chain
nanoparticle as determined by ICP atomic emission spectroscopy, which is a value similar
to that found in copper-containing globular SCNPs prepared from amphiphilic random
poly(OEGMA-co-AEMA) copolymers [46]. The above results support the efficient formation
in water of individual SCNPs containing Fe(II) /(AEMA), complexes placed in a hydrophobic
core, which is stabilized by an external hydrophilic shell.
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Figure 4.3. Dynamic light scattering (DLS) results showing the different size of single-chain nanoparticles NP in
H20, which is a good solvent for OEGMA units and a bad solvent for AEMA moieties (blue line) and in THF, which
is a good solvent for both OEGMA and AEMA repeat units (red line).

TGA measurements of iron-containing SCNPs left a residue of 8.48% of the original mass
demonstrating SCNPs contain iron (Figure 4.4 B). The residual weight that can be assigned
to FeO species due to the black colour of the residues. The precursor P, which was taken as
a control, was totally decomposed at temperatures above 4502C (Figure 4.4 A), so the
residues observed for NP can be only attributed to metal oxide species.
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Figure 4.4. Thermogram of the decomposition of poly (OEGMA-co-AEMA) precursor copolymer P (A) and

iron(1l) containing SCNPs NP (B) by thermogravimetric analysis showing the reduction of the mass (red line) of
SCNPs with temperature and the mass loss rate (blue line).

88



Enzyme-Mimetic Single-Chain Nanoparticles for the Synthesis of PEDOT

4.4.2. Synthesis and characterization of PEDOT using artificial iron-containing
pseudo-enzymes

The enzyme-mimetic synthesis of PEDOT at r.t. using self-folded iron(II)-containing single-
chain nanoparticles as artificial pseudo-enzymes is depicted in Scheme 4.6. We follow a
recipe similar to that used during the first reported enzymatic synthesis of PEDOT [13] but
totally replacing the horseradish peroxidase (HRP) enzyme by the self-folded iron(II)-
containing SCNPs NP as artificial pseudo-enzymes, at a concentration of 0.96 mg NP/mL,
(see Section 4.3.4 for technical details).

EDOT, PSS, H,0, ~ PEDOT:PSS
>

H,0O, r.t., argon

Scheme 4.6. Schematic illustration of enzyme-mimetic synthesis of PEDOT: PSS dispersions at r.t. using self-
folded iron(1l)-containing SCNPs as artificial pseudo-enzymes.

As illustrated in Figure 4.5, the initially transparent reaction medium takes a deep blue
colour upon formation of the PEDOT: PSS dispersion at 3 h of reaction time, showing the
ability of the self-folded iron(II)-containing SCNPs to perform as artificial pseudo-enzymes.

Figure 4.5. Evolution of the colour of the reaction mixture with reaction time during the enzyme-mimetic
synthesis of PEDOT.

It should be noted that by using neat Fe(OAc): instead of NP, the resulting PEDOT: PSS
dispersion took a deep blue colour only after 5 h of reaction time. In Figure 4.6, we present
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photographs of the reaction flask as a function of time. We observed an evolution of the
solution’s colour with time, from light to dark blue.

30 min 1h 2h 3h 5h

Figure 4.6. Photographs of the reaction flask as a function of time, for PEDOT synthesis using Fe(OAc):.

A comparison of the performance of the SCNPs versus HRP for the preparation of PEDOT:
PSS dispersions is shown in Figure 4.7, as determined by UV-vis spectroscopy. Although for
the HRP-mediated synthesis of PEDOT: PSS dispersions the reported optimum temperature
was 4 °C [13], we found that the reaction temperature can be increased to r.t. by working
under an inert argon atmosphere (Figure 4.7).

Reaction time: 3h

—HRP 4 °C
—NP r.t.

Absorbance (a.u.)

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4.7. Comparison of the UV-vis spectra corresponding to PEDOT : PSS dispersions prepared at r.t. by using
self-folded iron(1l)-containing single-chain nanoparticles as artificial pseudo-enzymes (NP) or horseradish
peroxidase (HRP) enzyme (also the spectrum obtained by using HRP at 4°C is included for comparison).

Advantageously, the polymerization kinetics at r.t. is faster than at 4 °C. Remarkably, the
characteristics of the PEDOT: PSS dispersions and PEDOT: PSS films synthesized using NP
or HRP at r.t. for 3 h were very similar, as determined by UV-Vis (Figure 4.7) and FTIR
spectrometry (Figure 4.8), respectively.
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Figure 4.8. FTIR spectra corresponding to PEDOT: PSS films prepared from the dispersions described in Figure
4.7

Hence, the characteristic bipolaron absorption band around 800 nm was observed in both
the PEDOT: PSS dispersion prepared with the artificial pseudo-enzymes NP and the PEDOT:
PSS dispersion synthesized using the horseradish peroxidase, HRP, enzyme (Figure 4.7).
Such bipolaron absorption band which is a signature of the conductivity of the resulting
PEDOT was absent when the synthesis was performed using NP dissolved in THF instead of
water (see Figure 4.9).
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Figure 4.9. Comparison of the UV-vis spectra corresponding to PEDOT: PSS dispersions prepared with NP in
water, and NP in THF.

Thin films prepared form PEDOT: PSS dispersions synthesized at r.t. for 3 h using NP as
artificial pseudo-enzymes were examined by atomic force microscopy (AFM) as illustrated
in Figure 4.10. The bare glass slide showed a roughness of about 2.15 nm (Figure 4.10 A)
that after coating with the PEDOT: PSS dispersion was significantly reduced to 0.35 nm
(Figure 4.10 B). AFM images also showed that there were not any important presence of
holes or discontinuities on the substrate after coating, indicating the homogeneous
coverage of the PEDOT: PSS thin films.
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Height 600.0 nm

Figure 4.10. AFM topography images (3 yum x 3 yum) of: (A) a bare glass slide, and (B) a PEDOT: PSS coated glass
slide prepared from a PEDOT: PSS dispersion synthesized at r.t. for 3 h of reaction time by using self-folded
iron(1l)-containing single-chain nanoparticles NP as artificial pseudo-enzymes.

Using sharp tweezers, we performed a scratch on the PEDOT: PSS thin film and its thickness
was quantified via AFM by the step height presented in Figure 4.11, resulting in a film
thickness of 250 + 4 nm. Conductivity measurements on the PEDOT: PSS coated glass slide
were performed using a 4 point probe setup. A mean electrical conductivity of o= 1x10-
S/cm was determined which was similar to that typically reported for PEDOT: PSS films
prepared from PEDOT: PSS dispersions synthesized using iron-containing proteins like
catalase (o= 1.3x10-5 S/cm).
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Figure 4.11. Film thickness determination via AFM step height method.

4.4.3. Characterisation of PEDOT Synthesised using Fe(OAc)z (control reaction)

In Figure 4.12 we show the UV-Vis spectrum after 5 h of synthesis time. The characteristic
bipolaron absorption band around 800 nm (signature of the conductivity) was observed,
indicating the successful synthesis of PEDOT: PSS.
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Figure 4.12. UV-Vis spectrum of PEDOT: PSS prepared using Fe(OAc)z.

4.5. Conclusions

In this Chapter we report the use of water-soluble self-folded metal-containing single-chain
nanoparticles (SCNPs) as robust enzyme-mimic nanoreactors for the synthesis of
intrinsically conducting polymers (ICPs) via step-growth polymerization. As a proof of
concept, we performed the first enzyme-mimetic synthesis of poly(3,4-
ethylenedioxythiophene): polystyrenesulfonate (PEDOT: PSS) dispersions via oxidative
polymerization using self-folded iron(Il)-containing SCNPs as efficient artificial pseudo-
enzymes. The synthesis, which can be easily carried out in water at r.t for 3 h under argon
atmosphere, provides with a PEDOT: PSS dispersion displaying the characteristic bipolaron
UV-vis absorption band at 800 nm from conducting PEDOT. Thin films prepared from this
PEDOT: PSS dispersion showed a value of electrical conductivity of c=1x10-*S/cm, similar
to that typically reported for PEDOT: PSS films prepared from PEDOT: PSS dispersions
synthesized using iron-containing proteins like catalase (¢ = 1.3x10-5 S/cm). This work
opens the door to the synthesis of other types of ICPs (e.g., polyaniline, polypyrrole) using
water-soluble metal-containing SCNPs as robust enzyme-mimic nanoreactors operating at
r.t, and expands the use of SCNPs as bioinspired catalysts from chain-growth polymerization
(i.e., ring-opening polymerization and living radical polymerization) to step-growth
polymerization (i.e., polycondensation via oxidative polymerization).
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Fast and efficient synthesis of highly fluorescent Single-Chain Nanoparticles

5.1. Motivation

The development of highly fluorescent nanoparticles is of great interest for a variety of
practical applications including new generation biological sensors, innovative chemical
probes, improved optoelectronic devices, and intelligent materials. In this Chapter we
report an original method toward the fast and efficient synthesis of highly fluorescent
SCNPs based on the efficient use of aggregation-induced emission (AIE) cross-linking
fluorophores.

5.2. Introduction

Single-chain polymer nanoparticles (SCNPs) are soft nanomaterials constructed via intra-
chain cross-linking of individual precursor polymer chains [1-7], with promising prospects
for nanomedicine [8-11], catalysis [12-19], sensing [20, 21], and other different application
fields [22]. The SCNP local pockets formed upon chain collapse at high dilution provide a
unique (and tunable) environment for attachment -either temporally or permanently- of
active species, such as drugs, catalytic metal ions, or dyes [23, 24]. Moreover, SCNPs are
promising building blocks for the construction of new fluorescent probes with ultra-small
size, higher brightness, and better photostability than previous particle-based systems.

In general, fluorescent nano-probes are receiving enthusiastic pursuits from medical
scientists because of their promising potential applications in cell imaging, targeting,
tracing, and therapeutics [25]. Conventional luminescent nanoparticles are mainly based on
inorganic quantum dots [26], lanthanide ion doped nanomaterials [27], and metallic
nanoclusters [28] because of their excellent photostability with narrow emission, sub-
nanometer size, and superior upconversion performance, although potential toxicity issues
and poor biodegradability have largely hindered their common employment in biomedical
applications [29].

Even if the field of SCNPs is still very incipient, a variety of fluorescent SCNPs have been
synthesized through four different synthetic approaches based on common, traditional
fluorophores [30]: (i) functionalization of the SCNP precursor polymer with a conventional
fluorophore molecule before intra-chain cross-linking [31]; (ii) physical entrapment of an
external traditional fluorophore molecule into non-fluorescent SCNPs [32] or in situ
generation of this fluorophore molecule inside the SCNP [33]; (iii) post-functionalization of
the SCNP surface via chemical reaction with appropriate, complementary reactive
fluorophore molecules [34]; and (iv) generation of fluorophore functional moieties through
intramolecular crosslinking [35].

In spite of recent advances in this field, to the best of our knowledge, the use of aggregation-
induced emission (AIE) cross-linking fluorophores [36] to endow SCNPs with fluorescent
properties has not been investigated yet. AIE compounds [37] are opposite to conventional
fluorescent probes which often suffer from the well-known (and deleterious) aggregation-
caused quenching (ACQ) effect [38]. On the contrary, AIE molecules- as first described by
Tang and co-workers [39] in 2001-are nearly non-emissive compounds in solution but
become highly fluorescent upon restriction of their intramolecular rotations (the so-called
RIR mechanism [37]). In short, AIE fluorophores usually show very weak fluorescence or
non-emissivity when molecularly dissolved in a good solvent, but are highly emissive when
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aggregated -or after molecular immobilization- because of the restriction of the
intramolecular rotation in the aggregate (immobilized) state leading the excitations to
decay radiatively. There are several practical applications of AIE compounds in biological
sensors, chemical probes, optoelectronic devices, and intelligent materials [36-38].

Currently, the development of fluorescent polymers and nanomaterials based on AIE probes
is a field of intense activity [40-54]. Hexaphenyl silole (HPS) is the archetypal form of AIE
luminogen. The HPS molecule consists of a silole core attached to six phenyl rings. Like in
other AlEgens the phenyls (rotors) can rotate against the silole ring (stator) via the single-
bond axes. In the solutions, the intramolecular rotation is active, which serves as a
relaxation channel for the excited state to decay. In the aggregates, the rotation is restricted
due to the physical constraint, which blocks the non-radiative path and activates the
radiative decay. HPS is soluble organic solvents like acetonitrile, tetrahydrofuran (THF) and
chloroform, but is insoluble in water [38].

This property can be generalized to other silole derivatives. Silole derivatives are non-polar
hydrophobic molecules. They contain no polar moieties such as donor and acceptor
functional groups. Some of these derivatives contain reactive functional groups that allow
them to attach to polymers forming fluorescent SCNPs. One example is 1,1-dimethyl-2,5-
bis(4-(azidomethyl)phenyl)-3,4-diphenylsilole (Silole-N3). The Silole-N3 molecule is similar
to HPS, but the two phenyl rings bound to the silicon are substituted by methyl groups and
two of the four phenyl rings are functionalized by azides. These azides are very reactive
under appropriate reaction conditions.

In this chapter, we will investigate a new photoactivation strategy developed for AIE cross-
linking molecules containing azide moieties allowing the fast and efficient synthesis at room
temperature (r.t.) of highly fluorescent SCNPs in solution showing excellent stability of the
fluorescence emission intensity over time. A further motivation of this work is the synthesis
of SCNPs showing fluorescent properties also in the solid state, i.e., free from ACQ effects
often observed for SCNPs based on traditional fluorophores.

5.3. Experimental procedures

5.3.1. Materials

Methyl methacrylate (MMA) (99%), (2-acetoacetoxy)ethyl methacrylate (AEMA) (95%),
2.2'-azo(2-methylpropionitrile) (AIBN) ( =>98%), p-carboxybenzenesulphonazide (p-
CBSA) (97%), triethylamine (EtsN) (>99%), HPS (98%), 1,1-dimethyl-2,5-bis(4-
(azidomethyl)phenyl)-3,4-diphenylsilole (Silole-N3) (96%), ethyl acetate (EtOAc)
(anhydrous, 99.8%), diethyl ether (Et:0) (ACS reagent, anhydrous, >99.0%),
dichloromethane (CH:Cl;) (anhydrous, >99.8%), and deuterated chloroform (CDCl3)
(99.96 atom % D, containing 0.03% (v/v) tetramethylsilane) were purchased from Sigma-
Aldrich and used, unless specified, as received. 2-Cyanoprop-2-yl-dithiobenzoate (CPDB)
(=97%) was purchased from Strem Chemicals. Methanol (MeOH) (synthesis grade) and
tetrahydrofuran (THF) (HPLC grade) were purchased from Scharlab. AIBN was
recrystallized from methanol. MMA was purified by distillation before use. AEMA was
purified by passing through alumina.
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5.3.2. Techniques

Experimental UV irradiation setup

UV irradiation experiments were performed using a Hamamatsu UV spot light source (LC8,
Hg—Xe Lamp, UV intensity: 3.5 W/cm?) equipped with an A9616-05 filter [transmittance
wavelength: 300—400 nm (Amax = 365 nm); transmitted intensity: 80%] and the
corresponding UV-light guide. The distance from the guide to the solution containing the
SCNP precursor was 10 cm. The open area during irradiation was 2 cm2. A picture of the
experimental setup is available in Figure 5.1.

Figure 5.1. [llustration of the experimental set-up employed for photoactivated synthesis of single-chain polymer
nanoparticles (SCNPs) (SI from ref.[55]).

Characterization techniques

Size exclusion chromatography (SEC) measurements were performed at 30 °C on an Agilent
1200 system equipped with PLgel 5 um Guard and PLgel 5 um MIXED-C columns, and triple
detection: a differential refractive index detector (Optilab Rex, Wyatt), a MALLS detector
(MiniDawn Treos, Wyatt), and a viscosimetric (VIS) detector (ViscoStar-II, Wyatt). Data
analysis was performed with ASTRA Software (version 6.1) from Wyatt. THF was used as
an eluent at a flow rate of 1 ml/min. A value of dn/dc = 0.083 was used for precursors and
SCNPs.
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1H NMR spectra were recorded atr.t. on a Bruker spectrometer operating at 400 MHz, using
CDCl;3 as a solvent. AEMA content was determined following the procedure described in the
results section 5.4 [56].

Fourier-transform infrared (FTIR) spectra were recorded at r.t. on a JASCO 3600 FTIR
spectrometer.

Elemental analysis (EA) measurements were performed in a Euro EA3000 elemental
analyser (CHNS).

Photoluminescence spectra were recorded atr.t. on an Agilent Cary Eclipse spectrometer at
an excitation wavelength of 364 nm.

Transmission electron microscopy (TEM) measurements were performed using a high-
resolution transmission electron microscope TECNAI G220 TWIN. The measurements were
carried out using an accelerating voltage of 200 kV under low dose conditions.

Ultraviolet-visible measurements were performed in an Agilent 8453A UV-Vis
spectrometer with Peltier thermostatic cell holder T-controller 89096A.

Fluorescence Quantum Yield Determination

The Fluorescence Quantum Yield ( @) of fluorescent nanoparticles FNP was determined by
employing 2 different standards: Coumarin 1 in ethanol and 9,10-diphenylanthracene
(DPA) in ethanol. The standards were cross-calibrated. The absorbance and fluorescence of
FNP samples and standards were measured at different concentrations and Fluorescence
vs. Absorbance plots were built. Absorbance was measured by UV-Vis spectroscopy.

5.3.3. Procedures

5.3.3.1. Synthesis of the copolymer

In a typical procedure [16], MMA (1 ml, 9.4 mmol), AEMA (0.6 ml, 3.1 mmol), CPDB (0.8 mg,
3%10-2 mmol) and (AIBN) (1 mg, 3X10-2 mmol) were dissolved in ethyl acetate (4.5 ml).
The reaction mixture was degassed by passing argon for 15 min. The copolymerization
reaction was carried out at 65 2C for 18 h (see Scheme 5.1). The resulting poly(MMA-co-
AEMA) copolymer C was isolated by precipitation in methanol and further drying (C: weight
average molecular weight, M,, (SEC/ MALLS) = 189 kDa; polydispersity, # = 1.25; molar
fraction of AEMA units (*H NMR) = 32%, x= 0.32). Reaction conditions of the synthesis of
copolymers are annotated in Table 5.1.
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Scheme 5.1. Representation of the synthesis of poly (MMA-co-AEMA) copolymer C.

Table 5.1. Amount of reagents (MMA, AEMA, CPDB, AIBN and EtOAc) used for the synthesis of poly(MMA-co-
AEMA) copolymers and characterization data (Mw and AEMA content).

MMA (ml) 1 1 1
AEMA (ml) 0.6 0.6 0.6
CPDB (mg) 7.5 1.6 0.8
AIBN (mg) 1.4 1 1
EtOAc (ml) 3 4 4.5
M (kDa) 52.8 104.2 188.8
AEMA content | 26.6 28.3 319
(mol %)

MMA = Methyl methacrylate; AEMA = 2-acetoacetoxy)ethyl methacrylate; CPDB = 2-cyanoprop-2-
yl-dithiobenzoate; AIBN = 2.2'-azo(2-methylpropionitrile); EtOAc = ethyl acetate; Mw = molar mass;
AEMA content = percentage of AEMA monomers in the copolymers.

5.3.3.2. Functionalization of the precursor

The whole functionalization reaction of copolymer C was performed protected from light.
In a typical procedure, a random copolymer of MMA and AEMA (485 mg, 0.77 mmol)
prepared according to the methodology reported in the previous section [16] (C: weight
average molecular weight, M,, (SEC/MALLS) = 189 kDa; polydispersity, # = 1.25; molar
fraction of AEMA units (*H NMR) = 32%, x= 0.32) was dissolved in CHzCl; (10 mL) atr.t.
Then, p-CBSA (250 mg, 1.1 mmol) and EtsN (0.4 mL, 2.87 mmol) were added, and the
mixture was maintained under stirring for 24 h (see Scheme 5.2). After reaction, the
solution was concentrated and precipitated in MeOH and the resulting nanoparticle
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precursor P was dried in a vacuum oven in the dark [P: Yield = 73%; M, (SEC/MALLS) =
289 kDa; P = 1.24; molar fraction of a-diazo-3-ketoester units (EA) = 23%, y= 0.23; radius

of gyration, R, (SEC/MALLS) = 17.9 + 1.0 nm; hydrodynamic radius, R, (SEC/VIS) = 11.4
+ 0.1 nm].

o _O e
o” Yo p-CBSA o” Yo
EtsN, CH,Cl,

r.t.

0 o
0 0
N
0 0
c P

Scheme 5.2. Schematic illustration of the synthesis of precursors P.

5.3.3.3. Synthesis of single-chain polymer nanoparticles in the presence of HPS

In a typical reaction, precursor P (6 mg, 9.5 X 10-3 mmol) and HPS (2.6 mg, 4.75 x 10-3
mmol, Scheme 5.3) were dissolved in CH»Cl, (12 ml) at r.t. and the solution was subject to
UV light irradiation through an open area of 2 cm2 in the 300—400 wavelength range (Amax
= 365 nm) for 60 min (Scheme 5.4). The resulting (non-fluorescent) SCNPs NP were
purified by precipitation in Et;0 and further drying in a vacuum oven [NP: Yield = 72%, M,,

(SEC/MALLS) = 290 kDa; &= 1.25; R, (SEC/MALLS) = 7.3 £ 1.1 nm, R, (SEC/VIS) = 9.5 +
1.1 nm)].

/

Scheme 5.3. Chemical structure of hexaphenyl silole (HPS).
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Scheme 5.4. [llustration of the synthesis of single-chain nanoparticles NP.

5.3.3.4. Synthesis of single-chain polymer nanoparticles in the presence of Silole-N3

In a typical reaction, precursor P (6 mg, 9.5 X 10-3 mmol) and Silole-N3 (2.5 mg, 4.75 X 10-3
mmol, Scheme 5.5) were dissolved in CH>Cl; (12 mL) atr.t. and the solution was subject to
UV light irradiation (Amax = 365 nm) for 60 min (Scheme 5.6). The resulting highly
fluorescent SCNPs FNP were purified by precipitation in Et;0 and further drying in a
vacuum oven [FNP: yield = 78%, M,, (SEC/MALLS) = 330 kDa; # = 1.26; R, (SEC/MALLS)
=6.2 + 2.0 nm, R; (SEC/VIS) =9.0 £ 0.3 nm; fluorescent quantum yield, @ (in THF) = 0.065
(see section 5.4.3 for details)].

/A
Vo Sow

Scheme 5.5. Chemical structure of 1,1-dimethyl-2,5-bis(4-(azidomethyl)phenyl)-3,4-diphenylsilole (Silole-N3).

o0 Qi W UViight S
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Scheme 5.6. [llustration of the synthesis of fluorescent single-chain nanoparticles FNP.
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5.4. Results and discussion

We investigate in this work a new strategy toward highly fluorescent SCNPs based on the
combined photoactivation of an AIE cross-linking compound containing azide functional
groups, Silole-N3, and a precursor P containing a-diazo-f-ketoester units (see Scheme 5.2).

Precursors P were prepared from copolymers C synthesized through reversible addition-
fragmentation chain-transfer reaction (RAFT polymerization). Due to the similar reactivity
of MMA and AEMA statistical copolymer ratios were obtained in all cases. Consequently, the
[-ketoester functional groups of the AEMA monomer were randomly distributed in these
copolymers [56]. 1H NMR spectra of copolymers were in agreement with the chemical
structure reported in the literature [16]. Copolymer composition was calculated based on
the MMA/AEMA ratio of copolymers as measured by 'H NMR. MMA/AEMA ratios were
taken from the normalized integrated areas of the e, d and f, b peaks (Figure 5.2 A) of the 1H
NMR spectra.

Concerning precursor P, it was prepared from C via diazo transfer reaction (as described in
the section 5.3.3.2: Functionalization of the precursor). Some broadening was observed in
the 1H NMR peaks of precursors P (Figure 5.2 B) compared to the copolymer C.
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Figure 5.2.7H NMR spectra of C (A) and P (B), where C denotes the initial random copolymer of MMA and AEMA,
and P is the precursor of the SCNPs prepared from C via diazo transfer reaction.

The elemental composition of copolymer C and precursor P containing a-diazo-B-ketoester
functional groups was determined by microanalysis. The measured elemental composition
was in all cases in good agreement with the theoretical one (Table 5.2).
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Table 5.2. Comparison of theoretical (theo) and experimental (exp) content of carbon, hydrogen and nitrogen of
copolymer C and precursor P.

Sample Carbon (%) Hydrogen (%) Nitrogen (%)
Copolymer C (theo) 58.02 7.32 0

Copolymer C (exp) 57.86 7.20 0.01
Precursor P (theo) 54.70 6.45 6.17
Precursor P (exp) 54.78 6.47 4.37

Conversion of the diazo transfer reaction: (4.37 / 6.17) x 100 = 71 %.

AIE compounds are a new kind of fluorophores that are nearly non-emissive molecules in
solution but become highly emissive when aggregated or are immobilized because of the
restriction of intramolecular rotations leading the excitations to decay radiatively [36-39].
We hypothesized that by generating a combination of both highly reactive nitrene [57]
species (from Silole-N3) and highly reactive carbene [58] species (from precursor P) via UV
irradiation, the probability of efficient immobilization of the AIE compound in the resulting
SCNP will increase considerably, when compared to the use of an AIE compound without
azide functional groups (hexaphenylsilole, HPS). To confirm this hypothesis, we performed
two complementary experiments (Figure 5.3).

UV light /}J
H :S|© - NP
/}J T — 00 v O -—
A OAO o
Ho o p-CBSA o < HPS Carbene
\ifo EtsN CH2C|2 If
r.t. UV light

B-Ketoester a-diazo-p- Ketoester “ />) .
1 THF, rdt. R

H

o
O
N3 O S' N3]
K SiIoIe-N3 Carbene Nitrene

Figure 5.3. Synthesis of single-chain nanoparticles from precursor P in the presence a non-functional AIE
molecule (HPS) gives to essentially non-fluorescent materials (NP), whereas using a bifunctional aggregation
induced emission (AIE) compound (Silole-N3) the resulting single-chain nanoparticles (FNP) displayed highly
fluorescent properties.
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5.4.1. Control reaction with HPS

In a control experiment, we placed precursor P in the CHCl; solvent at high dilution (0.5
mg/mL) in the presence of HPS (AIE compound without azide functional groups). We
employed a molar ratio of HPS to a-diazo--ketoester units of 1/2. As illustrated below,
even if efficient SCNP formation was observed by size exclusion chromatography (SEC) due
to an increase in retention time upon chain compaction (Figure 5.4), the resulting SCNPs NP
were found to be essentially non-fluorescent nanomaterials (Figure 5.8).

P NP

Relative intensity (a.u.)

7 75 8 85 9
Retention time (min)

Figure 5.4. Size exclusion chromatography (SEC) traces of P and NP showing an increase in retention time upon
chain compaction, which supports the formation of SCNPs.

In this case, upon irradiation of the a-diazo--ketoester units of precursor P, highly reactive
carbene species were generated (see below) accompanied by N formation and further N,
release from the solution. The resulting carbenes -which have high tendency to react
through many different pathways [58]- promoted intra-chain cross-linking reactions
leading to the observed chain compaction.

Confirmation of successful photoinduced carbene generation from precursor P was
obtained through complementary Fourier transform infrared (FTIR) spectroscopy and

elemental analysis (EA) measurements, as illustrated in Figure 5.5 and summarized in Table
5.3.
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Figure 5.5. FTIR spectra of precursor P (in blue colour) and NP (in red colour) showing the complete
disappearance of the infra-red vibration band associated to the diazo moieties located at v ~ 2200 cm! upon
carbene formation during UV irradiation of P in the presence of HPS for 60 min. The FTIR spectrum of the initial
copolymer of MMA and AEMA units C used to synthesize P is also included (in green colour) for comparison.

Table 5.3. Efficiency of Carbene Generation as Determined by Elemental Analysis (EA)

Sample Nitrogen (wt %)
P (exp) 4.37

NP (theo) 0.002

NP (exp) 0.42b

a By assuming an efficiency of carbene generation of 100 %.

b Efficiency of carbene generation: [ (4.37 - 0.42) / 4.37] x 100 = 90.4 %.

Consequently, even if carbene generation was proved to be successful (efficiency of carbene
generation >90%), most of the subsequent carbene C—H insertion reactions [58] were
intra-chain reactions without allowing immobilization of a significant amount of external
HPS molecules. To the best of our knowledge, this is the first report of SCNPs (although
without fluorescence properties) synthesized through photo-activated carbene generation.

1TH-NMR spectra of SCNPs showed broadening of the peaks due to crosslinking.
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Figure 5.6. 1H NMR spectrum SCNPs NP prepared from poly(MMA-co-AEMA) copolymers.

5.4.2. Fluorescent SCNP synthesis

On the other hand, when the synthesis was performed under exactly the same conditions
but replacing HPS by Silole-N3, single-chain polymer nanoparticles endowed with highly
fluorescent properties (FNP) were obtained (see Figure 5.3, Figure 5.7 and Figure 5.8).
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Figure 5.7. SEC traces of P and FNP showing an increase in retention time upon single-chain nanoparticle
formation.
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Figure 5.8. Fluorescence emission spectra of NP and FNP in solution (solvent: THE, concentration: 1 mg/ml).

These complementary experiments confirmed that the presence of the azide moiety in the
AIE compound -that generates highly reactive nitrene species upon UV irradiation- is
essential for FNP to display intense fluorescence emission. The progressive compaction of
precursor P in the presence of Silole-N3 upon increasing the UV irradiation time is shown in
Figure 5.9, as determined by SEC experiments.
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Figure 5.9. SEC/MALLS traces of precursor P upon UV irradiation in the presence of Silole-N3 for: 0 (black line),
15 (blue line), 30 (green line), 60 (yellow line) and 120 (red line) min. showing its progressive chain compaction
upon formation of FNP.

The increase in retention time observed by SEC is a consequence of the reduction in
hydrodynamic size of precursor P because of intramolecular cross-linking [59] upon the
simultaneous generation of highly reactive nitrene and carbene species. The unimolecular
(single-chain) nature of FNP was confirmed through absolute M, measurements, using
multi-angle laser light scattering (MALLS) detection during the SEC experiments [60] (see
Table 5.4).
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Table 5.4. Absolute weight average molecular weight, radius of gyration and hydrodynamic radius of precursor

Chapter 5

Pas a function of UV Irradiation time, as determined by SEC with triple detection

UV irradiation | & My Rs R

time (min) (min)? (105Da)> | (nm)b (nm)e

0 7.348 289401 [179+1.0 | 114+0.1
15 7.381 275+01 | 114+1.2 | 10.0+0.2
30 7.413 395401 | 126+1.0 | 10.6+0.1
60 7.561 33+£01 |62+20 [9.040.3
120 7.626 3.23+01 |- 7.8+ 0.5

aSEC retention time at peak maximum.

bAs determined by GPC with MALLS detection.

cAs determined by GPC with VIS detection.

Hence, upon SCNP formation, an increase in M, was observed that can be attributed (within
the experimental uncertainty of the MALLS technique) to the progressive immobilization of
Silole-N3 molecules in the nanoparticles. Concomitantly, a reduction in both the average
values of radius of gyration (&) and hydrodynamic radius (&) of precursor P was observed
(Table 5.4), as a consequence of its collapse to SCNPs. This behaviour is in good agreement
with previous results reported in the literature [22].

Measurements of SCNPs with dynamic light scattering (DLS) measurements of precursor
polymers P and SCNPs show particle sizes in agreement with those measured by SEC
(Figure 5.10)
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Figure 5.10. Size distribution (volume distribution) of a-diazo-f-ketoester precursor P (A) and fluorescent
SCNPs FNP after irradiation with UV light for 2h (B) in THF measured by dynamic light scattering.

Figure 5.11 A illustrates the fluorescent properties of the resulting FNP in the
tetrahydrofuran (THF) solution as determined by fluorescence spectroscopy (FS). The
maximum fluorescence emission was obtained for nanoparticles generated after 60 min of
UV irradiation time (Figure 5.11 B), and it was located at Ae» ® 455 nm by using Aex = 364
nm, with a fluorescent quantum yield of @=0.065 (see section 5.4.3: Fluorescence quantum
yield determination). Above this optimum photo-irradiation time during synthesis, a
decrease in fluorescence emission intensity was observed that could be a consequence
either of morphological transitions [61] or to photo-degradation of the AIE compound via
secondary reactions.
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Figure 5.11. A) Fluorescent properties of precursor P upon UV irradiation in the presence of Silole-N3 for: 0
(black line), 15 (blue line), 30 (green line), 60 (vellow line) and 120 (red line) min. B) The maximum
fluorescence was observed for single-chain nanoparticles FNP synthesized after 60 min. of UV irradiation.

To determine if a change in morphology was taking place at long UV irradiation times,
SCNPs FNP obtained after 60 and 120 min of UV irradiation were visualized, after solvent
removal, by transmission electron microscopy (TEM). It is worth of mention that
characterization of SCNPs by TEM is a highly complicated task because of the change in
conformation often observed upon solvent removal, the unavoidable
nanoparticle—substrate interactions, and the presence of locally compact domains [62]. As
illustrated in Figure 5.12, no significant change in the (near-spherical) SCNP shape was
visible by TEM, so we can tentatively attribute the reduction in fluorescence emission
intensity after prolonged UV irradiation to competitive photo-degradation reactions.
Nevertheless, more studies-out of the scope of the current work-are required to confirm
this assumption.
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Figure 5.12. TEM images of isolated SCNPs FNP synthesized after 60 min (scale bar: 50 nm) and 120 min (scale
bar: 100 nm) of UV irradiation time.

It is worth mentioning that purification of FNP from potentially unreacted Silole-N3
molecules was highly facilitated by the excellent solubility of Silole-N3 in Et;0 (a precipitant
for FNP). In addition to efficient nitrene generation from the azide-containing AIE
compound, confirmation of successful carbene generation from a-diazo--ketoester units
upon UV irradiation of precursor P was obtained from FTIR spectroscopy measurements,
as illustrated in Figure 5.13. Hence, upon SCNP formation, the complete disappearance of
the FTIR vibration band associated with the diazo moieties (v= 2200 cm-1) was observed.

80 I

%T f
40 | -

0 L s A s A s L s S A s s S A S S
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 5.13. [llustration of the disappearance of the infrared vibration band associated with the diazo moieties
(v~ 2200 cm—1) of precursor P (green trace) after the formation of SCNP FNP (blue trace).

Finally, the excellent stability of the fluorescence emission intensity of the purified FNP over
time in solution is shown in Figure 5.14 A, whereas Figure 5.14 B illustrates the
photoluminescence (PL) spectrum of FNP in bulk.
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Figure 5.14. A) Stability of the fluorescence properties of purified FNP over storage time: red curve is the PL
spectrum of FNP in THF as synthesized; blue curve is the PL spectrum of FNP in THF after one week of storage.
B) Fluorescence spectrum of FNP in the solid state (Aex = 364 nm).

5.4.3. Fluorescence quantum yield determination.

The fluorescence quantum yield of the sample was calculated using the following equation
[63]:

(5.1
¢ = &.(m/m;) (n*/n7)
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where @;,is the quantum yield of the standard (taken from the literature), mand m.are the
slopes of the Fluorescence vs. Absorbance plots of the sample and the standard respectively,
and nand n,are the refraction indexes of the sample and standard solvents.
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Figure 5.15. Fluorescence vs. Absorbance plot of Coumarin 1 standard in ethanol. y=319432x. R?=0.9956.

Coumarin 1:
Theoretical @ (in ethanol): 0.732 [64]
Slope (m,): 319432 (from Figure 5.15)

Refraction index of ethanol (72,): 1.3571
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Figure 5.16. Fluorescence vs. Absorbance plot of 9,10-diphenylanthracene (DPA) standard in ethanol.
y=370306x. R?=0.9931.

9, 10-diphenylanthracene (DPA):
Theoretical @, (in ethanol): 0.90 [64]
Slope (m,): 370306 (from Figure 5.16)

Refraction index of ethanol (72,): 1.3571
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Figure 5.17. Fluorescence vs. Absorbance plot of single-chain nanoparticles FNP in THF. y=26004x. R?=0.9936.

Single-chain nanoparticles FNP:

Slope (m): 26004 (from Figure 5.17)

Refraction index of THF (n): 1.407

Fluorescence quantum yield of FNP with Coumarin 1 standard: @= 0.063
Fluorescence quantum yield of FNP with DPA standard: @ = 0.067

Average @ (single-chain nanoparticles FNP in THF): 0.065 + 0.002

5.5. Conclusions

This chapter reports a new, fast, and efficient method to produce SCNPs with intense
fluorescence emission in solution, which is based on the photoactivation of appropriate
aggregation induced emission (AIE) cross-linking molecules containing azide functional
groups. Hence, a new strategy based on photoactivation of appropriate AIE molecules
containing azide functional groups for the fast and efficient generation of SCNPs with
fluorescence emission in both solution and solid state is established. We have demonstrated
that by the generation of a combination of both highly reactive nitrene species (from an
azide-containing AIE cross-linking molecule, Silole-N3) and highly reactive carbene species
(from an appropriate polymeric precursor containing a-diazo-f-ketoester units, P) via UV
irradiation, the probability of efficient immobilization of the AIE compound in the resulting
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SCNP increases considerably, when compared to the use of an AIE compound without azide
functional groups. Confirmation of successful single-chain compaction upon UV irradiation
of precursor P in the presence of Silole-N3 at high dilution is obtained by SEC with multi-
detection, including MALLS detector (for absolute M, and R, values) and VIS detector (for
Ry data). The optimum UV irradiation time during the SCNP formation process is found to
be 60 min. The resulting fluorescent SCNPs FNP (&Z; = 9 nm) show a maximum emission
peak in the THF solvent centred at 4. ® 455 nm and excellent stability of the fluorescence
emission intensity over time, as determined by FS. Moreover, FNP retains its fluorescent
properties in the solid state. To conclude, this work opens a new avenue to endow a variety
of other nanostructured polymeric materials (e.g, block copolymers, microgels,
dendrimers, and micelles) with intense fluorescence emission based on the new strategy of
photo-activation of AIE molecules here disclosed.
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6.1. Motivation

Self-reporting fluorescence methods for monitoring folding and aggregation of proteins
have a long history in biochemistry. Placing orthogonal luminophores within individual
synthetic polymer chains for self-reporting both folding (i.e., its intramolecular compaction
to isolated single-chain nanoparticles, SCNPs) and unbidden aggregation (i.e., the
intermolecular association of SCNPs) remains a great challenge. In this Chapter, we
introduce a simple and efficient platform to identify both single-chain compaction and
intermolecular aggregation phenomena of discrete, individual synthetic polymer chains.

6.2. Introduction

The folding of some polypeptides, especially enzymes, into perfectly defined three-
dimensional (3D) architectures is critical to their function. The specific spatial arrangement
of residues ultimately dictates function in 3D-structured proteins [1]. Protein misfolding
and aggregation are involved in the onset of many neurodegenerative aged-related human
disorders. Well-known examples are Alzheimer’s, Parkinson’s and Huntington’s diseases
[2]- To better understand diseases and design drugs, a variety of methods -from biochemical
assays to time-resolved microscopy- have been developed to investigate protein folding [3]
and to monitor the self-assembly of defective proteins into pathogenic protein aggregates
[4]. Among them, photoluminescence techniques are highly valuable due to their high
sensitivity and the possibility to select, synthesize and optimize a diversity of
photoluminescence probes (luminophores). These compounds allow visualizing protein
folding, misfolding and aggregation in vitro and in living cells [5].

Trying to mimic the outstanding functionalities of proteins, the research field of folding
functionalized synthetic polymers to single-chain nanoparticles (SCNPs) has flourished in
recent years [6][7]. The folded conformations of SCNPs produce robust nano-objects when
stabilized by covalent bonds as surrogates of disulphide bonds in proteins [8, 9]. Conversely,
when folding of discrete, individual chains arises from noncovalent interactions such as
hydrogen bonds, host-guest interactions, metal complexation, m—m stacking and
hydrophobic interactions, dynamic SCNPs are obtained.[6, 10-13] Current single-chain
technology [14-16] still lacks the nature’s exquisite degree of control to generate
sophisticated 3D nanoentities. Nevertheless, some SCNPs do already mimic the outstanding
properties of certain antimicrobial polypeptides as well as both the size and function of
some metalloenzymes, intrinsically disordered proteins (IDPs) and structural proteins. For
instance, Wong et al. described antimicrobial SCNPs against Gram-negative bacteria (e.g.,
Pseudomonas aeruginosa) at micromolar concentrations (e.g., 1.4 pM) able to kill = 99.99%
of both planktonic cells, and biofilm within only 1 hour [17]. Ravi and co-workers developed
biomimetic SCNPs that closely match the properties of Bugrlens crystallins in size, refractive
index, and dynamic viscosity [18]. He et al synthesized catalytic SCNPs containing Ni-
thiolate complexes with excellent thermal stability under aerobic conditions and
remarkable activity and selectivity for the photocatalytic reduction of CO; to CO [19]. More
recently, Zimmerman et al. reported copper-based SCNPs that function as “clickases”,
showing enzyme-like click catalysis in vivo and enabling efficient cell surface glycan editing
[20]. Previously, our team demonstrated enzyme-mimetic substrate selectivity of copper-
containing SCNPs in oxidative coupling of mixtures of terminal alkynes [21], and pH-
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regulated kinetics of IDP-like SCNPs during simultaneous controlled delivery of folic acid
and hinokitiol [22].

However, as observed in the case of defective proteins, some SCNPs systems are not free
from multi-SCNPs aggregation phenomena -arising during synthesis or after long-term
storage trough inter-chain reactions- that negatively affect its performance, e.g., in catalysis,
drug delivery and sensing applications [23-25]. In the case of SCNPs, single-chain
compaction, and competitive multi-SCNPs assembly phenomena are mainly detected after
synthesis (“ex-situ”) by means of light, X-ray and neutron scattering techniques [26]. Self-
reporting, fluorescence methods for monitoring folding and aggregation of proteins have a
long history in biochemistry. Placing orthogonal luminophores within individual synthetic
polymer chains for self-reporting both folding (i.e., its intra-molecular compaction to
isolated single-chain nanoparticles, SCNPs) and unbidden aggregation (i.e., the inter-
molecular association of SCNPs) remains as a great challenge. To the best of our knowledge,
no techniques exist yet for self-reporting -via photoluminescence- both intra-molecular
compaction and inter-molecular aggregation phenomena in SCNPs. Previously, Palmans,
Meijer et al. developed SCNPs showing fluorescence upon intra-molecular self-assembly of
BiPy groups [27, 28]. Raymo et al. investigated a variety of biocompatible and photo-
switchable fluorescent multi-chain assemblies [29-31]. More recently, two different
methods for self-reporting of single-chain folding during synthesis have been reported by
Barner-Kowollik et al based on: i) annihilation of paramagnetic nitroxide radicals [32], or
ii) release of a pyrene chromophore [33]. Critically, a visual, self-reporting method to
distinguish by the naked eye between individual SCNPs and unbidden multi-SCNPs
assemblies, and in the former case the degree of single-chain compaction, would be
invaluable in further advancing this field of bioinspired research.

SCNPs will be prepared from MMA/AEMA copolymers via the Hantzsch pyridine synthesis
reaction. This reaction was reported in 1881 by Arthur Rudolf Hantzsch [34]. In the
Hantzcsh reaction an aldehyde, two equivalents of a 3-ketoester and a nitrogen donor (such
as ammonium acetate) react to form a dihydropyridine ring, which can be oxidized to
pyridine. The 1,4-dihydropyridine (1,4-DHP) product of the reaction is called Hantzsch
ester. Hantzsch esters have been often used as reductants in catalytic hydrogenation
reactions, acting as electron donors and proton sources [35]. These products also have
many biological applications as calcium channel blockers and the 1,4-DHP structure is
contained in commercial drugs; for instance, nifedipine, amlodipine or nimodipine. Shen et
al. [36] developed a one pot method for the synthesis of 1,4-DHPs under mild conditions.

o o) o)
)J\ + 2 M S >
R NH;
R H R o

Aldehyde B-ketoester Nitrogen
donor Hantzsch ester

Scheme 6.1. Schematic representation of the synthesis of Hantzsch esters.

The Hantzsch reaction mechanism is the following:
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Knoevenagel condensation between the aldehyde and a B-ketoester gives the following
intermediate.
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Condensation of the second equivalent B-Ketoester with ammonia produces an ester
enamine.
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Condensation between the two intermediate products results in the formation of a
dihydroxipyridine ring.
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In this chapter we introduce a new, straightforward strategy to bridge the gap between
single-chain folding and inter-molecular aggregation self-reporting methods for proteins
and synthetic polymers relying on efficient placement within individual chains of
orthogonal self-reporting luminophores (Scheme 6.2). The strategy is exemplified through
generation of two complementary luminophores via Hantzsch ester formation [34] for
efficient visualization of single-chain folding [37] and, when present or externally induced,
multi-SCNPs aggregation. The key points of the present method are: i) starting from non-
luminescent [(-ketoester-decorated chains, single-chain intramolecular compaction is
visually detected through fluorescence arising from the Hantzsch fluorophores acting as
intra-chain connectors generated progressively during folding of individual chains, so -in
absence of aggregation phenomena at high dilution- the fluorescence intensity grows with
the compaction degree, as measured by the reduction in chain size (see below); ii) multi-
chain aggregation -when present or intentionally induced- is detected by intense
photoluminescence at redshifted wavelengths arising from orthogonal aggregation-induced
emission (AIE) luminophores after formation of multi-SCNPs assemblies [38-40]; and iii)
both kind of self-reporting probes are installed, concurrently, within the same polymer
chain via the multicomponent Hantzsch reaction [41-43]. This strategy holds promise to
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perceive with the naked eye the aggregation state / compaction degree of SCNPs during
functional applications.

Hantzsch fluorophore

R
Compaction
NH40A
= Self-Reporting
—_—

Intra-molecular

Single-Chain
Nanoparticle
Unfolded chain (SCNP)

I Non-luminescent I Inter-molecular
AIE
Aggregation
Self-Reporting

Aggregates of
multi-SCNPs

Scheme 6.2. Schematic illustration of the strategy for the synthesis of orthogonal luminophores based on
Hantzsch ester formation within a f-ketoester-decorated chain for self-reporting of intra-molecular compaction
(folding) and inter-molecular association (aggregation).

6.3. Materials and Techniques

6.3.1. Materials

Methyl methacrylate (MMA) (99%), (2-acetoacetoxy)ethyl methacrylate (AEMA) (95%),
2.2'-azo(2-methylpropionitrile) (AIBN) (=98%), ammonium acetate (NH40Ac) (99.999%
trace metals basis), benzaldehyde (A1) (=99%), terephthalaldehyde (A2) (99%), 4-(1,2,2-
triphenylethenyl)benzaldehyde (A3) (=95%), 2,2-dimethoxy-2-phenylaceto-phenone
(DMPA) (99%), 3,6-dioxa-1,8-octane-dithiol (DODT) (95%), piperidine (PIP) (99%), ethyl
acetate (EtOAc) (anhydrous, 99.8 %), diethyl ether (Et.0) (ACS reagent, anhydrous,
>99.0%), ethanol (EtOH) (anhydrous, denatured) and deuterated chloroform (CDCls)
(99.96 atom % D, containing 0.03 % (v/v) tetramethylsilane, TMS) were purchased from
Sigma-Aldrich and used, unless specified, as received. 2-Cyanoprop-2-yl-dithiobenzoate
(CPDB) (=97%) was purchased from Strem Chemicals. Methanol (MeOH) (synthesis grade)
and tetrahydrofuran (THF) (HPLC grade) were purchased from Scharlab. AIBN was
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recrystallized from MeOH. MMA was purified by distillation before use. AEMA was purified
by passing through alumina.

6.3.2. Techniques

Size-Exclusion Chromatography / Multi-Angle Light Scattering (SEC/MALS): SEC / MALS
measurements were performed at 30 °C on an Agilent 1200 system equipped with PLgel
5um Guard and PLgel 5pm MIXED-C columns, and triple detection: a differential refractive
index (RI) detector (Optilab Rex, Wyatt), a multi-angle laser light scattering (MALS)
detector (MiniDawn Treos, Wyatt), and a viscosimetric (VIS) detector (ViscoStar-II, Wyatt).
Data analysis was performed with ASTRA Software (version 6.1) from Wyatt. THF was used
as eluent at a flow rate of 1 ml/min. A value of dn/dc = 0.083 was used for P1-P3, N1f-N3f
and N1fa-N3fa.

H Nuclear Magnetic Resonance (*H NMR): 1H NMR spectra were recorded at room
temperature on a Bruker spectrometer operating at 400 MHz, using CDCl; as solvent. AEMA
content of P1-P3 was determined following the procedure described in section 5.3 and ref.
[44].

Fourier Transform Infra-Red (FTIR) spectroscopy: FTIR spectra were recorded at room
temperature on a JASCO 3600 FTIR spectrometer.

Elemental Analysis (EA): EA measurements were performed in a Euro EA3000 elemental
analyser (CHNS).

Fluorescence spectroscopy (FS): Photoluminiscence spectra were recorded at room
temperature on an Agilent Cary Eclipse spectrometer at an excitation wavelength of 365
nm.

Dynamic light scattering (DLS): DLS measurements (intensity distribution) were carried
out at room temperature on a Malvern Zetasizer Nano ZS apparatus.

Small-angle X-ray scattering (SAXS): SAXS experiments were conducted on the Rigaku 3-
pinhole PSAXS-L equipment of the Materials Physics Center operating at 45 kV and 0.88 mA.
The MicroMax-002+ X-Ray Generator System is composed by a microfocus sealed tube
source module and an integrated X-Ray generator unit which produces CuKa transition
photons of wavelength 1= 1.54 A. The flight path and the sample chamber in this equipment
are under vacuum. The scattered X-Rays are detected on a two-dimensional multiwire X-
Ray Detector (Gabriel design, 2D-200X) and converted to one-dimensional scattering
curves by radial averaging. This gas-filled proportional type detector offers a 200 mm
diameter active area with ca. 200 pm resolution. After radial integration, the scattered
intensities were obtained as a function of momentum transfer g = 42~ sin 6, where @is
half the scattering angle. Reciprocal space calibration was done using silver behenate as
standard. The sample to detector distance was 2 m, covering a g-range between 0.008 and
0.20 A-.. The measurements were performed at r.t. on THF solutions in capillaries of 2 mm
thickness. The concentration was 1 mg/ml in order to avoid interference effects between
different macromolecules and reproduce the usual synthesis conditions in the kinetic
experiments. Note that with laboratory SAXS instruments the concentration range usually
explored for this kind of systems is around 8 mg/ml. The low concentration here
investigated required long measuring times, of at least 1 hour, for each sample. The data
were carefully corrected for background scattering (due to capillary and solvent), measured
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for each sample on the same capillary for the same time. Scattering cross-sections were
obtained in absolute units by using water as calibration standard.

The generalized Gaussian coil function [45] given by:

(6.1)

1 1 1 1
PO =77 (350) = i (57Y)

2v+1)(2v+2)
6

Where U = Q?R2

and y(a,x) = fOX t% lexp(—t)dt

was employed for a precise determination of the values of radius of gyration, &, and scaling
exponent, V.

A series of measurements were performed on P1-P3, N1f-N3f and N1fa-N3fa, where the
nanoparticles had previously been synthesized (Figure 6.6 A, B and C). Figure 6.6 D
compares the radii of gyration obtained by fitting equation (6.1) to the results.

In addition, we carried out a kinetic experiment following in situ the nanoparticle formation
process as a function of reaction time during single-chain compaction of P1 (1.2 eq) in THF
(1 mg/ml) via intra-chain Hantzsch ester formation involving A2 (0.25 eq), NH40Ac (4 eq)
and piperidine (0.05 eq). Immediately after mixing all reagents, the capillary was filled with
a small amount of the solution and placed within the SAXS instrument. SAXS measurements
were performed on this sample as function of reaction time, with 1 hour duration, along a
full week, keeping the sample exactly in the same position and under vacuum. The resulting
evolution of the radius of gyration and scaling exponent obtained by fitting equation (6.1)
are shown in Figure 6.11 A. In parallel, photoluminescence experiments were performed on
the rest of the solution which was kept in a vial. A sample from this solution was also
measured by SAXS at the end of the kinetic experiment (results represented by squares in
Figure 6.11 A).

UV irradiation experiments: UV irradiation experiments were performed in a Penn PhD
Photoreactor M2 (Penn Photon Devices, LLC).

6.3.3. Synthetic procedures

6.3.3.1. Synthesis of precursor copolymers P1-P3

Copolymers P1-P3 were synthesized by RAFT copolymerization following procedures
similar to those reported in section 5.2.3.1 and ref. [44]. In a typical procedure, MMA (2 ml,
18.7 mmol), AEMA (1.5 ml, 8 mmol), 2-cyanoprop-2-yl-dithiobenzoate (7.9 mg, 3.6x10-2
mmol) and 2,2-azobis(2-methylpropionitrile) (1.5 mg, 9xX10-3 mmol) were dissolved in
ethyl acetate (8.8 ml). The reaction mixture was degassed by passing argon for 15 min. The
copolymerization reaction was carried out at 65°C for 18 h. (P3: Yield (%) = 42, M,
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(SEC/SLS) = 56.2 kDa, M,,/M, = 1.08, R, = 7.8 nm, composition (H NMR) = 34.9 mol%
AEMA). The resulting copolymers P1-P3 were isolated by precipitation in methanol and
further drying under vacuum. The molar fraction of B-ketoester groups in P1-P3, x, was
determined by 1H NMR spectroscopy following the procedure reported in section 5.3 and
ref. [44] from the normalized areas of peaks d, e and f of Figure 6.8. The absolute molecular
weight, M,, and the dispersity of the molecular weight distribution, &, of copolymers P1-P3
were determined by SEC/MALS. The values of x, M, and P for copolymers P1-P3 are
provided in Table 6.1.

6.3.3.2. Synthesis of fluorescent SCNPs N1f-N3f

After screening of reaction conditions with aldehydes A1 and A2, N1f-N3f were synthesized
at r.t. from P1-P3, respectively, by intra-chain Hantzsch ester formation at high dilution
using aldehyde compound AZ2. In a typical reaction, P2 (100 mg, 0.21 mmol), A2 (7.1 mg,
0.053 mmol), NH40Ac (48.8 mg, 0.63 mmol), and PIP (2 uL, 0.02 mmol) were dissolved in
THF (100 ml). Samples were taken periodically to monitor the single-chain folding reaction
through SEC/MALS and FS, respectively. After reaction completion, the solution was
concentrated, precipitated in Et;0 and dried under vacuum, prior to further
characterization by SEC/MALS, 'H NMR, FTIR, EA, FS, DLS and SAXS.

6.3.3.3. Synthesis of fluorescent SCNPs with AIE N1fa-N3fa

After screening of reaction conditions with aldehydes A2 and A3, N1fa-N3fa were
synthesized at r.t. from P1-P3, respectively, by intra-chain Hantzsch ester formation at high
dilution using a blend of aldehyde compounds A2 and A3 at a molar ratio of 1/2. In a typical
reaction, P2 (100 mg, 0.21 mmol), A2 (3.6 mg, 0.027 mmol), A3 (19.1 mg, 0.053 mmol),
NH4OAc (48.8 mg, 0.63 mmol), and PIP (2 pl, 0.02 mmol) were dissolved in THF (100 ml).
Samples were taken periodically to monitor the single-chain folding reaction through
SEC/MALS and FS, respectively. After reaction completion, the solution was concentrated,
precipitated in Et;0 and dried under vacuum, prior to further characterization by
SEC/MALS, 'H NMR, FTIR, EA, FS, DLS and SAXS.

6.3.3.4. Self-reporting of multi-SCNPs aggregation by N1fa-N3fa in good solvent
Aggregation of SCNPs N1fa-N3fa was induced through photoactivated radical-mediated
thiol-ene coupling (TEC) reaction involving a homobifunctional cross-linker (DODT) and
the 1,4-dihidropyridine groups of SCNPs N1fa-N3fa, in the presence of DMPA as
photoinitiator. Reactions were carried out in THF at r.t. under UV irradiation. In a typical
reaction, P2 (3 mg, 6.3 x 10-3 mmol), DODT (1 pl, 6.3 x 10-3 mmol) and DMPA (0.6 mg, 2.4 x
10-3 mmol) were dissolved in THF (0.12 mL) and subject to UV light irradiation (Aex- = 365
nm) for 90 min in a Penn PhD Photoreactor M2 (Penn Photon Devices, LLC). The multi-
SCNPs aggregates obtained were analysed by DLS and FS.

6.3.3.5. Self-reporting of multi-SCNPs aggregation by N1fa-N3fa in solvent / non-solvent
mixtures

For experiments about self-reporting of multi-SCNPs aggregation in solvent / non-solvent
mixtures, mixtures of THF and EtOH of varying composition were employed. The multi-
SCNPs aggregates obtained were analysed by DLS and FS.
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6.4. Results

6.4.1. Self-reporting of folding within a single polymer chain via Hantzsch reaction

Following the strategy depicted in Scheme 6.2, we first synthesized non-fluorescent
polymers randomly decorated with B-ketoester moieties via RAFT copolymerization [44,
46] of methyl methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacrylate (AEMA)
monomers. Random placement of pendant reactive groups along the copolymer chains to
participate in the Hantzsch reaction was guaranteed by similar reactivity ratios of MMA
(rmma = 0.89) and AEMA (r4zma = 0.98) [47]. Several representative poly(MMA-r-AEMA)
copolymers of varying molecular weight (M,) and composition (molar fraction of -
ketoester groups, x) were prepared and characterized by H NMR spectroscopy and
SEC/MALS (see Table 6.1). Copolymers P1-P3 showed low values of dispersity (# < 1.25).

Table 6.1. Characterization data for poly(MMA-r-AEMA) copolymers with [-ketoester pendant reactive groups.

Polymer My Dl ¢
(kDa)El (mol %)l
P1 43.6 1.13 54.6
P2 288.6 1.22 33.2
P3 56.2 1.08 34.9

[a] Weight average molecular weight and dispersity determined by SEC/MALS.

[b] Molar fraction of 3-ketoester groups determined via 'H NMR.

Initial experiments about self-reporting of single-chain compaction were performed using
benzaldehyde (A1) (Scheme 6.3) and copolymer P1 containing 55 mol % of -ketoester
reactive groups. Single-chain compaction of P1 was induced at r.t. in THF at high dilution (1
mg/ml) via intra-chain Hantzsch reaction between [3-ketoester pendants of P1 (1 eq), Al
(0.5 eq) and ammonium acetate (NH40Ac, 0.5 eq), in the presence of piperidine (0.1 eq) as
catalyst [48]. At high dilution, the intra-chain reaction leading to single-chain compaction is
favoured over the inter-chain reaction giving to aggregation of multiple chains. Importantly,
the Hantzsch ester resulting from Al and ethyl acetoacetate is known to display
fluorescence in organic solvents such as dimethylsulfoxide (Aem = 421 nm, quantum yield
@r=1.2 %) [49]. The generation of Hantzsch luminophores as intra-chain connectors could
be therefore a very suitable strategy for self-reporting of single-chain compaction.
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A1 o A2

Scheme 6.3. Aldehyde compounds allowing to monitor the compaction of individual polymer chains to single-
chain nanoparticles (SCNPs). Benzaldehyde (A1) and terephthalaldehyde (A2).

As revealed by SEC / MALS measurements, the intra-chain Hantzsch ester formation
reaction was found to proceed very smoothly and SEC retention time (#z) of P1 -taken at the
maximum of the SEC trace- slightly increased during single-chain compaction as a
consequence of the induced reduction in hydrodynamic size [6] (Figure 6.1).

Relative intensity (a.u.)

7.8 8 8,2 8,4 8,6
Retention time (min)

Figure 6.1. SEC/MALS elugrams as a function of reaction time (0, 1, 2, 3, 4 and 9 days) during single-chain folding
of P1 (1.2 eq) via intra-chain Hantzsch ester formation involving A1 (0.5 eq), NH:OAc (0.5 eq) and piperidine
(0.05 eq). Initial SEC/MALS trace of unfolded P1 displayed in black. Final SEC/MALS trace of P1 after 9 days of
reaction time displayed in red.

In order to improve the degree of single-chain compaction, we replaced Al (0.5 eq) by
bifunctional terephthalaldehyde (A2) (0.25 eq) although with limited success under the
above reaction conditions (see Figure 6.2).
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Relative intensity (a.u.)
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Figure 6.2. SEC/MALS elugrams as a function of reaction time (1, 2, 3, 4 and 9 days) during single-chain folding
of P1 (1.2 eq) via intra-chain Hantzsch ester formation involving A2 (0.25 eq), NH:OAc (0.5 eq) and piperidine
(0.05 eq). Final SEC/MALS trace of P1 after 9 days of reaction time displayed in red.

Unexpectedly, we found that by increasing the amount of NH40Ac from 0.5 eq to 3 eq, the

degree of single-chain compaction of P1 to SCNP N1f [50] improved notably, as observed by
SEC (see Figure 6.3).
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Figure 6.3. Normalized SEC/MALS elugrams as a function of reaction time (h = hours, d = days) during single-
chain compaction of P1 (1.2 eq) via intra-chain Hantzsch ester formation involving A2 (0.25 eq), NH:OAc (3 eq)
and piperidine (0.05 eq).

Due to the presumably formation of an excess of enamine adduct under such conditions, the
kinetics of the Hantzsch ester formation reaction substantially slows down when compared
to classical procedures [51]. Slow kinetics, however, should be beneficial for attaining
equilibrium conformations of the resulting SCNPs, although it could increase the probability
of inter-chain reactions. After 6 days of reaction time, corresponding to a shift of SEC
retention time of A¢z = 0.28 min, the yield of the Hantzsch ester formation reaction was
found to be 92% as calculated from elemental analysis data (Table 6.2).
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Table 6.2. Elemental analysis data and yield of the intra-chain Hantzsch ester formation reaction calculated
thereof.

Experimental Theoretical
YieldP
Sample C H N Nmax? (%)
(wt. %) (wt. %) (wt. %) (wt. %)

P1 57.01 7.02 - - -

P2 58.47 7.20 - - -

P3 57.41 7.17 - - -
N1f 58.01 7.01 2.06 2.24 92.0
N2f 59.71 7.27 1.60 1.63 98.1
N2fa 59.11 7.92 1.25 1.39 90.0
N3fa 58.64 7.05 1.19 1.43 83.2

aMaximum amount of nitrogen from the theoretical molecular formula by assuming a yield of the
intra-chain Hantzsch ester formation reaction of 100 %.

bYleld (%) = (N/ Nmax) X 100

The evolution of SEC traces for copolymer P2 of higher molecular weight and lower f3-
ketoester content is shown in Figure 6.4. The shift towards longer retention times (Atz =
0.32 min) was indicative of the progressive compaction of P2 to SCNPs N2f via intra-chain
Hantzsch ester formation, which amounted to 98 % after 7 days of reaction time (Table 6.2).
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Figure 6.4. SEC/MALS elugrams of P2 (1.2 eq) during reaction with A2 (0.25 eq), NH:OAc (3 eq) and piperidine
(0.05 eq).

No further significant shift of the SEC trace of P2 was observed at longer reaction time.
Similar observation of single-chain compaction of P3 to SCNPs N3f (Figure 6.5) revealed the
general scope of this method for chains randomly decorated with - ketoester moieties.

Relative intensity (a.u.)
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Figure 6.5. SEC/MALS elugrams as a function of reaction time (0, 1, 2, 4 and 7 days) during single-chain folding
of P3 (1.2 eq) via intra-chain Hantzsch ester formation involving A2 (0.25 eq), NH:OAc (3 eq) and piperidine
(0.05 eq). Final SEC/MALS trace of P3 after 7 days of reaction time displayed in red.
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It is worth mentioning the high yield of the Hantzsch ester achieved, even involving a very
slow reaction kinetics arising from both the excess of NH4OAc used and the macromolecular
environment of the B-ketoester groups in P1-P3 when compared to the Hantzsch reaction
kinetics of low molecular weight organic molecules [41-43]. Actual M, data of P1-P3 and
N1f-N3f derived from SEC/MALS measurements confirmed the successful intra-chain
reaction without signs of significant multi-chain aggregation (Table 6.3).

Table 6.3. Absolute My data of precursors P1-P3, SCNPs N1f-N3fand SCNPs N1fa-N3fa as determined from static
multi-angle light scattering (MALS) measurements.

Sample My (kDa) Sample My (kDa) Sample My (kDa)
P1 43.6 N1f 56.1 Nifa 78.9

P2 288.6 N2f 346.3 N2fa 357.9

P3 56.2 N3f 71.4 N3fa 84.3

Additional support of single-chain compaction was obtained from small angle X-ray
scattering (SAXS) measurements in solution showing a decrease of the radius of gyration
from R,=6.5,23.4 and 7.8 nm (unfolded P1- P3 chains) to Z,=4.6,10.7 and 5.9 nm (SCNPs
N1f-N3f) and Flory exponents from v= 0.59 in the unfolded state to v= 0.46, 0.42 and 0.44
(SCNPs N1f-N3f) (see Figure 6.6).
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Figure 6.6. A) SAXS results revealing the form factor of P1, N1If and N1fa. Values of Ry and v were obtained

through fits of the experimental P(Q) vs Q data to a generalized Gaussian coil function (equation (6.1). P1: Ry
=6.5nm,v=059 NIf: Re=4.6 nm, v=046. N1fa: Ry =58 nm, v = 048 B) SAXS results revealing the form
factor of PZ, N2f and N2fa. Values of Rg and v were obtained through fits of the experimental P(Q) vs Q data to a

generalized Gaussian coil function (equation (6.1). P2: Ry = 23.8 nm, v = 0.59. N2f Ry = 10.7 nm, v = 0.42.
N2fa: Re =17.6 nm, v = 0.52. C) SAXS results revealing the form factor of P3, N3f and N3fa. Values of Rz and v
were obtained through fits of the experimental P(Q) vs Q data to a generalized Gaussian coil function (equation

(6.1). P3: R, =7.8nm,v=_0.59 N3f R; =57 nm, v =044 N3fa: R, = 6.4 nm, v = 0.51. D) Scaling laws (Rg ~
Mw) corresponding to P1-P3, SCNPs N1f-N3fand SCNPs N1fa-N3fa as determined from SAXS measurements.

These values are in agreement with previous results concerning single-chain folding of
synthetic polymers to SCNPs [26, 52]. Complementary to elemental analysis data, infra-red
(IR) spectroscopy revealed the appearance of a new, broad band between 3300 and 3500
cm-! arising from the stretching vibrations of -NH- groups (Figure 6.7).
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Figure 6.7. FTIR spectra of P2, N2f and N2fa in the wavenumber regions of 3000-4000 cm! and 2000-1000 cnr
1, The appearance of a new, broad band -when compared to P2- arising from the stretching vibrations of -NH-
groups in N2f and N2fa is highlighted in yellow.

Also, the tH NMR spectrum was in agreement with the expected structure of SCNPs N2f
(Figure 6.8).
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Figure 6.8. 1H NMR spectra of P2 (displayed in blue) and N2f (in red).

Fluorescence spectroscopy measurements further supported the successful, progressive
formation of intra-chain connectors via Hantzsch reaction. As illustrated in Figure 6.9, the
intensity of the fluorescence band corresponding to the emission of intra-chain Hantzsch
fluorophores increases progressively with reaction time.
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Figure 6.9. A) Photoluminescence emission spectra of P3 during single-chain compaction as a function of
reaction time (lexe = 365 nm). B) Results of FS experiments showing the increase in photoluminescence
emission during “in-situ” generation of SCNPs N1f from P1. C) Results of FS experiments showing the increase
in photoluminescence emission during “in-situ” generation of SCNPs N2f from PZ2.

Consequently, single-chain compaction was visually detected under UV illumination at Aex
= 365nm through photoluminescence arising from Hantzsch luminophores progressively
generated as intra-chain connectors (Figure 6.10).

148



Self-Reporting of Folding and Aggregation Phenomena in Single-Chain Nanoparticles

Figure 6.10. Photographs of P2 in THF (1 mg/ml) under 365 nm UV illumination after Zh and 7d of single-chain
compaction.

An inverse relationship between single-chain size reduction as monitored by in situ SAXS
kinetic experiments (Figure 6.11 A) and photoluminescence emission (Figure 6.9 B) was
found, as illustrated in Figure 6.11 B. Altogether, the above experimental data provide
support of the visual detection of single-chain folding of P1-P3 to SCNPs N1f-N3f via intra-
chain Hantzsch fluorophore generation.
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Figure 6.11. A) Results of SAXS experiments showing the single-chain size reduction (Re ~ Mw") during “in-situ”
generation of SCNPs NIf from P1 (circles). Data from other two independent measurements are also included
for comparison (triangles and squares). B) Inverse relationship between single-chain size reduction, as
determined by SAXS measurements, and photoluminescence emission observed during single-chain compaction
of P1.

6.4.2. Self-reporting of folding and aggregation within a single polymer chain by
orthogonal luminophores via Hantzsch reaction

Next, to endow the synthetic polymers P1-P3 with orthogonal intra-molecular compaction
and inter-molecular aggregation self-reporting characteristics, we investigated
replacement of bifunctional terephthalaldehyde A2 by 4-(1,2,2-
triphenylethenyl)benzaldehyde A3 (see Scheme 6.4) with the aim of visual detection of
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multi-chain aggregates (when formed) via aggregation-induced emission (AIE) [38-40]
from tetraphenylethene (TPE) moieties.

A)

o]

g9

A3

B)

AL

Intra-molecular
compaction

Inter-molecular
aggregation

Scheme 6.4. A) Aldehyde compound to report, additionally, the assembly of SCNPs into multi-SCNPs aggregates
via aggregation-induced emission (AIE) 4-(1,2,2- triphenylethenyl)benzaldehyde (A3). B) lllustration of self-
reporting of folding and aggregation by orthogonal Hantzsch luminophores within a single polymer chain.

Remarkably, TPE molecules show almost no photoluminescence in diluted solutions (e.g.,
@r= 0.24 % in acetonitrile) whereas in a non-solvent medium and in the solid state they
display intense AIE-type photoluminescence (e.g., Aem = 475 nm and @r = 49 % in
amorphous film) [53]. We hypothesized that photoluminescence arising from aggregation
of TPE-containing SCNPs should be more intense than that coming from Hantzsch
fluorophores, and should be located at redshifted wavelengths. Moreover, installation of
TPE pendants based on aldehyde A3 can be carried out also through Hantzsch ester
formation. Hence, placement of an orthogonal (AIE-type) luminophore within a synthetic
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polymer chain via Hantzsch ester formation could be a very suitable strategy for additional
self-reporting of multi-SCNPs aggregation. Unfortunately, total replacement of A2 by A3
resulted in a significant reduction of the degree of single-chain compaction, presumably due
to the large steric hindrance introduced by A3 within the macromolecular environment of
the reactive P-ketoester groups (Figure 6.12). The degree of single-chain compaction
increased by only partial replacement of A2 by A3.

Relative intensity (a.u.)
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6 65 7 75 8 85
Retention time (min)

Figure 6.12. SEC/MALS elugrams as a function of reaction time (0, 2, 3 and 7 days) during single-chain folding
of P2 (1.2 eq) via intra-chain Hantzsch ester formation involving A3 (0.5 eq), NH:OAc (3 eq) and piperidine
(0.05 eq). Initial SEC/MALS trace of unfolded P2 displayed in black. Final SEC/MALS trace of P2 displayed in red.

Figure 6.13 shows the evolution of the SEC / MALS traces as a function of reaction time
during single-chain folding of P2 to SCNPs N2fa [54] using a A2 / A3 molar ratio of 1/2. Even
involving a slower Hantzsch reaction kinetics due to the presence of A3, the yield of the
Hantzsch ester product was 90 % for SCNPs N2fa after 13 days of reaction time (Table 6.2).
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Figure 6.13. Normalized SEC/MALS elugrams as a function of reaction time during single-chain compaction via
intra-chain Hantzsch ester formation involving P2 (1.2 eq), A2 (0.125 eq), A3 (0.25 eq), NH:OAc (3 eq) and
piperidine (0.05 eq).

SAXS measurements provide solid support of the single-chain compaction of P2 to SCNPs
N2fa, revealing a reduction in size from R, = 23.8 nm to R, = 17.6 nm, and a decrease of the
scaling exponent from v = 0.59 to v = 0.52, respectively (Figure 6.6 B). Due to the severe
steric hindrance introduced by A3 the degree of single-chain compaction was lower,
however, than that observed for SCNPs N2f (R, = 10.7 nm, v = 0.42). Structural
characterization by *H NMR and IR spectroscopy -complemented with elemental analysis
data- revealed both generation of intra-chain connectors via Hantzsch reaction and
successful incorporation of TPE moieties into SCNPs N2fa (Figure 6.7, Figure 6.14, Table
6.2).

Moreover, absolute M, data (Table 6.3) and SAXS results (Figure 6.6) corroborated the
single-chain nature of nanoparticles N1fa-N3f.
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Figure 6.14. 'H NMR spectrum of N2fa synthesized using a A2 / A3 molar ratio = 1 / 2 (displayed in red)
compared to that obtained by using neat A3 (in blue).

6.4.3. Self-reporting of (intentionally induced) multi-SCNPs aggregation

Two model experiments were performed to investigate self-reporting of (intentionally
induced) multi-SCNPs aggregation by SCNPs N1fa-N3fa. First, inter-particle association was
promoted in good solvent via photo-activated radical-mediated thiol-ene coupling (TEC)
reaction under UV irradiation in the presence of 2,2-dimethoxy-2-phenylacetophenone, as
photo-initiator, and 3,6- dioxa-1,8-octane-dithiol, as homobifunctional cross-linker. Before
UV irradiation of SCNPs N1fa in THF, photoluminescence arising exclusively from the
Hantzsch luminophores generated as intra-chain connectors was observed (Figure 6.15 A,
i). After 90 min of UV irradiation (Aexc= 365 nm), the formation of multi-SCNPs aggregates,
that was confirmed by dynamic light scattering (DLS) measurements (see Figure 6.15 B and
C), was successfully accompanied by a significant increase in photoluminescence at
redshifted wavelengths (Figure 6.15 A, ii).
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Figure 6.15. A) Increase in photoluminescence at redshifted wavelengths upon formation in THF of multi-SCNPs
aggregates (i) via UV irradiation (Aexc = 365 nm) of SCNPs N2fa (i) in the presence of 3,6-dioxa-1,8-octane-
dithiol as homobifunctional cross-linker and 2,2-dimethoxy-2-phenylacetophenone as photoinitiator. B)
Correlation function of multi-SCNPs aggregates of SCNPs N2fa (1 mg ml) generated in THF (1 mg ml1) through
photoactivated radical-mediated thiol-ene coupling reaction. The corresponding DLS intensity distribution is
given in C) showing that the hydrodynamic size of the multi-SCNPs aggregates is > 100 nm. Results from 6

consecutive measurement are shown.

Next, inter-molecular association of SCNPs N1fa-N3fa in mixtures of THF and EtOH -which
is a precipitant of SCNPs N1fa-N3fa- was investigated. As a representative example, SCNPs
N3fa developed intense AIE-type photoluminescence at redshifted wavelengths in THF /
EtOH mixtures upon decreasing the THF / EtOH volume ratio (Figure 6.16).
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Figure 6.16. Photographs of SCNPs N2fa (1 mg/ml) in solvent (THF) / non-solvent (EtOH) mixtures at different
volume ratios under 365 nm UV illumination.

The presence of multi-SCNPs aggregates was confirmed by DLS experiments. Hence, DLS
(intensity distribution) results of SCNPs N3fa in THF / EtOH mixtures at volume ratios of
2/3 and 1/3 revealed the presence of multi-SCNPs aggregates with hydrodynamic size
larger than 100 nm (Figure 6.17).
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Figure 6.17. Correlation function of multi-SCNPs aggregates of SCNPs N2fa (1 mg/ml) generated in THF / EtOH
mixtures with a THF / EtOH ratio of 2/3 (A) and 1/3 (B). The corresponding DLS intensity distributions are
given in C) and D), respectively. Results from 6 consecutive measurement are shown.

Macroscopic precipitation was visually observed at a THF / EtOH volume ratio of 1/9.
Although in the latter case a certain contribution from conformational changes induced by
preferential solvation [55] could be involved, taken together, the above model experiments
certified that SCNPs N1fa-N3fa were indeed successfully equipped with orthogonal
luminophores for visualizing intramolecular compaction and inter-molecular aggregation
phenomena.

Finally, the high sensitivity of this method via changes in both photoluminescence intensity
and wavelength was applied to establish an accurate diagram of states of the SCNPs in THF
/ EtOH mixtures. Figure 6.18 shows the photoluminescence emission spectra of SCNPs N3fa
in THF / EtOH mixtures (1 mg/ml) at different volume ratios.
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Figure 6.18. Photoluminescence emission spectra of SCNPs N3fa in THF / EtOH mixtures (1 mg/ml) at different
volume ratios (Aexc = 365 nm).

Atlow EtOH content (< 15 vol. %) the photoluminescence emission spectrum of the single-
chain nanoparticles was equivalent to that recorded in neat THF, revealing the absence of
significant aggregation phenomena. Upon increasing the EtOH content in the mixture, the
photoluminescence emission intensity grew (Figure 6.19 A) and the wavelength at peak
maximum shifted towards higher values (Figure 6.19 B). Macroscopic precipitation -which
was observed at high EtOH content (90 vol. %)- was accompanied by a 5-fold increase in
photoluminescence emission intensity, which was found to shift to Ae, = 485nm. Based on
the above consistent changes in photoluminescence intensity and wavelength, a reliable
diagram of states reporting intra-molecular compaction (C), inter-molecular aggregation
(A) and macroscopic precipitation (P) of SCNPs N3fa in THF / EtOH mixtures emerged (see
Figure 6.19).
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Figure 6.19. A) Ratio of photoluminescence emission intensity at peak maximum to that in neat THF (Imax/Io) as
a function of EtOH volume fraction, and diagram of states of SCNPs N3fa: “intra-molecular compaction” zone (C,

blue solid circles), “inter-molecular aggregation” region (4, green solid circles) and “macroscopic-precipitation”
zone (P, red solid circles). B) Photoluminescence emission wavelength at peak maximum (lem) as a function of
EtOH volume fraction (blue, green and red circles), and C-A-P diagram.

6.5. Conclusions

In conclusion, we have developed a strategy for self-reporting both intra-molecular
compaction and inter-molecular aggregation through installation of orthogonal
luminophores based on Hantzsch ester formation within a single polymer chain. We have
demonstrated that this method permits to detect visually the degree of single-chain
compaction of a synthetic polymer chain containing 3-ketoester moieties via generation of
Hantzsch luminophores as intra-chain connectors taking the role of surrogates of covalent
disulphide bonds in folded proteins. We have shown that orthogonal AIE-type
luminophores placed also through intra-chain Hantzsch reaction allow complementary self-
reporting of inter-molecular aggregation via photoluminescence at redshifted wavelengths.
Multi-chain aggregation, in the case of SCNPs, would play a role equivalent to the self-
assembly of defective proteins into pathogenic aggregates. The method is simple and highly
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accurate e.g. to establish reliable single-chain compaction-aggregation-precipitation
diagrams of SCNPs in solvent / non-solvent mixtures. Since introduction of -ketoester
moieties in synthetic polymer chains is relatively straightforward and a variety of functional
SCNPs have indeed been constructed from precursors containing these pendants, this
strategy holds promise to perceive at a glance the presence / absence of detrimental multi-
chain aggregates affecting the performance of SCNPs in catalysis, sensing, recognition, and
SO on.
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Conclusions

7.1. Conclusions

This Thesis has contributed to increase our understanding of single-chain polymer
nanoparticles (SCNPs) as complex soft nano-objects with potential applications in a variety
of fields, specially catalysis and sensing. The main conclusions of this work are the following:

D

2)

3)

4)

A simple elastic SCNP model, as introduced in Chapter 3, provides a useful
framework for connecting -in the case of covalent-bonded SCNPs- the amount of
reactive groups (x) and precursor molar mass (M) with the SCNP size () upon
intra-chain cross-linking in a variety of solvents of different quality and on
substrates of different surface free energy. Force versus stretching curves for SCNPs
of different values of x -at low deformation- would allow determining
experimentally the effective elastic constant of the model.

Water-soluble self-folded iron-containing SCNPs can be used as enzyme-mimic
nanoreactors for the synthesis of intrinsically conducting polymers (ICPs) via step-
growth polymerization, as reported in Chapter 4. PEDOT: PSS dispersions generated
through this method showed the characteristic bipolaron UV-Vis absorption band
at 800 nm from conducting PEDOT. Thin films prepared from these PEDOT: PSS
dispersions revealed an electrical conductivity value of 0=1 X 10-4S/cm, similar to
that typically reported for films prepared from PEDOT: PSS dispersions synthesized
using iron-containing proteins.

Photoactivation of aggregation induced emission (AIE) molecules containing azide
functional groups in the presence of precursor polymers developing highly reactive
carbene species under such conditions is a new strategy for the generation of SCNPs
with intense fluorescence emission in both solution and solid state (Aem = 455 nm),
as described in Chapter 5. This strategy opens a new avenue to endow a variety of
other nanostructured polymeric materials with intense fluorescence emission.

An original platform for self-reporting both intra-molecular compaction and inter-
molecular aggregation through installation of orthogonal luminophores based on
Hantzsch ester formation within a single polymer chain has been developed. As
reported in Chapter 6, the degree of single-chain compaction of a synthetic polymer
chain containing -ketoester moieties can be detected visually via the generation of
Hantzsch luminophores at high dilution. Orthogonal AIE-type luminophores placed
also through intra-chain Hantzsch reaction allows self-reporting of inter-molecular
aggregation -when present- via photoluminescence at redshifted wavelengths.
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Resumen

Esta tesis profundiza en la comprension de las nanoparticulas poliméricas unimoleculares
(SCNPs, por sus siglas en inglés) como nano-objetos blandos complejos con aplicaciones
potenciales en varios campos, especialmente catalisis y deteccion. En particular, este
trabajo cubre diferentes aspectos relacionados con la estructura y propiedades de las SCNPs
como: i) el desarrollo de un modelo tedrico de SCNPs elasticas que permita comprender el
comportamiento de estas nanoparticulas en solucién y sobre superficies; ii) el disefio de
SCNPs como nanoreactores avanzados para la sintesis de un polimero intrinsecamente
conductor como el poli(etilendioxitiofeno) (PEDOT); iii) el disefio de SCNPs altamente
fluorescentes por fotoactivacion de copolimeros que contienen grupos funcionales diazo y
un fluoréforo de emisidn inducida por agregacion (AIE) decorado con grupos azida; y iv) la
sintesis de SCNPs que contienen fluoréforos ortogonales para autoreportar compactacion
intra-molecular y, cuando esta presente o es inducida externamente, agregacion inter-
molecular.

El Capitulo 1, como capitulo introductorio, resume varios conceptos relevantes para la
comprension de los resultados reportados en los Capitulos 3-6.

El Capitulo 2 explica las técnicas e instrumentos utilizados en la caracterizaciéon de
polimeros, SCNPs y productos utilizados o sintetizados en la tesis.

El Capitulo 3 presenta un nuevo modelo para el calculo del tamafo, la masa molar aparente
y el factor de contraccion de las SCNP elasticas en funcion de la longitud de la cadena del
polimero, la fraccién de mondémero reactivo y la calidad del disolvente. El modelo se utiliza
para estimar el tamafio de las SCNPs en diferentes superficies.

El modelo trata con SCNP con enlaces intracadena covalentes permanentes.

El plegamiento de cadenas de polimeros sintéticos individuales (precursores) a
nanoparticulas de polimeros de cadena tinica (SCNP) recuerda al plegamiento de proteinas
a su estado nativo funcional y ha atraido un interés significativo en los ultimos afios. El
proceso de autoplegado puede ser impulsado por diferentes interacciones
intramoleculares, tales como enlaces de tipo no covalente, covalente y covalente dinamico,
mediante el uso de precursores bien definidos decorados con grupos funcionales
apropiados y condiciones experimentales tales que los eventos de acoplamiento entre
cadenas se minimizan en gran medida. Las SCNP resultantes son nano-objetos blandos con
aplicaciones potenciales en nanomedicina, biosensores y catdlisis, entre otros campos. Los
modelos tedricos que proporcionan una conexion entre la cantidad de grupos funcionales,
X,y la masa molar precursora, M, con el tamafio de las SCNP resultantes son de gran interés
para establecer relaciones estructura-propiedades utiles. En particular, los parametros
relevantes para las aplicaciones finales, como el area superficial, la viscosidad intrinseca y
el coeficiente de difusidn, dependen del tamano de las SCNPs.

Recientemente, se ha introducido un modelo que proporciona la reducciéon de tamafio
esperada al plegar cadenas simples de tamafio Ry a SCNPs de tamafio R mediante
interacciones reversibles (enlaces no covalentes) en funcion de xy M. Este modelo simple
proporciona una valiosa estimacion a priori de la reduccién de tamafio al plegar cadenas
simples a SCNPs convencionales a través de interacciones reversibles (~7% de la desviacion
promedio de los datos calculados de los experimentales; 72 SCNPs y 22 interacciones
reversibles analizadas). A pesar de tal avance en la provision de relaciones estructura-
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propiedades ttiles para desarrollar aplicaciones practicas de SCNPs sensibles, hasta donde
sabemos, no se ha reportado todavia ningtin modelo equivalente para el caso de SCNPs con
enlaces covalentes.

En comparaciéon con las SCNPs reversibles, la estructura de las SCNPs con enlaces
covalentes incluye entrecruzamientos intramoleculares permanentes que afectan en gran
medida el grado de compactacién final alcanzado y les proporcionan una estabilidad
térmica superior. Por lo tanto, las SCNPs con enlaces covalentes en solucién con una
naturaleza similar y pardmetros M y x similares a las SCNP reversibles, muestran, en
promedio, un nivel mas alto de compactacién de la cadena. En este trabajo, presentamos un
modelo simple de SCNPs unidas covalentemente considerando estos nano-objetos con
entrecruzamientos intracadena como redes elasticas unimoleculares compuestas de hebras
elasticas conectadas por entrecruzamientos. Derivamos expresiones de la ley de escala para
el tamafio, el coeficiente de difusién, la masa molar aparente y el factor de contraccién de
los SCNP elasticos en solventes buenos, theta y malos. Ademas, obtenemos leyes de escala
para la altura de las SCNP elasticas depositadas en sustratos de energia libre de superficie
alta y baja.

En el Capitulo 4 se reporta la sintesis de SCNPs enzimo-miméticas, solubles en agua,
compuestas por copolimeros de poli(oligo(etilenglicol)-metil-éter metacrilato y 2-
acetoacetoxietil metacrilato) [poli(OEGMA-co-AEMA)], por coordinacidn con iones ferrosos
(Fezt). Estas SCNPs se utilizan -por primera vez- como catalizadores para la sintesis de
dispersiones del polimero intrinsecamente conductor PEDOT: PSS mediante polimerizaciéon
oxidativa.

En este capitulo, se investiga el disefio de SCNPs como pseudoenzimas artificiales que
contienen hierro para la sintesis de un polimero intrinsecamente conductor (ICP) como el
poli (3,4-etilendioxitiofeno), PEDOT.

La primera sintesis enzimatica de una dispersién PEDOT: PSS se report6 en 2007, mediante
el uso de peroxidasa de rabano como catalizador y en presencia de PSS como plantilla
soluble en agua y como dopante para equilibrar la carga. La sintesis tradicional de
dispersiones de PEDOT: PSS implica el uso de sales que contienen hierro y oxidantes como
el persulfato de amonio. Con el objetivo de introducir alternativas respetuosas con el medio
ambiente en lugar de catalizadores quimicos convencionales, en los ultimos afios se ha
desarrollado una variedad de sintesis de PEDOT: PSS mediada por enzimas mediante la
introducciéon de proteinas que contienen hierro en un complejo hemo (peroxidasa de
rabano, peroxidasa de soja, catalasa y hemoglobina, citocromo c) y peréxido de hidrégeno
como oxidante. Las propiedades de las peliculas PEDOT: PSS resultantes dependen de la
enzima especifica empleada durante la sintesis. Curiosamente, como lo demostraron Hira y
Payne, incluso las proteinas simples que enlazan con el hierro que muestran actividad no
enzimatica (por ejemplo, transferrina) pueden usarse como oxidantes para la sintesis de
dispersiones de PEDOT: PSS. Este hecho expande significativamente el catalogo de
oxidantes biomoleculares disponibles para la sintesis de peliculas basadas en PEDOT con
un conjunto deseado de propiedades, ya que en la actualidad se conocen mas de 800
proteinas hemo diferentes.

El uso de nanoparticulas poliméricas monocatenarias (SCNP) como construcciones que
imitan las enzimas ha atraido un interés significativo. Las SCNPs dotadas de morfologia y
actividad enzimo-mimética a menudo muestran una mayor estabilidad frente a los cambios
térmicos y una degradabilidad reducida en comparacion con las enzimas naturales. Las
SCNP se construyen mediante el auto-plegado de una sola cadena polimérica lineal
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mediante enlaces covalentes intracadena o interacciones supramoleculares (p. Ej., Enlaces
de hidrégeno, enlaces covalentes dindmicos, complejacion de metales). Se han observado
dos morfologias limitantes en SCNP dependiendo de la ruta sintética empleada y el
equilibrio hidr6fobo / hidroéfilo de la cadena precursora de las SCNPs. Una morfologia
esparsa que se asemeja a la mostrada por proteinas intrinsecamente desordenadas se
observa a menudo por medio del plegamiento / colapso intracadena del precursor en
buenas condiciones de disolvente. Por el contrario, una morfologia globular mas parecida a
la que se encuentra en las enzimas se obtiene tipicamente por auto-plegado intramolecular
en agua de copolimeros aleatorios anfifilicos (neutros o cargados) de composicién y peso
molecular apropiados.

En este capitulo se revela el uso de nanoparticulas monocatenarias (SCNP) autoplegadas,
solubles en agua y que contienen metales como nano-reactores que imitan a las enzimas
para la sintesis de polimeros intrinsecamente conductores (ICP) a través de la
polimerizacién por etapas. Como prueba de concepto, se realiza la primera sintesis enzimo-
mimética de dispersiones de poli (3,4-etilendioxitiofeno): poliestirenosulfonato (PEDOT:
PSS) mediante polimerizacién oxidativa utilizando SCNPs auto-plegadas que contienen
hierro (II) como pseudo- enzimas artificiales. Las SCNPs fueron sintetizadas mediante
conplejacién por hierro del polimero precursor OEGMA-co-AEMA. La compactacién de las
SCNPs se midi6 mediante cromategrafia de exclusidn por tamafio (SEC) y dispersion de luz
dindmica (DLS). La sintesis, que puede llevarse a cabo facilmente en agua a temperatura
ambiente durante 3 h bajo atmésfera de argén, proporciona una dispersién PEDOT: PSS que
muestra la banda de absorcién UV-vis a A= 800 nm caracteristica del bipolarén del PEDOT
conductivo. Las peliculas delgadas preparadas a partir de esta dispersion PEDOT: PSS
mostraron un valor de conductividad eléctrica de o= 1 X 104 S/cm, similar al reportado
tipicamente para peliculas PEDOT: PSS preparadas a partir de dispersiones PEDOT: PSS
sintetizadas usando proteinas que contienen hierro como catalasa (o= 1,3 x 105 S/cm).
Este capitulo abre la puerta a la sintesis de otros tipos de ICP (p. Ej., Polianilina, polipirrol)
utilizando SCNP que contienen metales solubles en agua como nanoreactores que imitan a
las enzimas que operan a temperatura ambiente, y amplia el uso de SCNP como
catalizadores bioinspirados para la polimerizacion en cadena (es decir, polimerizaciéon por
apertura de anillo y polimerizacién por radicales vivos) a la polimerizacién por etapas (es
decir, policondensaciéon mediante polimerizacion oxidativa).

El Capitulo 5 muestra la sintesis y caracterizacién de SCNPs fluorescentes mediante la
fotoactivacion de copolimeros de poli(metil metacrilato-co-2-acetoacetoxietil metacrilato)
[poli (MMA-co-AEMA)] funcionalizados con grupos funcionales diazo. La emisién de
fluorescencia se produce mediante la adiciéon de un fluor6foro de emisién inducida por
agregacion (AIE) con grupos azida. El entrecruzamiento en las SCNPs se logra mediante la
activacion de los grupos azida y diazo al irradiarlos con luz ultravioleta.

El desarrollo de nanoparticulas altamente fluorescentes es de gran interés para una
variedad de aplicaciones practicas que incluyen sensores biolégicos de nueva generacién,
sondas quimicas innovadoras, dispositivos optoelectrénicos mejorados y materiales
inteligentes. En este capitulo presentamos un método original para la sintesis rapida y
eficiente de SCNP altamente fluorescentes basado en el uso eficiente de fluor6foros
entrecruzantes con emision inducida por agregacion (AIE).

En el capitulo, se investiga una nueva estrategia de fotoactivacién rapida y eficiente para
producir SCNPs con emisién de fluorescencia intensa en solucién, que se basa en la
fotoactivacion de moléculas entrecruzantes de emisién inducida por agregaciéon (AIE)
apropiadas que contienen grupos funcionales azida para la generacién rapida y eficiente de
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SCNPs con emisiéon de fluorescencia tanto en solucién como en estado sélido. Se ha
demostrado que la generacién de una combinaciéon de especies de nitreno altamente
reactivas (de una molécula AIE entrecruzante que contiene azida, Silole-N3) y especies de
carbeno altamente reactivas (de un precursor polimérico apropiado de MMA-co-AEMA que
contiene unidades a-diazo--cetoéster, P) mediante irradiacidon UV, la probabilidad de una
inmovilizacidon eficaz del compuesto AIE en el SCNP resultante aumenta considerablemente,
en comparacion con el uso de un compuesto AlE sin grupos funcionales azida. Se obtiene la
confirmacion del éxito de la compactacion de cadenas individuales tras la irradiacion UV del
precursor P en presencia de Silole-N3 a una dilucién alta por la reduccién del tamafio de las
cadenas medida por cromatografia de exclusiéon por tamafo (SEC) con deteccién multiple.
El tiempo 6ptimo de irradiacion UV durante el proceso de formacién de SCNP es de 60 min.
Medida por espectrografia de fluorescencia, las SCNP fluorescentes FNP (R, = 9 nm)
resultantes muestran un pico de emision maximo en el disolvente THF centrado en Aep, =
455 nm y una excelente estabilidad de la intensidad de emisién de fluorescencia a lo largo
del tiempo, seglin lo determinado por espectroscopia de fluorescencia. Ademas, las FNPs
conservan sus propiedades fluorescentes en estado sélido, libres de los efectos de ACQ que
amenudo se observan en las SCNPs basadas en fluoréforos tradicionales. También de midid
el rendimiento cuantico de las FNPs. Para concluir, este trabajo abre una nueva via para
dotar a una variedad de otros materiales poliméricos nanoestructurados (por ejemplo,
copolimeros de bloque, microgeles, dendrimeros y micelas) con una emisi6on de
fluorescencia intensa basada en la nueva estrategia de fotoactivacion de moléculas de AIE.

El Capitulo 6 presenta una ruta para la sintesis y caracterizacion de SCNPs de poli(MMA-co-
AEMA) fluorescentes basada en la reaccion de sintesis de dehidropiridinas de Hantzsch. El
empleo de fluoréforos ortogonales permite reportar tanto el plegado, como la agregacion
de estas SCNPs. La compactacién intramolecular que da lugar a las SCNPs se identifica
mediante la formacién de ésteres de Hantzsch fluorescentes, mientras que la deteccion de
agregacion intermolecular se produce a través de la incorporacion de luminéforos AIE con
fluorescencia en longitudes de onda desplazadas al rojo.

En este capitulo se presenta una estrategia nueva y sencilla para cerrar la brecha entre el
plegamiento intramoleclular de cadenas simples y los métodos autoreportantes de
agregacion intermolecular para proteinas y polimeros sintéticos que se basan en la
colocacion eficiente dentro de cadenas individuales de luminéforos ortogonales
autoreportantes. La estrategia se ejemplifica mediante la generacién de dos lumindforos
complementarios a través de la formacién de éster de Hantzsch para la visualizacién del
plegamiento dentro de cadenas individuales y, cuando estd presente o inducida
externamente, la agregaciéon de multiples SCNPs. Los puntos clave del presente método son:
i) partiendo de cadenas decoradas con -cetoésteres no luminiscentes, la compactaciéon
intramolecular monocatenaria se detecta visualmente a través de la fluorescencia que surge
de los fluoréforos de Hantzsch, que actian como conectores intracadena equivalentes a los
enlaces disulfuro covalentes en proteinas plegadas, generados progresivamente durante el
plegado de las cadenas individuales, por lo que -en ausencia de fendmenos de agregacién a
alta dilucién- la intensidad de la fluorescencia crece con el grado de compactacion, medida
por la reduccion en el tamafio de la cadena; ii) la agregacion de cadenas multiples -cuando
esta presente o inducida intencionalmente- es detectada por una fotoluminiscencia intensa
a longitudes de onda desplazadas al rojo que surge de lumindéforos ortogonales de emisiéon
inducida por agregacién (AIE) debido a la formacion de conjuntos de multiples SCNPs; y iii)
ambos tipos de sondas de autoreportantes se instalan, al mismo tiempo, dentro de la misma
cadena polimérica a través de la reacciéon de Hantzsch multicomponente. Esta estrategia
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permite percibir a simple vista el estado de agregacion / grado de compactacién de las
SCNPs.

Se midi6 en diferentes tiempos la fluorescencia de las SCNPs por espectrografia de
fluorescencia, y su tamafio por cromategrafia de exclusiéon por tamafio (SEC) y dispersion
de luz dinamica (DLS). El grado de compactacién de las SCNPs se midié mediante dispesion
de rayos X de angulo reducido (SAXS).

La agregacién de multiples cadenas, en el caso de las SCNPs, desempefiaria un papel
equivalente al autoensamblaje de proteinas defectuosas en agregados patogenos. Es un
método es simple y muy preciso para, por ejemplo, establecer diagramas fiables de
compactacion intra-cadena -agregacidon-precipitacion de SCNPs en mezclas de disolventes
/ no disolventes. Dado que la introduccion de restos [3-cetoéster en cadenas de polimeros
sintéticos es relativamente sencilla y una variedad de SCNPs funcionales se han construido
a partir de precursores que contienen estos grupos funcionales, esta estrategia promete
percibir de un vistazo la presencia / ausencia de agregados de multi-cadena perjudiciales
que afectan el rendimiento de SCNPs en catalisis, deteccién, reconocimiento, etc.

Las principales conclusiones de la tesis se recogen en el Capitulo 7.
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