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“Knowledge is limited, whereas imagination embraces the entire
world, stimulating progress, giving birth to evolution.”

Albert Einstein — Cosmic Religion: With Other Options and
Aphorisms, 1931
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Abstract

Abstract

The great developments made in nanotechnology have enabled a
variety of nanomaterials to join the carbon party and the newcomers
carbon nanodots (CNDs) represent an ever-expanding research field.
Defined as carbon nanoparticles with size below 10 nm, CNDs
possess intriguing properties and hold great promises as new-
generation luminescent materials. Additionally, owing to their
inexpensive and safe nature, facile surface modification, high
solubility and resistance to photobleaching, they are expected to have
a huge impact in a plethora of applications.

In the first part of Chapter 1, a brief classification of the nanocarbons,

in terms of their dimensionality and the hybridization state of the
@

m ;s{;}'}* Fullerene

w 42 dots in an attempt to shed light on the
Allotropes

Carbon Nanotubes . . . . .
awonce huge inconsistencies in literature

carbon atoms, is provided. The
second part, focuses on carbon-based

SEEEe 2= o5 about their classification, providing a

o

Graphene Graphene Dot

== o

general guideline in identifying
properly the various dots.

Chapter 2 describes our efforts directed to a simple, scalable, reliable
and cost-effective synthetic process for

producing high-quality nanodots. A *M it ]
bottom-up approach to nitrogen-doped e w || Z' 0y
CNDs (NCNDs), by employing - /

2 3 NCNDs!

arginine and ethylenediamine as
O wo.g

Heat for 180 sec | | Ready!

precursors, is presented. By using a

microwave reactor, an accurate control
of the parameters, that affect the nanodots growth, such as reaction
time, temperature and power, was accomplished. NCNDs were

VI



Abstract

obtained within a few minutes heating and were characterized through
spectroscopic, morphological and structural analyses. They display
among the smallest size and the highest fluorescence quantum yields
reported so far. Moreover, they can be easily post-functionalized.
Finally, preliminary investigation on their cytotoxicity, cell uptake
and imaging capability, and on their employment for LED fabrication,
suggested their potentialities for various applications.

In Chapter 3, the use of CNDs in electrochemiluminescence (ECL) is
discussed. In the first part, it has been shown that our NCNDs can act
as powerful alternative to the conventional co-reactant species for
ECL generation. Additionally, their employment towards sensitive
biosensing platform for the detection of interesting bioanalytes has

r— o been shown. In the second part, the use of

9 . H:N;Q‘N“: NCNDs in covalently-linked systems with

e ECL labels has been reported, for the first

Hi time. A deep spectroscopic and
~INH, . . . .

™ .,QNH electrochemical investigation

g ) demonstrated that all the redox centers

retains their properties in the hybrids,
substantiating their use in ECL. Finally, it was probed that our
NCNDs-based hybrids exhibit self-enhanced ECL and can be used as
platform for signal amplification.

Chapter 4 focuses on the use of CNDs for the design of novel hybrid
systems. The first part deals with photofunctional donor-acceptor
hybrids. Due to their intriguing photophysical properties, porphyrins
have been explored for the first time

L -
with CNDs: both covalent and «Q, ”\_
e | Carbon Nanodois a—
supramolecular ensembles have t ACCEFTOR oo "’["'
been studied, in which the electron : < -
. . . = Porphyrin z
donating properties of porphyrins oONGR o

Donor-Acceptor Nanohybrids

were combined with the electron

VII
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accepting features of our NCNDs. An extensive photophysical
characterization has been performed and suggested the formation of a
charge separated transfer complex between nanodots and porphyrins.
In the second part, the first example of CNDs-based ionogels and their
comprehensive characterization is reported. It has been observed that
NCNDs induce gel formation for no gelating systems and module the
properties of pure gels. For instance, the NCNDs exert a positive
influence on the rheological response of the gel phases. Finally,
interesting features such as the ability to self-repair after disruption
and antiradical activity have been demonstrated.

Chapter 5 presents a rational synthetic design for mastering CNDs
properties, showing the pivotal importance of a proficient choice of
the precursors. By using properly designed functional units, the
desired properties have been induced from the molecular to the
nanoscale level in a controlled fashion. One-pot, bottom-up, cost-
effective and time-saving synthetic methods,
built on commercially available or easy-to-
synthesize organic building blocks, were

White-Light Emitting

Rz employed. In the first part, CNDs with

_ l b customized emission have been approached.
e : Green, red and finally white-emitting CNDs

were synthesized. In the second part, it is
demonstrated that the introduction of properly designed ‘dopants’
impart chiro-optical or tunable redox properties to CNDs.

VIII



Riassunto

Riassunto

Per merito dei progressi raggiunti nell’ambito delle nanotecnologie,
svariate nanostrutture sono entrate a far parte della famiglia dei
nanomateriali a base di carbonio, ed i nuovi arrivati “carbon
nanodots” (CNDs) rappresentano un ambito di ricerca in costante
espansione. Definiti come nanoparticelle di carbonio aventi
dimensioni inferiori a 10 nm, i CNDs godono di interessanti proprieta
e sono dei promettenti materiali luminescenti di nuova generazione.
Inoltre, data la loro poco costosa e innocua natura, la semplice
modificazione della loro superficie, I’elevata solubilita e resistenza a
fenomeni di “photobleaching”, sembrano essere destinati ad avere un
grande impatto nell’ambito di una pletora di applicazioni.

Nella prima parte del Capitolo [ viene fornita una breve
classificazione dei nanomateriali di carbonio in termini della loro

\g{.‘é dimensionalita e dello stato di
-
s ibridizzazione degli atomi  di

T
L 3 : :
v 4%  carbonio. La seconda parte ¢&
arbon 3
Allotropes

Carbon Nanotubes . . .
esonvet  jncentrata sui  “dots” a base di

&%E?ﬁ carbonio, nel tentativo di fare luce
-.;;gggn

- amameoee SUlle  motevoli  inconsistenze in

letteratura  riguardo la  loro
classificazione, suggerendo una generale linea guida per la loro
appropriata identificazione.

Il Capitolo 2 mostra gli sforzi volti allo sviluppo di un processo
semplice, scalabile, riproducibile per la produzione di “high-quality
nanodots”. Viene presentato un approccio sintetico “bottom-up” di
CNDs dopati con azoto (NCNDs), utilizzando arginina ed
etilendiammina come precursori. Un accurato controllo dei parametri
che influenzano la crescita dei nanodots, come il tempo, la

IX
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temperatura e la potenza impiegati

([ w N » (1 .
nella reazione, ¢& stato raggiunto |*TRT * ';Ut
. . . . vt 1x
mediante 1’impiego di un reattore a o d L
g 11x 1x Mix
microonde. Sono stati preparati — A g
. . . X . 2 3 NCNDs!
NCNDs in pochi minuti di @ OO i
. . . ASEEH
riscaldamento e sono stati ampiamente #t
Heat for 180sec | | Ready! )

caratterizzati mediante analisi
spettroscopiche, morfologiche e strutturali. Quest’ultimi possiedono
tra le piu piccole dimensioni e le piu alte rese quantiche di
fluorescenza fino ad ora riportate. Inoltre, essi possono essere
facilmente funzionalizzati. Infine, sono stati condotti degli studi
preliminari sulla loro citotossicita, “uptake” cellulare e capacita di
“imaging”, nonché sul loro impiego per la realizzazione di “LED”,
che ne suggeriscono elevate potenzialita per varie applicazioni.

Nel Capitolo 3, viene affrontato I'impiego dei CNDs in
elettrochemiluminescenza (ECL). Nella prima parte viene dimostrato

Ry NoKDs che i NCNDs rappresentano una valida

o . . .

. . Q‘N”’ alternativa ai co-reattanti
47N NH, . o .

. convenzionalmente utilizzati per la

L generazione di luce per via elettrochimica.

L "QNH E stato inoltre riportato il loro impiego in

3

RuNCNDS biosensori con elevata sensibilita per la
rivelazione di interessanti bioanaliti. Nella
seconda parte, € riportato per la prima volta I'uso di NCNDs in sistemi
covalenti con luminofori per ECL. Un dettagliato studio fotofisico ed
elettrochimico dei sistemi ha dimostrato che la totalita dei centri redox
negli ibridi presenta le stesse proprieta della singola molecola,
incoraggiando pertanto il loro uso in ECL. E stato infine dimostrato
che gli ibridi mostrano un effetto di auto-accrescimento
dell’emissione per via elettrochimica e possono essere impiegati
come piattaforme per I’amplificazione della luminescenza.
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Il Capitolo 4 ¢ incentrato sull’impiego dei CNDs per il “design” di
sistemi ibridi innovativi. La prima parte riguarda sistemi ibridi foto-
funzionali donatore-accettore. Considerate le interessanti proprieta

fotofisiche delle porfirine, ne ¢ ° o- —

. . z bl
stato esplorato il loro impiego con w_ et D
. . | ACCEPTOR *p-A~
i CNDs per la prima volta. Sono WY + 1
stati studiati sistemi donatore- P‘“. — e

orphyrin

. . DONOR

accettore basati su porfirine e IL Covalent

Donor-Acceptor Nanohybrids

NCNDs sia  covalenti  che

supramolecolari. Sono pertanto state condotte delle approfondite
caratterizzazioni fotofisiche, che hanno suggerito la formazione di
complessi a trasferimento di carica tra porfirine ¢ NCNDs. Nella
seconda parte ¢ riportato il primo esempio di ionogel ibridi con CNDs
e la loro completa caratterizzazione. E stato osservato che i NCNDs
inducono la formazione di gel supramolecolari per sistemi che non
sono in grado di gelificare, e riescono, inoltre, a modulare le proprieta
dei gel puri. In particolare, i NCNDs esercitano un effetto positivo
sulla risposta reologica delle fasi gel. Infine, i gel ibridi hanno
mostrato la capacita di riformarsi dopo rottura meccanica ed inoltre
una eccellente attivita antiradicalica.

Nel Capitolo 5 ¢ presentato un approccio sintetico razionale per la
modulazione delle proprietda dei CNDs, mostrando la decisiva
importanza di una appropriata scelta dei precursori. Sono state indotte
le desiderate proprieta dal livello
molecolare alla nano-scala in modo
controllato, mediante ’impiego di unita

White-Light Emitting
Carbon Nanodots

funzionali opportunamente ingegnerizzate.
Sono stati impiegati metodi di sintesi “one-

m®

che dei tempi, ed incentrati sull’impiego di “building blocks” organici

pot”, “bottom-up”, efficaci e poco

dispendiosi sia dal punto di vista dei costi
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commercialmente disponibili o di facile sintesi. Nella prima parte
sono stati sintetizzati CNDs aventi specifiche emissioni di
fluorescenza, ovvero verde, rossa e infine bianca. Nella seconda parte,
¢ stato dimostrato che I’impiego di opportuni dopanti impartisce
proprieta chiro-ottiche ai CNDs e ne consente la modulazione delle
caratteristiche redox.
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1 Carbon Nanoallotropes: Who is
next?

Serendipitous discoveries have marked human and scientific
evolution, but “change favors only the prepared minds” as Pasteur
said.'

Twenty years ago “prepared minds” were Robert F. Curl, Harold W.
Kroto and Richard E. Smalley, who shared the 1996 Nobel Prize in
Chemistry for the discovery of fullerene.” This discovery has set in
motion a new world-wide research boom that is still growing.

Apart from fullerene, the popularity of carbon nanostructures is
greatly due to carbon nanotubes (CNTs) and graphene.** The great
developments made in nanotechnology and in advanced material
synthetic methods have enabled other members to join the carbon
nanomaterial party. As for the beginning of this new era in carbon
nanoscience, serendipity has played an important role for the
newcomers carbon-based dots. After their accidental finding during
the purification of carbon nanotubes in 2004,” such small carbon
nanoparticles have promptly attracted the interest of alert and curious
scientists. They possess even more intriguing properties compared to
other carbon nanomaterials and, with their fascinating
photoluminescence, are attracting considerable attention as new-
generation luminescent materials.

In the following sections, a classification of the nanocarbons in terms
of their dimensionality and the hybridization state of the carbon atoms
is suggested. Apart from carbon-based dots, in this section we refer in
particular to fullerene, carbon nanotubes, graphene (Figure 1.1),
leaving out other nanocarbons, whose discoveries are sometimes
considered as less relevant. In any case, a profound discussion on the
preparation, properties and potential applications of all of these
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nanocarbons is beyond the scope of this chapter and in general of this
dissertation. On the contrary, in this chapter a particular focus on the
carbon based-dots, which include graphene or carbon quantum dots
(GQDs or CQDs) and carbon nanodots (CNDs), is provided.

Graphene Graphene Dot

Figure 1.1 Carbon allotropes overview.
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1.1 Classification, fundamental properties
and applications of nanocarbons

A possible and convenient approach to carbon allotropes
classification is based on their dimensionality: they can be cataloged
as 0-D, 1-D or 2-D nanostructures. While fullerenes and carbon-based
dots (GQDs, CQDs and CNDs) can be considered as representative
examples of 0-D allotropes, carbon nanotubes and graphene are
classified as 1-D and 2-D nanostructures, respectively.

All of these carbon allotropes can be regarded as members of the same
groups of nanostructures, consisting mainly of sp” carbon atoms,
except for CQDs and CNDs that contain a mixture of sp> and sp’
carbon atoms in various ratios. However, GQDs usually display sp’
carbons at the edge and sp” carbons in the core. Moreover, although
all the fullerene carbon atoms are sp>-hybridized, as the arrangement
of carbon atoms is not planar but rather pyramidalized, a “pseudo”-
sp>-bonding component must be present and Cyg (the most abundant
fullerene) and other larger fullerenes can be viewed as a carbon
nanoallotrope with hybridization between sp® and sp°.

The nanostructures primarily made up of sp” carbon atoms that are
densely packed in a hexagonal honeycomb crystal lattice (although
they may also contain some sp’ carbon atoms at defect sites or edges)
are defined as graphenic nanostructures. They are based on the ability
of carbon to form three identical covalent bonds with other carbon
atoms using sp” orbitals, generating a 2-D lattice.

The simplest and most representative member of this group is
graphene, a two-dimensional, one atom thick sheet of sp*-hybridized
carbon arranged in a hexagonal lattice, with dimension usually in
excess of 500 nm. GQDs usually consist of a few stacked graphene
monolayers based on their graphenic nanosheet precursors and, from
a theoretical perspective, graphene can be regarded as the building
material for other nanocarbons. For example, a properly cut piece of
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a graphene sheet could, in principle, be wrapped up into 0-D fullerene,
rolled into 1-D nanotubes or stacked into 3-D graphite.

This common sp® structure means that they have some similar
properties in terms of electrical conductivity, mechanical strength and
chemical reactivity, although obvious differences due to their
different sizes and shapes should be taken in account.

Typically, sp>-carbon allotropes are only (and slightly in most of the
case) dispersible in organic solvents, with fullerenes and GQDs being
the only nanostructures that can be defined as soluble in specific
organic solvents with opposite trends. GQDs display a good solubility
in polar solvents, whereas fullerenes are essentially insoluble,
preferring, for instance, aromatic hydrocarbons solvents such as
toluene or o-dichlorobenzene.

Likewise to GQDs, CNDs and CQDs are hydrophilic, generally due
to the presence of oxygenated groups. This common property, that
makes all these carbon-based dots water soluble, is undoubtedly one
of their most appealing features and is closely related to their good
biocompatibility and low toxicity.

Besides dimensionality effects, each carbon nanoallotrope shows
unique physicochemical properties that are discussed in the following
paragraphs. It is worth pointing out that we do not seek to
comprehensively discuss them, but we do highlight only some of their
key features.

The major interest in graphene and CNTs rely on their outstanding
mechanical and electronic properties and, especially, the ability to
transfer them to composite materials on a macroscopic scale,
generating advanced hybrid systems. Indeed, they are the strongest
known materials. The Young’s modulus of graphene was found to be
~1.0 TPa,7 and similar measurements have shown that carbon

—1
nanotubes are also very strong.*'°
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These impressive mechanical properties together with other unique
characteristics, such as their flexibility, chemical inertness, and
electrical conductivity, have been explored for several technological
applications. The high electrical conductivity of graphene monolayers
and their capacity to carry large currents at room temperature are their
most well-known and extensively studied properties.® The conducting
properties of CNTs are determined by the way in which the graphene
monolayer is rolled up to form the cylinder, which means that CNTs
can be metals or semiconductors, and the electrical characteristics of
carbon nanotubes are strongly governed by the diameter and chirality
of the nanotubes."’

Carbon nanotubes and graphene also have interesting optical
properties. CNTs have absorptions accompanied by sharp electronic
transitions at energies of 0.98—0.99 eV, corresponding to
electromagnetic waves from the far-ultraviolet (~200 nm) to the far-
infrared (~200 pum) regions of the spectrum. For this reason, CNTs
were regarded as “practical black bodies”.'? Interestingly, graphene
exhibits electrochromic behavior, i.e. its absorption and emission of
light are controllable by electrical stimulation."?

Fullerene lacks many of the fundamental properties of other carbon
nanostructures such as conductivity and mechanical strength.
However, its structural morphology makes, for instance, Cq a very
useful radical scavenger.'*"” Due to its spherical shape and electron-
deficient character, C¢ reacts easily with all kinds of free radicals.
More so, another fundamental property of Cg is its ability to act as an
electron acceptor in donor—acceptor units of energy conversion
systems, due to its high electron affinity and low reorganization

16,17
energy.

Regarding the newcomers, it is undoubtedly that the most interesting
property of carbon-based dots is their photoluminescence.'® This fact
together with their size, solubility (not dispersibility) in water and
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their low toxicity makes them potentially useful in a wide range of
applications.'” However, the research is in its early stages, and
although there is still a long way to go for practical applications, for
sure there is a large room for researchers.

1.1.1 Carbon-based dots

The term "dot" (or "nanodots") is referred to object in the nanometer
scale, possessing properties diverse form molecules and bulk
materials. On the other hand, the term "quantum dot" is mostly
referred to semiconductor nanoparticles (QDs) with quantum
confinement to zero dimensions.”’ The excitons are confined in the
spatial dimensions with quantized energy states and there is a carrier
confinement by the reduced dimensions.

In the first publication dealing with carbon-based dots the term
“carbon quantum dots” was used,”’ without proving the necessary
requirements for “quantum dots”. There are huge inconsistencies on
the named used to classified the type of carbon-based dots used in
many of the articles published until now. Therefore, we here report a
brief discussion on what we believe can be considered a rational and
generally accepted classification of carbon-based dots, that
represented our reference in identifying properly the type of dots
presented in this dissertation.

In the case of defect-free QDs, the photoluminescence is entirely
governed by quantum confinement effects, originated from HOMO-
LUMO transition and there are not interstates within the bandgap.
This result in size-dependence photoluminescence and excitation-
independent emission regardless their compositions and/or synthetic
methods. On the other hand, the synthetic methods play a pivotal role
for the carbon counterpart, because the surface chemistry impart
crucial effects. Indeed, the photoluminescence of CQDs and GQDs is
believed to arise not only from the quantization effects of the core,

6
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but also from surface effects, due to the presence of functional groups
and/or defects. The bandgap transitions arise from conjugated -
domains, which resemble large aromatic systems with extended -
conjugation of specific electronic energy bandgap for emissions.
However, in the case of CNDs, the presence of different surface trap
states, which act as photoluminescence emitter centers, is considered
the major contribution to their photoluminescence.

As common properties, and in contrast to QDs, carbon-based dots
display broad absorption bands as well as broad and excitation-
dependent photoluminescence emission.

While all the carbon-based dots are composed by carbon, oxygen and
hydrogen atoms, the three class of dots present substantial differences
in terms of structure and shape.

GQDs can be considered as small fragments of graphene and this
results in a discoidal shape with size typically under 20 nm. On the
contrary, CQDs and CNDs are quasi-spherical nanoparticle with a
mixture of sp> and sp” carbon atoms (mainly sp” in the case of CQDs)
with size below 10 nm, and while the former usually show a
crystalline structure, the latter are composed by an amorphous core.

It is worth mentioning that, due to their benign composition, carbon-
based dots should be considered as a no-toxic alternative to the heavy
metal-based QDs. Nevertheless, their hydrophilicity and (sometimes)
ease of synthesis provide outstanding advantages respect the
inorganic counterpart. Their luminescent and electronic properties
deserve further investigations and systematic efforts. Nonetheless, the
improvement of their (usually low) luminescence performance is an
urgent task for adequately replacing other emitters. Moreover,
emissions at longer wavelengths, respect to the ones of the current
nanodots (mostly emitting in the blue region), need to be achieved.

It should be highlighted that, although the research in this field can be
considered at early stages, they have already shown an enormous
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potential in many fields, from biological to optoelectronic and energy
related applications. In particular, their employment as new type of
biocompatible  carbon-based nanomaterials in  biomedical
applications have been the most studied so far, but also optoelectronic
and energy devices are rapidly rising and described in recent

: 19,22-29
Ireviews. 9’

Concluding, in little over decade of carbon-based dots impressive
advances have been made. Undoubtedly, further developments are
needed and the plethora of potential applications compels further
investigations, and joint efforts of the scientific community are
required. They possess fascinating properties when compared to their
‘carbon cousins’, they have heralded a new chapter in carbon
nanosciences and don’t seem to play a subordinate role. Many wonder
if they will replace the famous semiconductor quantum dots. We
could envisage that it’s a quite long-term perspective, but we believe
that their unique properties will make it possible. Time will give the
answers, but it’s our belief that the future of these nanocarbon
newcomers will be bright.
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1.2 Overview of the dissertation

The research activity of this doctoral thesis was directed towards
designing and preparing tailored CNDs for various applications
(Figure 1.2). The work has been divided into four main chapters, as
presented below.

Chapter 2 showcases our efforts towards a simple, scalable, reliable
and cost-effective synthetic procedures for preparing high-quality
CNDs, without the need of sophisticated equipment and/or additional
surface passivation. In order to enhance the CNDs optical properties,
nitrogen has been used as dopant. In particular, a bottom-up approach
to nitrogen-doped CNDs (NCNDs) is presented. Heteroatoms have
been inherited from precursors and, by using molecules containing
primary amines (specifically arginine and ethylenediamine) a
simultaneous nitrogen doping and surface passivation during the
synthetic process has been achieved. The increasingly popular
microwave-assisted hydrothermal synthesis has been chosen as
synthetic route, which would avoid multi-step synthesis and provide
benefits from features such as faster rates, milder conditions, and low
energy consumption. More so, by using a MW reactor an accurate
control of the parameters, that affect the nanodots growth, such as
reaction time, temperature and power, was accomplished. NCNDs
were obtained within few minutes of heating and were characterized
through spectroscopic, morphological and structural analyses. They
can be easily post-functionalized and preliminary studies on their
cytotoxicity, cell uptake and imaging capability, as well as LEDs
fabrications, suggested their potentialities for various applications.

Chapter 3 deals with the largely unexplored application of CNDs in
electrochemiluminescence (ECL). In the first part, NCNDs has been
studied as co-reactant to promote ECL. Their high potential as
alternative to the conventional co-reactant species has been
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demonstrated and a mechanism has been proposed. Moreover, their
employment towards sensitive biosensing platform for the detection
of interesting bioanalytes has been showed. In the second part, the
first NCNDs-based covalently-linked systems with ECL labels have
been reported and studied in deep through different techniques.
Notably, optical and electrochemical studies demonstrated that all the
redox centers are ECL actives, in close contact with the electrode and
able to diffuse towards it. Furthermore, the use of the NCNDs-based
hybrids as platforms for self-enhancing ECL and signal amplification
has been shown.

Chapter 4 is dedicated to novel CNDs-based hybrid systems. In the
first section, the role of CNDs in photofunctional ensembles has been
investigated. In this context, beside extensive studies on their ‘carbon
cousins’, the use of CNDs is still in its infancy. It particular, the
electron donating properties of porphyrins has been combined with
the electron accepting features of CNDs, for the first time. The
formation of a charge transfer complex between nanodots and
porphyrins, both in covalent and in supramolecular systems, has been
probed by photophysical studies. In the last part, the first example of
CNDs-based ionogels and their comprehensive characterization has
been reported. NCNDs induce gel formation for no gelating systems
and module the properties of pure gels, for instance, exerting a
positive influence on the rheological response of the gel phases.
Moreover, their ability to self-repair after disruption has been showed,
which is an important feature for future applications. Finally, it has
been demonstrated that the dissolution of the NCNDs in the gel matrix
enhances their antiradical activity.

Chapter 5 is dedicated to the engineering of CNDs with tailored
properties. A rational synthetic design, by using properly designed
functional units, has been proposed. Conscious that realizing real-
word applications require time- and cost-effective procedures, a cost-

10
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efficiency parameter has been used to guide the design of the
synthetic procedures and the choice of the molecular precursors. To
this aim, the desired nanodots were produced in only one synthetic
step through a quick and controlled microwave heating of
commercially available, or easy-to-synthesize, organic building
blocks. In the first two sections, CNDs with customized emission
have been approached. CNDs with emission from blue-white, to pure
white and further to red-white have been described, resulting in
tunable white emission, which could find applications according to
requirements. Moreover green-emitting CNDs have shown positive
effect on natural killer cells maturation process and activation,
suggesting their high potential in bio-related applications. Then, the
preparation of inherently chiral CNDs has been presented, together
with their use as template for the induction of preferential chirality to
porphyrin aggregates. Finally, it has been demonstrated that the use
of properly designed dopants enables the preparation of CNDs with
tunable redox properties.

Figure 1.2 Schematic representation of the work presented in this doctoral dissertation:
design and preparation of tailored carbon nanodots for various applications. (Adapted

from a design of Freepik).
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2 Nitrogen-Doped Carbon Nanodots

In this chapter a brief overview of the most common synthetic
methodologies focusing on the two main approaches (top-down and
bottom-up) for CNDs is presented. Then, a discussion on their optical
properties, as well as the most common post-synthetic treatments
aimed at the photoluminescence enhancement, is provided.

Finally, the preparation and characterization of highly fluorescent
nitrogen-doped CNDs (NCNDs) through a facile bottom-up approach
is reported. Moreover, preliminary experiments, in order to reveal
their potential applications, are reported.

The structural characterization of NCNDs through NMR
spectroscopy has been carried out by Dr. Luka Dordevi¢ (University
of Trieste, Italy). Ms. Jennifer Gomez and Dr. Blanca Arnaiz
(University of Trieste, Italy and CIC biomaGUNE, San Sebastian,
Spain) performed cytotoxicity and confocal microscopy imaging
experiments. The project on NCNDs-LEDs has been done thanks to
a collaboration with Prof. Giuseppe Gigli (CNR NANOTEC, Lecce,
Italy), with the aid of Dr. Fabrizio Mariano.

Part of the work presented in this chapter has been published as
“Synthesis, Separation, and Characterization of Small and Highly
Fluorescent Nitrogen-Doped Carbon NanoDots” in Angewandte
Chemie Int. Ed. 2016, 128, 2147-2152 and has been used for the
preparation of the manuscript “Carbon NanoDots as New
Nanocarriers for the Imagin-Guided-Delivery of Poorly Water-
Soluble Antineoplastic Drugs”.
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2.1 Introduction

2.1.1 Synthetic methods

Over the past few years a variety of synthetic methods for CNDs have
been explored. They can be generally classified into two main
categories, namely, top-down and bottom-up synthetic approaches.
While the former route involves the breaking down of larger carbon
structures, in the latter CNDs are formed from small molecular

precursors (Figure 2.1).

Bottom-up

Figure 2.1 Schematic representation of top-down and bottom-up syntheses of CNDs.

Top-down methods mainly consist of arc discharge, laser ablation and
electrochemical methods, using starting materials such as graphite
powder or multi-walled carbon nanotubes (MWCNTSs) (Figure 2.2).
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Figure 2.2 Common synthetic procedures for CNDs production using top-down

approaches.

They have played an important role especially at the beginning,
marking most of the pioneering works of CNDs.

In 2004, CNDs were discovered as fluorescent single-walled carbon
nanotubes (SWCNTs) fragments, during the electrophoretic
purification of SWCNTs derived from arc-discharge.' Arc-discharged
soot was oxidized with nitric acid and then extract with basic water.
During the purification of the as-obtained suspension through gel
electrophoresis, it was observed the surprising presence of three class
of materials, i.e. long nanotubes, a slow-moving dark band of
nanotubes and fast-moving fluorescent band (Figure 2.3a). This
fluorescent material was found to be a mixture of nanoparticles
composed by carbon, hydrogen, oxygen and nitrogen atoms and was
separated into three fractions having different emission colors under
UV light (Figure 2.3b).
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Figure 2.3 a) Electrophoretic profile in 1% agarose gel under 365 nm UV light: (A)
crude SWCNTs suspension; (B) fluorescent carbon; (C) short tubular carbon; (D) and
(E) further separation of (C); (F) cut SWCNTs; b) picture of different fractions of

fluorescent carbon under 365 nm UV light.'

This was the research that found the existence of dots and since then,
these fluorescent nanoparticles have grabbed the attention of many
researchers.

Few years later, the first electrochemical preparation of blue
luminescent carbon nanocrystals was reported.” Luminescent
spherical-shaped materials were obtained through the electrochemical
cleavage of MWCNTs grown on a carbon paper, in a degassed
acetonitrile solution containing tetrabutylammonium perchlorate as a
supporting electrolyte and by applying cycling potentials ranging
from -2.0 to 2.0 V.

Later on, the use of low-cost and readily available graphite as a carbon
source was reported.”® Interestingly, it was found that different
carbon nanomaterials, including fluorescent carbon nanoparticles,
can be formed using an ionic liquid-assisted electrochemical
exfoliation of graphite (Figure 2.4a). The exfoliation mechanism
involves the interplay of the anionic intercalation in the graphite
planes from the ionic liquids (ILs) and the anodic oxidation of water.
Hydroxy and oxygen radicals, as well BF, play the role of
intercalators in the graphitic planes. Tuning of the ILs/water ratio
affects the exfoliation mechanism changing the shape and size
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distribution of the exfoliated products. High ILs content facilitates the
intercalation process by BF,, which leads to the expansion of
graphene anode and its oxidative cleavage in nanoribbons. While by
increasing the water/ILs ratio, a large concentration of hydroxy and
oxygen radicals oxidize the graphite anode that is dissolved as
fluorescent carbon nanoparticles. As shown in Figure 2.4b, upon
dipping a graphite rod into the ionic liquid mixture and applying a
voltage for 240 minutes, the carbon nanomaterial is dissolved and the
rod expanded. When the expanded graphite rod is dip into DMF a
strong blue fluorescence coming from the dots present in solution can
be seen.’

Figure 2.4 a) Illustration of the exfoliation process showing the attack of the graphite
edge planes by hydroxy and oxygen radicals, which facilitate the intercalation of BF,
anion. The dissolution of hydroxylated carbon nanoparticles gives rise to the
fluorescent carbon nanoparticles. Oxidative cleavage of the expanded graphite
produces graphene nanoribbons; b) graphite rod exfoliated in IL-BF,/water (40:60 v/v)
mixture solution: (A,B) color change of the electrolyte solution with the corrosion of

the graphite rod; (C) the expanded graphite rod is immersed into DMF; (D) the
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expanded portion of the anodic graphite rod is exfoliated in DMF; (E) the supernatant

solution emits blue fluorescence upon irradiation with 254 nm UV light.’

It was in the first report of Sun et al., describing for the first time the
laser ablation of a carbon source as possible production route, that
these small and fluorescent nanoparticles were named as they are
currently known.” The ablation of a mixture of graphite powder and
cement with a Q-switched Nd:YAG laser, in the presence of water
vapor and with argon as carrier gas, resulted in the formation of dots.
However, they showed luminescence emission with quantum yields
between 4-10% only upon post-synthetic surface passivation with
diamine-terminated oligomeric poly(ethylene glycol).

Nevertheless, the above-described top-down methods are usually
limited by the need of severe synthetic conditions, complex processes
and expensive starting materials.

In this context, bottom-up syntheses provide more accessible and
cost-effective processes by applying external energy as heating and
microwave or template-assisted synthesis, through the possible use of
facile experimental set-up and inexpensive starting materials.
Heating treatments can be generally classified in hydrothermal and
solvothermal carbonization. They led to processes of condensation,
polymerization and aromatization that result in the formation of larger
structures.

Hydrothermal synthesis implies the use of an aqueous medium over
100 °C and 0.1 MPa. It provides low toxicological impact of materials
and processes, and has been widely used for the synthesis of various
carbon materials in the last century.*’

The use of hydrothermal conditions results in increased or changed
solubility of the reagents, improves their physical and chemical
interactions and facilitates the final formation of the carbonaceous
structures. The hydrothermal process at high temperatures (between

N
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300 and 800 °C) is a well-established production method for materials
with high carbon content, such as carbon nanotubes or graphitic
carbon materials. Instead, when the carbonization is performed at low
temperatures (below 300 °C), the resulting materials present tipically
various surface functional groups and C-H-O structures. This latter
process has been recently widely explored for CNDs synthesis and
usually the formation of CNDs soluble in aqueous media is
accomplished.

A variety of small organic molecules were used to prepare nanodots.
Considerable research efforts have been focused on preparing CNDs
from inexpensive and biocompatible starting materials, such as citric
acid, ascorbic acid and saccharides (Figure 2.5).'"""> Moreover,
conversion of biodegradable waste into value-added products is an
essential topic in the field of green chemistry and has recently grabbed
the attention of many researchers in the CNDs framework. Some
examples include the hydrothermal treatments of orange, strawberry

16-19

or banana juices or coffee grounds, which usually results in the

formation of blue emissive CNDs (Figure 2.5).

Heatmg ’ Heatlng i}?_\g i
. s F

Figure 2.5 Common starting materials for CNDs production using bottom-up

approaches.

The reaction media could impart different properties on the final
CNDs. In a representative example, the carbonization of citric acid at
300 °C for 3 hours resulted in oil- or water-soluble CNDs depending
on the reaction solvent and capping agent. While the use of

[\S]
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2 Nitrogen-Doped Carbon Nanodots

octadecene and 1-hexadecylamine as non-coordinating solvents and
surface passivation agents resulted in CNDs soluble in common non-
polar solvent with QY of 53%, water soluble CNDs with QY of 17%
were produced using glycerin and polyethylene glycol (PEG;sg).>

Hard or soft-templating effects have shown powerful capability for
CNDs with narrow size distribution and for avoiding aggregation
phenomena. Uniform and controlled pore sizes make mesoporous
silica an ideal host for growing nanoparticles with narrow size
distribution. Water soluble CNDs showing blue luminescence (QY
23%) and narrowly size distribution (1.5-2.5 nm) were prepared by
using an impregnation method with mesoporous silica spheres as
hard-template and citric acid as precursor.”' However the preparation
of mesoporous silica with highly ordered pores is usually hard and it
was reported that the simultaneous presence of micelles of the
copolymer Pluronic P123 and carbon precursors in the pores allows a
better size control of the final CNDs (Figure 2.6a).*

Alternatively, surfactant-modified silica nanospheres were used as
carriers, providing anchors for the polymerization of the carbon
precursors (resols) in solution, and also preventing the aggregation of
the CNDs during pyrolysis (Figure 2.6b).”

Microwave methods have been emerged as powerful synthetic routes
for CNDs and have been widely used.'>'****” Microwave heating can
address problems of conventional heating process for the preparation
of nanomaterials, such as the heating inhomogeneity, which usually
results in broadened size distributions especially in large-scale
reactions. In such context, microwave technique has become an
increasingly popular method for the synthesis of nanomaterials, since
the first report of microwave-assisted synthesis in 1986.%°
Microwaves are a form of electromagnetic energy with frequencies in
the range of 300 MHz to 300 GHz. Materials, be they solvents or
reagents, can absorb microwave energy and convert it to heat.
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Figure 2.6 Processing diagram of a) the soft-hard template approach toward CNDs
using 1,3,5-trimethylbenzene (TMB) as carbon source, pluronic P123 as soft template
and ordered mesoporous silica (OMS) as hard template; b) the synthesis of CNDs using
polymer/F127/silica composites as carriers for resols.”>*

Interactions between materials and microwaves are based on two
specific mechanisms: dipole interactions and ionic conduction.
Dipole interactions occur with polar molecules. The polar ends of a
molecule tend to re-orient themselves and oscillate in step with the
oscillating electrical field of the microwaves. Heat is generated by
molecular collision and friction. Generally, more polar is a molecule,
more effectively it is coupled with the microwave field. Ionic
conduction is only minimally different from dipole interaction. Tons
in solution do not have a dipole moment. They are charged species
distributed in solution and can couple with the oscillating electrical
field of microwaves. The concentration of ions in solution often
significantly affects the efficiency of microwave heating of an ionic
solution. Because of its high energy efficiency, microwave irradiation
offers a clean, cheap, and convenient method of heating, which often
results in a higher yield and shorter reaction time. Moreover, it can
lead to important advancement in large-scale production of high-
quality nanomaterials, since provide scaled-up processes with a
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uniform nucleation environment.

The role of water as a solvent in microwave-assisted organic
syntheses has risen dramatically because of the interest in ecofriendly
processes in Green Chemistry. As a result, microwave-assisted
hydrothermal method has become a very important production
process for CNDs, since it combines both the advantages of
hydrothermal and microwave techniques. Many parameters may
affect the growth of the CNDs. The final CNDs dimensions, as well
as their optical properties strongly depend on the microwave power
and heating time. For example, in a facile and economical synthesis,
different amounts of PEG,, and saccharides were added to distilled
water to form a transparent solution. The solution was then heated in
a 500 W microwave oven for several minutes and, with increasing
reaction time, the solution changed from colorless to yellow (sample
A in Figure 2.7), and finally to dark brown (sample B in Figure 2.7),
which implied the formation of CNDs. The size of these CNDs was
tuned to 2.75 £ 0.45 (sample A) and 3.65 £+ 0.6 nm (sample B) by
employing heating times of 5 or 10 minutes, respectively.'*

oH OH

MW

SNy -
—

,{f\/+ 5 min 10 min
HO’ HH

Figure 2.7 Microwave-assisted synthesis by employing heating times of 5 or 10

minutes (A or B on the right, respectively).

However, most of the CNDs microwave syntheses are carried out
exploiting domestic microwave ovens and are poorly reproducible.
Indeed, with a domestic microwave system, the reactions are hard to
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control since it is very difficult to accurately measure the temperature
and the microwave power.

2.1.2 Photophysical properties

A discussion about the possible origin of CNDs photoluminescence
was included in Chapter I. Therefore, this section gives mostly a
supplementary overview functional to the introduction of the
fundamental approaches for photoluminescence enhancement.

CNDs typically show strong optical absorption in the UV region, with
a tail extending to the visible range. Most have an absorption band
around 260-320 nm, and the positions of UV absorption peaks of
CNDs prepared by different methods and/or precursors are quite
different.

From a fundamental and an application viewpoint,
photoluminescence is one of the most fascinating features of CNDs.
The majority of the CNDs synthesized so far exhibit blue PL emission
and one unique property is the excitation wavelength-dependence of
the emission wavelength and intensity (Figure 2.8).

Generally, CNDs have quantum yields around 10% and higher values
are needed in order to rival their semiconductor counterparts and
extend their application in many areas.

Doping and surface passivation are the most common methods to
improve the functionality of CNDs.

Surface passivation consists in the introduction of a thin insulating
layer on the bare CNDs surface. Usually, polymeric materials are
used, such as polymeric PEG. Passivation by the organic moieties
renders the surface state sites more stable facilitating a more effective

radiative recombination.**
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Figure 2.8 a) UV-Vis absorption and photoluminescence emission spectra (recorded
for progressively longer excitation wavelengths from 320 to 520 nm in 20 nm
increments) of CNDs in water. In the inset, the emission spectral intensities are

normalized; b) photograph obtained under excitation at 365 nm.”

Sun et al. first reported the use of diamine-terminated oligomeric poly
(ethylene glycol) H,NCH,(CH,CH,0),-CH,CH,CH,NH, (average n
~ 35, PEGjspon) to increase the emission QY's of CNDs produced via
laser ablation from 4% to more than 10%, as a results of surface
energy traps stabilization upon passivation.” Moreover, QY's around
55% can be achieved through a more rigorous control of the surface
passivation step, as well as the purification process, or doping with
inorganic salts, such as ZnO or ZnS, before their surface
passivation.”’”? On the other hand, the treatment with nitric acid of
commercially activated carbon source (coal, wood, and wood
activated carbon),” or saccharide dehydration with concentrated
sulfuric acid,”® followed by further passivation with amine-
terminated compounds that led to low-cost production of CNDs with
QY of around 10%.

More convenient strategies based on the simultaneous synthesis and
surface modification were reported.”>”® Passivated CNDs were
produced via laser ablation of graphite powders and the use of
PEG;(on as reaction medium, instead of water, results in a luminescent
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emission (QY 5%) otherwise not visible (Figure 2.9a).”
Alternatively, the use of citric acid (CA) as carbon source and
hyperbranched polyethyleneimine (PEI) as surface passivation agent,
through hydrothermal route, results in passivated CNDs with QY of
24% (Figure 2.9b).*

a) Emission from
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e
> PEGs
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HE e oH ”j’; ﬁ.‘” ':fj ;;-"1“
Hydrothermal
(R FN’\’“:? -.1} £, .,,j '
N\/\HN.I\_,N\/\NNN “_’:}j %{“:‘« "__";.«} .f::ﬁ
|\|1) = Passivated
HANT "R, Carbon dots

Rcdu(llcm ..;" ™
]
Omiahnn
Low Quantum Yield II High Quantum Yield
CDs  rCDs

Figure 2.9 Passivated CNDs using a) poly(ethylene glycol) (PEGion) as reaction
medium® and b) hyperbranched polyethyleneimine (PEI) as precursors;® ¢) CNDs

with improved optical performance through the chemical reduction by NaBH,.”’

Although surface passivation is considered the most applicable and
efficient method for CNDs with improved optical performance, it was
reported that the chemical reduction by NaBH, could enhance the
fluorescence emission.””*® CNDs produced by hydrothermal method
and then reduced, have a decreased carbonyl groups content and an
increased sp’-type defective sites number that favors the QY
enhancement to 40% (Figure 2.9¢).”” Moreover, it was demonstrated
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that doping could enhance the CNDs optical properties and nitrogen
is the typical dopant used. Using bottom-up approaches, heteroatoms
can be inherited from precursors during synthesis avoiding further
modifications steps, and thus offering a particularly promising
strategy.

Nitrogen-doped CNDs (NCNDs) with QY around 14% were
synthesized in a single-step reaction under mild conditions (heating
at 70 °C overnight) with 2-azidoimidazole as starting material.*® On
the other hand, molecules containing primary amines allow
simultaneous nitrogen doping and surface passivation during the
synthetic process. For instance, in the case of CNDs prepared through
a solvothermal treatment of CCly, the fluorescence was enhanced
from 10% up to 36% by nitrogen doping using different diamines
instead of glycol.*’ In this context, amino acids are ideal carbon and
nitrogen sources for CNDs owing to their low cost and abundance.*'
However, the nitrogen doping effect on the CNDs fluorescence could
not be easily generalized. While, high nitrogen content led to higher
emission in some cases,41 it was also observed that the different
nitrogen types might have different influence on their fluorescence
property. For instance, it was reported that quantum yields correlate
with the ratio of pyrrolic and pyridinic nitrogen atoms, suggesting that
the protonation of amino groups prevents electron transfer in the
excited state improving the fluorescence recovery from local emissive
states.*’

2.1.3 Aim of the project

The aim of this project is to develop a simple bottom-up method for
high-quality CNDs without the need of sophisticated equipment
and/or additional surface passivation.

To this end, we investigated the use of arginine and ethylenediamine
as carbon and nitrogen sources. Amino acids are ideal carbon and
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nitrogen sources for CNDs owing to their low cost and abundance.
Moreover, molecules containing primary amines allow simultaneous
nitrogen doping and surface passivation during the synthetic process.
Due to the outstanding advantages discussed in the introduction, we
used the microwave-assisted synthetic approach. Aiming at a high
reproducibility, we employed a MW reactor under controlled
conditions.

Finally, preliminary results on their cytotoxicity, cell uptake and
imaging capability, as well as their employment for LEDs fabrication
are reported, in order to shed light on their potential applications.
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2.2 Preparation of NCNDs

2.2.1 Synthesis

Nitrogen-doped carbon nanodots (NCNDs) were prepared via MW-
assisted hydrothermal synthesis by using Arginine (Arg) and
ethylenediamine (EDA) as carbon and nitrogen sources (Figure
2.10).

NH,

K.IH

NH 0 NH»

240 °C, MW 11
HQNJLN'\/\HLOH + HzNa\,NHz — > uN N

H NH, H,0 Z N ~NH»

(180 sec) < |
NH,
O"OH

HoN

Figure 2.10 Reaction scheme for NCNDs. NCNDs are drawn as a tentative

representation of a structural unit.

The MW parameters were optimized to obtain the desired properties
of the final material, in terms of optical performance. Appropriate
viscosity and temperature control are needed for a uniform
carbonization process that leads to the formation of NCNDs.
Fluorescent NCNDs were obtained at 240 °C, 377 psi, 200 W with a
MW heating time of 180 seconds using water as reaction medium (see
experimental section for details).

The heterogeneous solution underwent thermal carbonization of the
precursors and led to nucleation. Finally, the nuclei grew by diffusion
of other molecules towards the surface of the nanoparticles. In the
process of microwave heating, the solution changed color from
transparent to dark brown as a result of the formation of NCNDs
(Figure 2.11).

W
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Figure 2.11 Photographs of the vials a) before and b) after the heating process.

Large carbon nanoparticles were removed by filtration and the yellow
solution was dialyzed against Milli-Q water. The obtained NCNDs
(26% yield based on weight) exhibited a high solubility in water (up
to 80 mg/mL) and also in common polar organic solvents.

Alternatively, the crude mixture of NCNDs produced after MW
treatment was separated by means of low pressure size exclusion
chromatography using a column packed with Sephadex LH-20 and
operating at a pressure of 150 psi. According to their elution time, we
collected three fractions, named NCNDsl (19% yield based on
weight), NCNDs2 (10% yield based on weight) and NCNDs3 (11%
yield based on weight).

2.2.2 Morphological and structural characterization

Atomic force microscopy (AFM) confirmed the round shape and
showed that NCNDs have a rather homogeneous size distribution.
AFM images, height profiles and size distributions of the three
fractions NCNDs1, NCNDs2 and NCNDs3 are reported in Figure
2.12. By statistical analysis of the height of about one hundred
nanoparticles, we determined an average size of 2.47 + 0.84 (FWHM:
1.977). Average sizes of 2.65 + 0.48 (FWHM: 1.141), 2.04 + 0.57
(FWHM: 1.345), 1.24 + 0.43 (FWHM: 1.013) were determined for
NCNDs1, NCNDs2 and NCNDs3, respectively. These are among the

smaller CNDs ever reported.***

W
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Figure 2.12 a-d) Tapping mode AFM images of NCNDs (5.0 x 5.0 um) and NCNDs1-
3 (1.7 x 1.7 pm) on a mica substrate; e-h) height profiles of NCNDs and NCNDs1-3;
i-1) size histograms of NCNDs and NCNDs1-3 with curves fit to the data using a

Gaussian model.

In order to gain unprecedented structural information, we report
extensive NMR studies on carbon nanodots.

For this purpose, we prepared *C-enriched NCNDs (N'>*CNDs) for
PC-NMR investigations, starting with fully '*C-enriched Arg and
EDA. First of all, the contribution of each component was evaluated,
using separated and combined "*C-Arg and *C-EDA (Figures 2.13,
$2.2, S2.5). Figure 2.13-top shows the "C-NMR spectrum of
NCNDs produced using only C-enriched Arg. It is clear that the
aromatic core and the aliphatic, as well as the carbonyl regions,
mainly originate from Arg. While EDA mostly contributes to the
typical region of aliphatic carbon atoms connected to heteroatoms,
signals arising from EDA were also found in the aromatic core of
N"CNDs.

W
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Figure 2.13 "C-NMR spectra of N°CNDs prepared starting from *C-Arg and EDA
(top), *C-Arg and PC-EDA (middle), and Arg and ">C- EDA (bottom). The intensity

of the aromatic region was increased 8.0 times to facilitate the visualization.

A tentative interpretation of a representative structural unit of NCNDs
is reported in Figure 2.14, with a very general peak assignment.
Typically, *C-NMR spectra of N'>CNDs consist of an aliphatic
region (Figure 2.14, C,), with carbon atoms connected to heteroatoms
(Figure 2.14, C;) or to an aromatic core (Figure 2.14, C.) and an
aromatic region (Figure 2.14 C,;).

Additional bidimensional experiments (‘H-">C) revealed numerous
H-C correlations both by direct (HSQC, Figure 2.15 H,-C, Hy-Cj, H.-
C., Figures S2.6, S2.7) or through multiple-bond correlations
(HMBC, Figure 2.16 H,-C,-C. H.-C;C,, Figures S2.8, S2.9).
Remarkably, protons that lie in the aliphatic region and close to
heteroatoms were found to correlate with the aromatic sp’-carbon
core (Figure 2.14, red lines). Analogous data was obtained from C-
13C one bond correlation (INADEQUATE, Figure 2.17 C,-C. C-C,
CrCy-C, Figures S2.10, S2.11). Additionally, Diffusion-Ordered
Spectroscopy (DOSY, Figure 2.18) was performed through 'H-"C

W
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multiple-bond correlation in order to unambiguously assign the
signals to macromolecular species.

"N-NMR preliminary experiments were also performed, but they
were not as informative as the ?C-NMR spectra (Figure $2.12).

Figure 2.14 Representative structural correlations found in NMR experiments of
N"CNDs reported in dashed arrows (HSQC blue lines, HMBC red lines, and
INADEQUATE green lines).
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Figure 2.15 HSQC spectra of N"?CNDs prepared starting from '*C-Arg and EDA (scan

tl increment = 16, t1 increments = 256, one-bond J1xh = 146.0 Hz).
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Figure 2.16 HMBC spectra of N”CNDs prepared starting from "*C-Arg and EDA

(scan tl increment = 16, t1 increments = 400, one-bond Jnxh = 8.0 Hz).
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Figure 2.17 INADEQUATE spectra of N"*CNDs prepared starting from *C-Arg and
EDA (scans = 256, ] = 55 Hz).
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Figure 2.18 3D-DOSY spectra of N'>°CNDs prepared starting from *C-Arg and EDA.

The structure and composition of the NCNDs, as well as the separated
NCNDs1-3, were determined by FT-IR spectroscopy and X-ray
photoelectron spectroscopy (XPS).

The FT-IR spectrum (Figure 2.19) show that NCNDs have many
oxygenated functional groups on their surface such as carboxylic acid,
epoxy, alkoxy, hydroxyl and carbonyl groups. Absorptions at 1194
and 1111 cm™ can be attributed to C-O-C bond, while absorptions at
1350 and 1318 cm™ confirm the presence of C-O bonds. Moreover,
the absorption peaks at 1655, 1704 and 1767 cm™ are indicative of
C=0 bonds, whereas the broad peak centered at 3299 cm™ revealed
O-H/N-H bonding. In addition, C-N (1492 and 1437 cm™) and C=N
(1557 em™) functional groups can be identified, while peaks at 2932
and 2862 cm™ are related to the C—H bond stretching vibrations.

The separated NCNDs1, NCNDs2 and NCNDs3 have similar IR

spectra, suggesting a similar functional group distribution (Figure
2.20).




2 Nitrogen-Doped Carbon Nanodots

Transmittance / %

3500 3000 2500 2000 1500 1000
Wavenumber /cmt

Figure 2.19 FT-IR spectrum of NCNDs.
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Figure 2.20 FT-IR spectra of NCNDs1-3.

To further confirm the functional groups present on the surface of
NCNDs, XPS characterization was carried out.

From the full-scan XPS spectra of all the nanodots (Figures 2.21,
S2.13) C, N, O are detected. Figure 2.21 show the survey of NCNDs
with peaks at 286.8 eV (C1s), 400.33 eV (N1s), and 532.34 eV (Ols).
To determine the C and N configurations in the nanodots, Cls and
N1s spectra were analyzed (Figures 2.22, 2.23). The Cls spectrum of
NCNDs can be deconvoluted into five surface components
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corresponding to sp” (C=C) at 284.5 eV, sp> (C-C, and C-H) at 285.5
eV, C-O/C-N at 286.2 eV, C=0/C=N at 288.3 eV, as well as COOH
at 290.5 eV (Figure 2.22a). The Nls spectrum of NCNDs can be
deconvoluted into four peaks centered at 398.3, 399.6, 400.5, 401.9
eV corresponding to C=N, NH,, C-N-C and N-C; respectively
(Figure 2.22b).**
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Figure 2.21 XPS survey of NCNDs.
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Figure 2.22 Deconvoluted a) Cls and b) N1s spectra of NCNDs.

The XPS data for NCNDs1-3 are showed in Figure 2.23, and along
with that of NCNDs are collected in Table 2.1. The results show that
all the NCNDs contain similar multiple oxygen and nitrogen
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functional groups on particle surface but with different contents, a
result which is consistent with the FT-IR measurements.

The surface components of NCNDs, as determined by XPS, are in
good agreement with the FT-IR and NMR results. The presence of
primary amino groups was confirmed by a positive Kaiser test. From
this highly sensitive colorimetric test, it was possible to estimate a
value of 1350 umol/g of amino groups: their presence makes NCNDs
prompt to the easy insertion of further functional groups and/or
interesting molecules/ions through standard organic chemistry
protocols.

Table 2.1 Percentages of C, N, and O atoms in NCNDs and NCNDs1- 3, as determined

by XPS measurements.

Entry NCNDs NCNDs1 NCNDs2 NCNDs3
C% 68.0 65.9 68.7 63.9
Cc=C 3.4 21.7 4.1 15.8
C-C 8.7 25.1 25.6 6.4

C-O C-N 50.1 28.2 53.0 56.2
C=0C=N 28.7 24.9 14.7 21.6

COOH 9.1 2.5
N% 16.1 11.1 9.0 7.0
C=N 5.4 10.6
NH, 35.0 40.6 20.4 17.8

C-N-C 43.1 46.7 57.1 70.7
N-C3 16.5 12.7 11.9 114
0% 15.9 23.0 223 29.0
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Figure 2.23 a,b) Deconvoluted Cls and N1s spectra of NCNDsl1; ¢,d) deconvoluted
Cls and N1s spectra of NCNDs2; e,f) deconvoluted Cls and N1s spectra of NCNDs3.

The cyclic voltammogram of NCNDs shows two irreversible peaks
corresponding to the oxidation (+1.14 V vs SCE) and reduction (-2.52
V vs SCE) of amines (Figure 2.24). The high current in oxidation and
the steep slope of the peak are remarkable, demonstrating the easy
way to oxidize a high quantity of amino groups on the surface.

The functional groups located at the surface of NCNDs act as a
“passivation” layer, which improves their hydrophilicity and stability
in aqueous systems as well as their efficient photoluminescence
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properties.*” The aqueous solutions (0.5 mg/mL) of NCNDs appeared
yellow in daylight and remained stable for several weeks, with no
change in their spectral features.
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Figure 2.24 CV of NCNDs | mg/mL in DMF using TBAPF; as supporting electrolyte
on GC. Scan rate 100 mV/s.

2.2.3 Photophysical characterization

Upon excitation under a 365 nm UV lamp, NCNDs emit with strong
blue luminescence, while the UV-Vis spectrum of ap-NCNDs show
an absorption band at 286 nm, ascribed to the n—n* transition of the

conjugated C=C units from the carbon core (Figure 2.25a).”*

Spectrally broad FL emission, with excitation wavelength
dependence, is a common phenomenon observed in CNDs.*** CNDs
produce multi-fluorescence colors under different excitation
wavelengths and this behavior may arise not only from particles of
different size, but also from a distribution of different emissive
domains on each carbon dots. This property implies that the emission
of CNDs can be tuned by changing the excitation wavelength since
the emission arises from different surface emissive traps. The
luminescence properties of the NCNDs have been explored. A broad

o~
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emission peak at 356 nm is observed when the sample is excited at
the optimal excitation wavelength (300 nm, Figure 2.25b). The
fluorescence peaks shift from 356 nm to 474 nm when the excitation
wavelength changes from 300 to 420 nm and the fluorescence
intensity decreases as the peak red shifts.

(@) (b) Aexc
300
5 . —310
d ] —320
S © — 330
- 340
3 > —350
c = —360
@ 2 —370
.g § 380
—390
2 < 200
< —410
420
N a0

300 400 500 600 700 800 300 400 500 600

r/nm /1 nm

Figure 2.25 a) UV-Vis absorption spectrum of NCNDs in water; b) FL spectra of

NCNDs in water (298 K) at different excitation wavelengths.

The many kinds of functional groups presented on the surface of
NCNDs have different surface states energy levels, which results in a
series of emissive traps that dominate the emission at different
excitation wavelengths and explain the excitation wavelength
dependent phenomenon of NCNDs. The fluorescence quantum yield
(FLQY) was found to be 17%, using a reported procedure and quinine

sulphate as the reference (see experimental section for details).**°

As expected, size and functional groups affect the optical properties.
Figure 2.26 shows NCNDs1-3 UV-Vis absorption spectra. NCNDs1
have an absorption peak located at 315 nm, while NCNDs2 have two
peaks at 285 and 315 nm and NCNDs3 have three peaks at 253, 278,
and 328 nm. These peaks are most probably related to the electron
transitions from t (or n) to ©* of C=C and C=0.”* Typically, as the
particles become smaller, the luminescence energies are blue shifted
to higher energies.”' However, the FL mechanism of CNDs is affected
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also by zigzag edge sites and defects effect. Hence, size-independent
FL could be also observed because the surface state emission can play
a predominant role in the FL properties.”> NCNDs1-2 show a clear
excitation-dependent emission spectra, whereas NCNDs3 exhibit an
almost excitation-independent behavior. Each sample has its optimal
emission for a characteristic excitation wavelength, revealing the
presence of different energy levels corresponding to the maximum
transition probability (Figure 2.26). The surface of NCNDs
significantly affects the FL properties since it determines the trapping
of excitons under excitation.

Therefore, the radiative recombination of surface-trapped excitons
leads to FL with the corresponding energy. NCNDs1, NCNDs2 and
NCNDs3 exhibited their most intense emission at 380 nm (excitation
at 320 nm), 357 nm (excitation at 300 nm), 421 nm (excitation at 340
nm), respectively.

The FLQY's of NCNDs1, NCNDs2 and NCNDs3 were 7%, 31% and
46%. To the best of our knowledge, the latter is among the highest
FLQY values so far reported for CNDs.” Figure 2.27 clearly shows
the increased emitted blue luminescence from NCNDs1 to NCNDs3
upon excitation under a 365 nm UV lamp.

As reported in Table 2.1, NCNDs1-3 have similar functional groups
and nitrogen content. The QY's increase with the reduced amount of
amine groups, with NCNDs3 having the highest degree of surface
oxidation, resulting in more surface defects, which can trap more
excitons leading to higher FL quantum yield.>
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Figure 2.26 a) UV-Vis absorption spectra of NCNDs1-3 in water; b—d) FL spectra of
NCNDs1-3 in water (298 K) at different excitation wavelengths.

Figure 2.27 Photographs of NCNDs1, NCNDs2, and NCNDs3 in daylight (top) and

under UV light (365 nm) illumination (bottom).
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2.2.4 Towards applications

Due to their excellent PL properties, our CNDs are an attractive
candidate for biological applications and light-emitting diodes
(LEDs) fabrication.

In order to evaluate their application for biological purposes, the cell
viability and bioimaging capability of our NCNDs was invastigated.
The cell viability of NCNDs was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide = (MTT)
colorimetric assay.” It was observed that the viability of several cell
lines varies between 80-100% after 72 h of incubation with NCNDs
at concentrations 1 pg/mL to 1 mg/mL (Figure S2.14). These results
suggested that NCNDs exhibited low cytotoxicity and can be used in
high concentration for imaging or other biomedical applications.
NCNDs were then introduced into C33-A cells to show their
bioimaging capabilities through confocal microscopy imaging
experiments (Figure 2.28). The luminescent spots indicated the
internalization of our NCNDs following 24 h of incubation.

Figure 2.28 Confocal fluorescence images of C33-A cells after incubation with 300
pug/mL NCNDs. Left: merged picture of the fluorescent bright field. Right:

fluorescent image.
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Finally, preliminary results on the use of our NCNDs for the
fabrication of LEDs are reported. The architecture of the vapor-
deposited device is shown in Figure 2.29a. The employed materials
were chosen in order to match the energy levels for a better charges
and excitons confinement.

In order to increase the anode work-function and reduce the hole-
injection barrier, the Indium Tin Oxide (ITO) surface was previously
treated with oxygen-plasma. On top the ITO electrode, the hole
injection film consists of 40 nm of poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). In
order to enhance the holes transport a 30 nm layer of poly-[ NV, N'-bis(3-
methylphenyl)-N,N'-diphenylbenzidine] (poly-TPD) was spin-coated
on top of PEDO:PSS, followed by a 10 nm thick film of poly(9-
vinlycarbazole) (PVK). The thickness of the spin-coated NCNDs film
was 30 nm. Then the n-doped layer consisted of 30 nm of 4,7-
diphenyl 1,10-phenanthroline (BPhen) doped with cesium atoms
using a suitable dispenser from SAES Getters. A 10 nm thick neat
film of pure BPhen after the emissive layer was also included as
blocking layers. The structure was closed with a cathode of 130 nm
thick silver (Ag). The last two organic layers and the metal films were
thermally evaporated in a Kurt J. Lesker cluster tool at a base pressure
around 107’ mbar. Bilayer-structured hole-transport interlayers of
poly-TPD/PVK take advantage of the deep highest-occupied
molecular-orbital energy level of PVK to realize efficient hole
injection into the dot layers and the relatively high hole mobility of
poly-TPD to achieve lower turn-on voltage.

The fabricated LEDs was then characterized by electro-optical
measurements. The normalized electroluminescence spectra, biased
at various voltages, is shown in Figure S2.15. Red emission from the
double-layer PLEDs was probably from the interface between HTL
and EML, and in particular probably from an exciplex associating
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with poly-TPD and defects of NCNDs. This red emission, added to
the blue one of the NCNDs, results in a white light with Commission
Internationale d’Eclairage (CIE) coordinates of (0.28, 0.31) at 10 V,
as shown in Figure 2.29c. Figure 2.29b shows the luminance and the
current density flowing in the devices as a function of the applied
voltage. The devices were turned on at about 9.4 V and exhibited a
maximum brightness of 100 cd/m” at 13 V, which is among the
highest values reported so far.”*”’
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Figure 2.29 a) NCNDs-LED device structure; b) current density and brightness of

NCNDs-LED; ¢) CIE (1931) coordinates and photographs of the LED operating at 10

V as applied voltage.
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2.3 Conclusions and perspectives

In this chapter we have described a straightforward, simple and
controllable method to prepare NCNDs under microwave irradiation.
Using this approach, NCNDs could be obtained within three minutes
without the need of sophisticated equipment or additional surface
passivation and by using commercially available compounds. We
have reported a general method for the separation of NCNDs with
different size and properties by low-pressure size exclusion
chromatography. These NCNDs are narrowly distributed in size, and
their abundant surface traps and functional groups endowed them
with tunable fluorescent emission, bright luminescence (quantum
yield as high as 0.46), and excellent solubility in water and in common
polar organic solvents. We demonstrated that a profound NMR study
could be an important tool to fill the gap of a real structural
understanding of this new nanomaterial. The mono and bidimensional
NMR studies have provided an unprecedented level of detail and
insight in CNDs structure and should give other scientist the direction
to perform work in this new field. Additionally, we have shown that
the fluorescence strongly depends on the surface states of the NCNDs
because their optical properties are affected by the competition among
different emission centers and traps.

We have demonstrated that our NCNDs show low cytotoxicity also at
high concentrations. An efficient cell uptake was observed, together
with their cellular imaging capability. Accordingly, current efforts in
our laboratory are directed towards their use for biological purpose,
such as drug delivery systems.

Finally, preliminary experiments that may do serve the purpose of a
proof of concept, showed that our nanomaterials could be a potential
candidate for LEDs fabrication, but further studies and improvements
of the device architecture are needed and are currently underway in
our laboratory.
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In summary, a convenient route to size- and surface-controllable
NCNDs have been demonstrated. Their superior optical properties,
coupled with their low cost and ease of labeling, should enable their

use in numerous applications.
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2.4 Experimental section
2.4.1 Materials

L-Arginine (Fluorochem; >98%), L-Arginine-"C¢" N, (Sigma-
Aldrich, 99 atom % "N, 99 atom % "°C), ethylenediamine (Sigma-
Aldrich, >99.5%) and ethylenediamine-'">C; (Sigma-Aldrich, 99 atom
% 3C), Sephadex LH20 (Sigma-Aldrich) were used without further
purifications.

Kaiser test kit was purchased from Sigma-Aldrich.

Dialysis tubes with molecular weight cutoff 0.5-1 KDa were bought
from Spectrum Labs.

Ultrapure fresh water obtained from a Millipore water purification
system (>18MQ Milli-Q, Millipore) was used in all experiments.
D,0 was purchased from Sigma-Aldrich.

All cell lines were purchased from ATCC-LGC and cultured in
DMEM or RPMI-1640 media from Sigma Aldrich completed with 2
nM L-glutamine, 100 ug/mL penicillin, 100 ug/mL streptomycin and
10% heat-inactivated fetal bovine serum from Gibco®. The PBS
buffer was purchased in Sigma Aldrich in tablets and prepared
following manufacturer procedures, corresponding to 10 mM
phosphate buffer containing 137 mM NaCl and 2.7 mM KCIl at pH
7.4. Cell Proliferation kit I was purchased from Roche and was used
to quantify relative cell viability, 3(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, MTT.

PVK (average molecular weight 25,000-50,000 g/mol™), Bphen
(molecular weight 332.4 g/mol), chlorobenzene (anhydrous, 99.8%,
molecular  weight 112.56 g/mol), N,N-dimethylformamide
(anhydrous, 99.8%, molecular weight 73.09 g/mol) and m-xylene
(anhydrous, >99%, molecular weight 106.17 g/mol) were purchased
from Sigma Aldrich. Poly-TPD (average molecular weight 100,000-
150,000 g/mol) was purchased from Solaris Chem Inc.. Patterned
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ITO-glass substrates (sheet resistance, 12 Q/sq) were purchased from
Visiontek Systems Ltd.. All materials were used as received.

2.4.2 Apparatus and characterization
The microwave synthesis was performed on a CEM Discover-SP.

NMR experiments were carried out with a Varian Inova 500 MHz and
125 MHz ('H and "°C) in D,0 (around 25 mg of sample in 0.6 mL).
N-NMR was acquired on a Bruker 300 MHz. Bidimensional spectra
were acquired using HSQCAD, gHMBCAD, and INADEQUATE
sequences in the VnmrJ 3.2 software package. 3D-DOSY experiment
was carried out using Varian Inova NMR spectrometer equipped with
Performa II-Z gradient coils with Absolute Value — gradient
compensated stimulated Echo gHMBC. Diffusion gradient length =
1.4 ms, diffusion delay = 100.0 ms and from 0 to 25 m?/s. The 3D-
DOSY process gave each signal region labelled with its diffusion
coefficient and the corresponding information ('H ppm, *C ppm and
diffusion coefficient) was plotted in 3D graph with Origin.

UV-Vis spectra were recorded at room temperature on a PerkinElmer
Lambda 35 UV-Vis spectrophotometer. Fluorescence spectra were
recorded on a Varian Cary Eclipse Fluorescence Spectrophotometer.
All the spectra were recorded at room temperature using 10 mm path-
length cuvettes.

Fourier-transform infrared spectroscopy was performed by the
attenuated total reflection (ATR) method on a GladiATR (Pike
Technologies) equipped with a germanium crystal plate.

Atomic force microscopy (AFM) images were obtained with a
Nanoscope IIla, VEECO Instruments. As a general procedure to
perform AFM analyses, tapping mode with a HQ:NSC19/ALBS
probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of samples in
an aqueous solution (concentration of few mg/mL) on a mica

W
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substrate was performed. The obtained AFM-images were analyzed
in Gwyddion 2.35.

X-ray photoemission spectroscopy (XPS) spectra of the samples were
measured on a Thermo Scientific K-Alpha XPS system (Thermo
Fisher Scientific, UK). For each analysis, about 0.5 mg of material
were deposited on a copper thin film, which was then fixed on an XPS
sample holder using a double side adhesive conductive carbon tap
(SPI supplies). Spectra were collected using a monochromatized Al-
Ka radiation (1486.6 eV). The surface normal emitted photoelectron
was analyzed in a double-focusing hemispherical analyzer and
recorded on a multi-channel detector. All the spectra were acquired in
the constant analyzer energy mode. The Thermo Scientific Avantage
software (Thermo Fisher Scientific) was used for digital acquisition
and data processing.

The electrochemical characterization has been carried out in DMF/
tetra-butylammonium hexafluorophosphate (TBAPF¢) 0.1M. Oxygen
was removed by purging the DMF solution with high-purity Argon.
A typical three-electrode cell was employed, which was composed of
a glassy carbon working electrode (3 mm diameter, 66-EE047
Cypress Systems), a platinum wire as counter, and a silver wire as
quasi-reference (QRE) electrode. A CHI750C Electrochemical
Workstation (CH Instruments, Inc., Austin, TX, USA) was used. The
potential of the reference electrode was calibrated after each
measurement using Ferrocene/Ferrocenium (Fc/Fc') redox couple as
the internal standard. The formal potential of Fc/Fc' is 0.464V for
DMF against the KCl saturated calomel electrode (SCE). The GC
electrodes were stored in ethanol, and before experiments were
polished with a 0.05 pm diamond suspension (Metadi Supreme
Diamond Suspension, Buehler) and ultrasonically rinsed with
deionized water for 15 minutes and ethanol for 15 minutes. The
electrodes were electrochemically activated in the background
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solution by means of several voltammetric cycles at 0.5 V/s between
the anodic and cathodic solvent/electrolyte discharges. The
measurements were carried out at a scan rate of 0.1 V/s.

The quantum yield measurements were performed with quinine
sulphate in 0.10 M H,SO, (literature quantum yield 0.54 at 360 nm)
as the standard.”

Cell viability assay: cell viability of adherent human cell lines was
measured with the colorimetric MTT assay. 4x10° PC3 (prostate
cancer), 4x10° A-549 (small cell lung carcinoma), 2.5x10° C33-A
(cervix carcinoma), 2.5x10° HeLa (cervix carcinoma), 4x10°MDA-
MB-231  (breast adenocarcinoma), 10x10°MCF-7  (breast
adenocarcinoma) cells were seeded in 200pL media per well in 96-
well plates and cultured for 24 h at 37 °C and 5%CO,. Then, they were
incubated for 72 h with CNDs-PTX at the concentrations of 1pug/mL,
10 pg/mL, 25 pg/mL, 50 pg/mL, 150 pg/mL, 300 pg/mL, 450 nug/mL,
600 pg/mL, 750 pg/mL, 900 pg/mL, 1 mg/mL in 100 pL media at 37
°C and 5%CO0O; in a humidified atmosphere. Cells were washed twice
with 100 pL incomplete media and incubated for 30-60 min at 37 °C
and 5%CO, with 100 pL media containing MTT at the dilution of
1:20. The formazan -crystals produced by the mitochondrial
processing of MTT were dissolved in 100 pL DMSO. Absorbance of
MTT product was detected in a micro plate reader (Genios Pro,
TECAN) at 550 nm. Data are expressed as a percentage of absorbance
of treated cells related to the untreated control cells and represented
as means of quadruplicates = SD.

Confocal microscopy: 2x10% C33-A cells per well were seeded in a 8-
well chamber slide (Millicell EZslide, Millipore) and cultured for 1
day. Supernatants were replaced by 200 pL media alone or media
containing 300 pg/ml of CNDs, then incubated for 24 h at 37 °C and
5 %CO,. Cells were washed twice with sterile PBS prior to fixation
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with sterile PBS containing 4% paraformaldehyde for 15min at room
temperature. Wells were disassembled, cells were washed twice with
PBS and, the slide was mounted with 1 drop mounting media
(DAKO) and a 1.5 coverslip (24x60mm). The mounted slides were
let to harden overnight at 4°C. Images were taken in a confocal
microscope (Ism 500 meta, Zeiss) with laser 488 nm, 505 LP filter
and 20X magnification objective with differential interference
contrast for transmitted light.

Device fabrication and characterization: before the plasma oxygen,
ITO substrates have been cleaned in acetone and isopropyl alcohol for
10 min in an ultrasonic bath. A PEDOT:PSS solution (Heraeus -
Clevios P VP Al 4083, filtered through a 0.45 um Millipore Millex-
HV hydrophilic polyvinylidene fluoride filter) was spin-coated onto
the ITO-coated glass substrates at 3.000 r.p.m. for 60 s and baked at
145 °C for 15 min. The PEDOT:PSS-coated substrates were
transferred into a nitrogen filled glove box. Poly-TPD (in
chlorobenzene, 16 mg/mL), PVK (in m-xylene, 3 mg/mL), NCNDs
(in DMF, 9 mg/mL), were deposited layer by layer by spin coating at
2,000 r.p.m. for 45 s. The poly-TPD, PVK and NCNDs layers were
baked at 110°C for 20 min, 170°C for 30 min and at 120°C for 10
min, respectively, before the deposition of the subsequent layer. Ag
electrodes were deposited through a shadow mask. The device area
was 15 mm” as defined by the overlapping area of the ITO and Ag
electrodes.

The electroluminescence from the devices was characterized under
vacuum with an NIST calibrated Optronics OL770 spectrometer,
coupled through an optical fiber to an OL610 telescope unit for the
luminance measurements, and a Keithley 2420 current—voltage
source-meter.

56



2 Nitrogen-Doped Carbon Nanodots

2.4.3 Synthesis of NCNDs

NCNDs were obtained via microwave irradiation of an aqueous
solution of Arginine (Arg) and ethylenendiamine (EDA) (1:1 mol).
Tipically, Arg (87.0 mg), EDA (33.0 uL) and Milli-Q water (100.0
uL) were heated at 240 °C, 377 psi and 200 W for 180 seconds.

In the process of microwave heating, the solution changes color from
transparent to brown as a result of formation of NCNDs.

The solution was diluted with water and was filtered through a 0.1 um
microporous membrane separating a deep yellow solution that was
dialyzed against pure water through a dialysis membrane for 2 days.
The aqueous solution of NCNDs was lyophilized giving a brownish
solid (NCNDs: 23.0 mg).

Alternatively, the water was removed under reduced pressure, the
crude mixture dissolved in methanol (1.0 mL) and separated by SEC.
It was used a column packed with Sephadex LH-20 eluting with
MeOH 2 mL/min operating at a pressure of 150 psi. As a result, were
obtained three fractions named NCNDs1, NCNDs2 and NCNDs3
according to their elution time. Finally, the methanol was removed
under reduced pressure obtaining three oils that were dissolved in
water and lyophilized giving brownish solids (NCNDs1: 17.0 mg,
NCNDs2: 8.7 mg, NCNDs3: 10.0 mg).

By following the same experimental procedures, the N"?CNDs and
NCNDs were prepared from the '*C-enriched and '“N-enriched
precursors (L-Arginine-">C¢"°N, and ethylenediamine-"C,).
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2.4.4 Supporting figures
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Figure S2.1 'H-NMR spectra of N°CNDs obtained from starting from "*C-Arg and
EDA (top), °C-Arg and "C-EDA (middle) and Arg and >C-EDA (bottom).
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Figure $2.2 "C-NMR spectra of N"?CNDs obtained from starting from "*C-Arg and
EDA (top), ’C-Arg and "C-EDA (middle) and Arg and >C-EDA (bottom).
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Figure $2.3 C-NMR spectra of N"*CNDs prepared starting from *C-Arg and EDA
(nt=15500, d1 =5 s, 32768 complex points).
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Figure S2.4 PC-NMR spectra of N'’CNDs prepared starting from C-Arg and "*C-
EDA (nt= 6900, d1 =5 s, 32768 complex points).
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Figure $2.5 C-NMR spectra of N"*CNDs prepared starting from Arg and *C-EDA
(nt=15312,d1 =5s, 32768 complex points).
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Figure $2.6 HSQC spectra of N"*CNDs prepared starting from “C-Arg and *C-EDA
(scan tl increment = 16, tl increments = 400, one-bond J1xh = 146.0 Hz). Regions
corresponding to aliphatic H that correlate with aliphatic C and aromatic H with

aromatic C have been highlighted
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Figure S2.7 HSQC spectra of N> CNDs prepared starting from Arg and *C-EDA (scan
tl increment = 16, tl increments = 256, one-bond J1xh = 146.0 Hz). Regions
corresponding to aliphatic H that correlate with aliphatic C and aromatic H with

aromatic C have been highlighted.
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Figure S2.8 HMBC spectra of N'> CNDs prepared starting from *C-Arg and *C-EDA
(scan t1 increment = 32, t1 increments = 400, multiple bond Jnxh = 8.0 Hz). Regions
corresponding to aliphatic H-C, aliphatic H-aromatic C and aromatic H-C have been

highlighted.
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Figure $2.9 HMBC spectra of N CNDs prepared starting from Arg and “C-EDA
(scan t1 increment = 16, t1 increments = 400, multiple bond Jnxh = 8.0 Hz). Regions
corresponding to aliphatic H-C, aliphatic H-aromatic C and aromatic H-C have been

highlighted.
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Figure S2.10 INADEQUATE spectra of N'*CNDs prepared starting from '*C-Arg and
PC-EDA (scans = 128, J] = 55 Hz). Regions corresponding to direct aliphatic C-C,

aliphatic C-aromatic C and aromatic C-C have been highlighted.
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Figure $2.11 INADEQUATE spectra of N"?*CNDs prepared starting from Arg and *C-
EDA (scans = 256, J = 55 Hz). Regions corresponding to direct aliphatic C-C and
aromatic C-C have been highlighted.
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Figure $2.12 "N-NMR spectra of "NCNDs prepared starting from '"N-Arg and EDA
(coupled, scans = 13306, relaxation delay = 15 s).
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Figure S2.13 XPS survey of NCNDs1-3.
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Figure S2.15 EL spectra of the NCNDs-based device at different bias voltage.
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3 Carbon Nanodots in
Electrochemiluminescence

In this chapter the use of nitrogen-doped carbon nanodots (NCNDs)
in electrochemiluminescence (ECL) technology is discussed. The
chapter is dived into three main sections. Firstly, a general overview
on ECL is presented. Then, the use of NCNDs as alternative and
powerful co-reactant species for ECL generation is showed.
Moreover, their potentiality in biosensing platforms is demonstrated.
Finally, novel covalent systems based on NCNDs and ECL probes are
presented, together with their extensive characterization and
evaluation as self-enhanced and multi-label ECL platforms.

The work presented in this chapter has been accomplished during an
Erasmus period spent in the research group of Prof. Luisa De Cola
(Institut de Science et d’Ingénierie Supramoléculaires, Université de
Strasbourg, France), with the aid of Ms. Serena Carrara.

Part of the work discussed in this chapter has been published as
“Amine-Rich Nitrogen-Doped Carbon NanoDots as Platform for
Self-Enhancing Electrochemiluminescence” in Angewandte Chemie
Int. Ed. 2017, 56, 4757-4761.
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3.1 Introduction

3.1.1 ECL: fundamentals and mechanisms

Electrochemiluminescence (ECL) is a redox-induced light emission
in which high-energy species, generated at the electrodes, undergo a
high-energy electron transfer reaction forming an excited state that
emits light.'

The excited state can be produced through the reaction of radicals
generated from the same (usually) chemical species (emitter) in the
so-called annihilation mechanism or from two different precursors
(emitter and co-reactant) via co-reactant ECL.'?

The annihilation mechanism, illustrated in Figure 3.1, involves an
electron-transfer reaction between an oxidized and a reduced species

generated at an electrode by alternate pulsing of the potential.>*

Figure 3.1 Schematic diagram describing the electron transfer reactions responsible

for emission during annihilation ECL.

Upon the application of a potential rapidly changing from highly
reductive to highly oxidative values (or viceversa), an emitter A is
both oxidized and reduced to A*" and A*, respectively, according to
equations 1 and 2.

The as-generated species react in the Nernst diffusion layer, according
to equation 3, in close proximity to the electrode surface, forming an
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excited state A*, which produces light emission upon relaxation to
the ground state (equation 4).

A — A™ + ¢ (oxidation at electrode) (1)
A + ¢ — A" (reduction at electrode) (2)
AT+ A" — A* + A (excited-state formation) 3)
A* — A + hv (light emission) 4

The annihilation step may occur also between radical cation and anion
formed from different species. The system has an energy correlated
to the redox potentials for the reaction 1 and 2, that is the enthalpy of
annihilation and can be calculated from equation 5:

~AHy = Ej(A/A™) - Ey(A/A) - 0.16 (5)

where —AH,,, (€V) is the enthalpy for ion annihilation, E, is the peak
potential for electrochemical oxidation or reduction, 0.16 is the
entropy approximation term (7AS) at 25°C (0.10 eV) with an
additional resulting from the difference between the reversible peak
potentials of the redox reaction (0.057 eV). Depending on the
available energy of the annihilation reaction, the excited state is
generated in the lowest excited singlet state 'A* or in the triplet
excited state *A*. In the first case, the system is called energy-
sufficient system and the reaction follow the S(Singlet)-route
(equation 6):

A"+ A”— 'A* + A (exited singlet formation) (6)

Whereas, when the triplet excited state *A* is produced (equation 7),
it can be transformed to 'A* by triplet-triplet annihilation (TTA)
(equation 8). This is called energy-deficient system and the reaction
follows the T(Triplet)-route:

A"+ A" — A* + A (excited triplet formation) (7
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JA* +3A%  'A* + A (triplet-triplet annihilation) ®)

Both the redox and photophysical properties of the species involved
in the generation of the emitting excited state need to satisfy some
requirements. Their oxidation and reduction reactions must undergo
within a potential range accessible in the employed solvent, and the
produced radical ions must be sufficiently long-lived to diffuse and
react with one another through a high-energy electron transfer
reaction. Moreover, high photoluminescence efficiency is required.
Finally, an adequate energy must be provided for the formation of the
excited states. From the following equation (equation 9), an energy
between 3.1 to 1.8 eV for visible range emission (~400-700 nm) can
be calculated:

E;= hv = hc/2 (excited triplet formation) 9

where £ is the Plank constant (6.63-10* J-s), v is frequency (Hz), ¢
is speed of light (2.99-10° m/s) and 1 is wavelength of the emission
(m). Therefore, a wide potential window (from ~3.3 to 2 V) needs to
be used to generate sufficiently stable radical cations and anions
during annihilation ECL. As a result, rigorously purified and
deoxygenated non-aqueous solvents are required, because the
available potential range in water is too narrow to generate the
required energetic precursors. For instance, annihilation ECL is
mainly performed in inert atmosphere and non-aqueous media, such
as acetonitrile, dimethyl-sulfoxide or methylene-chloride.*

Although annihilation ECL is frequently used in light-emitting
electrochemical cells (LECs),’ the latter requirements of non-aqueous
solution and inert atmosphere are noteworthy limitations, which can
be overcome using the co-reactant pathway.

In co-reactant ECL, the formation of radicals in aqueous solutions,
and the subsequent generation of ECL, is attainable without potential
cycling and at less extreme potentials compared to common organic
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solvents, opening up a wide range of bioanalytical applications. In
contrast to annihilation mechanism, co-reactant ECL involves two
precursors: a luminophore (emitter) and a reagent called co-reactant,
during a single potential step or scan.””

Depending on the polarity of the applied potential, both the emitter
and the co-reactant are first oxidized or reduced at the electrode
surface. The as-formed co-reactant radicals undergo a fast chemical
degradation producing powerful oxidized or reduced species, which
react with the oxidized or reduced luminophore, producing its excited
state that emits light. Thus, depending on the nature of the co-reactant,
“oxidative-reduction” or “reductive-oxidation” mechanisms are
possible. In the former case, the luminophore is oxidized at the
electrode surface and then reduced by the co-reactant intermediate. In
the latter, after the luminophore reduction, a strong oxidizing co-
reactant radical react with the luminophore.

Considering the one potential step generation, co-reactant ECL
shows several advantages over annihilation ECL. First, there is no
need for wide potential windows, consequently solvents with a
narrow potential window and aqueous solutions can be also used.
Furthermore, there is no need of rigorously purified and deoxygenated
solvents because the oxygen and water quenching is less efficient.
Accordingly, reactions can be carried out in air. Finally, fluorophores
with reversible electrochemical oxidation or reduction can also be
used.

To summarize, as ECL is a method of producing light at an electrode,
it represents an ideal marriage between electrochemical and
spectroscopic methods. Electrochemistry provides very convenient
ways to ignite a chemiluminescence (CL) reaction through the
generation of a pair of high-energy reactants, thus leading to
electrogenerated chemiluminescence. Comparing with the CL, where
light emission is initiated by mixing the necessary reagents and can
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be controlled by manipulation of the fluid flow, the light emission in
ECL is initiated and controlled by application of electrode potential.
Therefore, ECL exhibits the great advantage that the process takes
place in situ (at the electrode surface) and at will (upon the application
of the electrochemical pulse).

Moreover, despite ECL being typically confined at the electrode
surface, the generation of excited species through an electrochemical
stimulus, rather than via light excitation, generally displays improved
signal to noise ratios with respect to photoluminescence. As a
consequence, light scattering and background fluorescence in ECL
are minimized.

Taking advantage of a relatively low-cost instrumentation, the
analytical applications of ECL have been widely developed over the
last 20 years. To date, ECL systems are commercialized, i.e. by Roche
Diagnostics Corp. and by MesoScale Diagnostic for a variety of
assays, with a particular emphasis on immunoassay for the detection
of many important biological molecules and macromolecules, such as
DNA,é’7 cancer biomarker pro‘[eins,8 cytochromes,9 cocaine,lo toxins
or hormones. "'

3.1.2 Luminophores

A chemical species to be an efficient ECL emitter has to fulfil various
electrochemical and photophysical requirements, along with other
criteria depending on the envisaged application. For instance, in ECL-
based biological assays, accessible binding sites for bioconjugation,
together with good solubility and intense and stable ECL signal, are
crucial.

In the past several years, numerous organic and inorganic compounds
have been shown to be capable of producing ECL. ECL-emitting
species are usually classified into three categories: (i) inorganic
systems, which mainly cover organometallic complexes; (if) organic
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systems, which mainly cover polycyclic aromatic hydrocarbons and
(7ii) nanomaterial systems.

3.1.2.1 Inorganic systems

Transition metal complexes and, in particular, ruthenium and iridium
complexes, play a privileged role among the ECL-emitting inorganic
systems. Indeed, they combine a rich and highly stable redox
behavior, with long-lived, highly luminescent excited states.
However, limited water solubility together with the, usually, difficult
introduction of binding sites without affecting their
photophysical/electrochemical properties, restrict the possible
candidates.

Ruthenium polypyridine complexes are the most successfully used
ECL Iuminophores with broad applications, because of great
luminescence efficiency, reversible electrochemical behavior,
chemical stability and versatility.'** In particular, Ruthenium(II)
tris(2,2’-bipyridyl) (Ru(bpy)s>")-based ECL has been developed into
a mature, highly sensitive bioanalytical technology widely employed
in basic research laboratories, pharmaceutical industry, clinical
settings, and homeland security.'® > For ECL immunoassay, it serves
as a protein labeling reagent, which, upon electrochemical oxidation
generates luminescence through its metal-to-ligand charge-transfer
(MLCT) excited state. It is practically the only luminophore
employed so far in the ECL commercial applications. Ru*" is a d°
system with electron configuration [Kr]4d®. In Ru(bpy)s>", the metal
is surrounded by three bidentate polypyridine ligands that are usually
colorless molecules with o-donor orbitals localized on the nitrogen
atoms and n-donor and n*-acceptor orbitals delocalized mainly on the
aromatic rings.'> Ru(bpy);>" with an ECL efficiency of ®gc = 0.05
produces an emitting charge-transfer triplet with an efficiency that
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approaches unity and is comparable with photoluminescence data of
(DpL =0.05 .26

Many attempts have been made in designing or modifying the ligands
of ruthenium complexes to improve molecular recognition ability. For
example, ruthenium complexes containing crown ether moieties
covalently bonded to bipyridyl or phenanthroline ligands have been
used for metal-cation sensing.”” * Ruthenium complexes with
dipyrido[3,2-a:2’,3"-c]phenazine (dppz) ligand ([Ru(bpy).dppz]*") are
popular “light-switch” molecules. They have been found to
intercalate into DNA with high affinity (K, = 10® M), due to the
extended aromatic  structure, and display an intense
photoluminescence otherwise not visible. Their ECL emission
increases about 1000 times when they intercalate into the nucleic acid
structure (Figure 3.2). This switch behavior is usually ascribed to the
shield of the phenazine nitrogens from the solvent upon intercalation,
which results in a luminescent excited state, and holds great promise
for DNA-related biosensors.*

G0
o, S
C,0,> DNA

ECL intensity

PolentialV vs. Ag/AgC!

Figure 3.2 a) Scheme of ECL switch based on [Ru(bpy).dppz]*" and DNA; b) ECL
intensities in 5 mM pH 5.5 oxalate solution containing 0.1mM [Ru(bpy).dppz]*" (curve
a) and 0.1mM [Ru(bpy),dppz]** + 0.16 mM DNA (curve b).”

In order to increase sensitivity, a variety of multi-metallic ruthenium
complexes have been designed and studied.’’ *> The presence of

multiple redox centers increases the number of charge recombination

[o2e]
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events, enhancing the ECL signal. However, the accessibility of the
redox centers to the electrode surface and to the co-reactant species
must be preserved. De Cola et al. reported large dendritic complexes
[Ru2-Dend]", [Ru4-Dend]*’, and [Ru8-Dend]'®" containing two,
four, and eight Ru(bpy)s>" units, respectively, bound to a modified
progesterone molecule.’’ In phosphate buffer solutions no variations
of the intensity integrals were observed, because slower diffusion
plays an important role in limiting the ECL intensity enhancement.
However, in heterogeneous assays where the transport of the ECL
ruthenium active species to the electrode surface does not occur by
diffusion, the limitations due to the small diffusion coefficients of the
large complexes are overcome. As a result, upon increasing the
number of ruthenium units bound to the dendritic structure that labels
a biological molecule (i.e. antigen, antibody), the ECL signal of the
immunoassays can increase linearly with the number of the active
ruthenium centers, although for large systems, such as [Ru8-Dend]'®",
an intense background signal due to nonspecific binding led to lower

ECL sensitivity.

Most of the ruthenium complexes emit in the region between 600 and
650 nm and it is very difficult to tune the color of ruthenium
complexes due to the limited ligand-field spitting energies of central
metal ions. Recently, a new series of acrylate-containing ruthenium
(tris)bipyridine-based complexes with photoluminescence emission
maxima ranging from 640 to 700 nm have been reported.’® The large
red shift in the photoluminescence emission (Figure 3.3) probably
arises from a decrease in their ligand-based lowest unoccupied
molecular orbital (LUMO) value and the resulting lower energy
triplet metal-to-ligand charge-transfer excited state transitions.
Consequently, an ECL emission maxima for these compounds
ranging from 680 to 722 nm was observed, which is the lowest-energy
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emission reported so far in light-emitting electrochemical cells
(LECs) based on tris-chelated ruthenium complexes.

In this context, iridium (III) complexes, containing in particular
cyclometalated moieties, represent a promising alternative for color
tuning due to higher ligand-field splitting energies of the trivalent
iridium ion. Blue-shifted ECL emission can be accomplished by
stabilizing the highest occupied molecular orbital (HOMO) via
anchoring electron-withdrawing substituents on the cyclometalated
ligands.”’41 For instance, introducing fluorine or methylsulfone
electron-withdrawing substituents, blue- or green-emitting iridium
complexes have been reported (Figure 3.4).>%*

\\_«2

Emission Intensity (a.u.)

700
Wavelength (nm)

Figure 3.3 Acrylate-containing Ru(bpy),”*-based coordination complexes (1-3) and
their normalized photoluminescence spectra obtained from thin solid films together

with Ru(bpy)s- 2PF; (excitation wavelength at 450 nm).*®
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Figure 3.4 a) Blue-emitting iridium(IlI) complex; b) green-emitting iridium(III)

complex.

Most iridium(IIT) complexes have low solubility in aqueous solutions
limiting their application in bioanalysis. However, some iridium(III)
complexes emerged as promising alternatives to traditional
ruthenium(II) complexes for ECL detection in the aqueous medium.
For instance, a water-soluble iridium(II) diimine complex with
appended sugar showed an ECL signal much higher than that of
Ru(bpy);*".*

3.1.2.2 Nanomaterial systems

Since the ECL phenomenon of silicon nanocrystals was first reported
in 2002,* a series of miscellaneous nanomaterials with various
compositions, sizes and shapes, such us nanoparticles and nanotubes
prepared from metals, semiconductor, carbon or polymeric species,
have also been used as ECL emitters in the recent years.** >* Among
them, quantum dots (QDs) are particularly attractive and various ECL
investigations have been reported.”>> They show remarkable
properties, such us high fluorescence quantum yields, stability against
photobleaching, and size-controlled luminescence properties.

However, apart from some examples, low solubility and low stability
of the oxidized and reduced species usually limit their applications.
ECL of water soluble CdTe QDs has been recently reported. Stable
and intense ECL was obtained from mercaptopropionic acid-capped
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CdTe QDs at about 1.2 V vs. Ag/AgCl in phosphate buffer (pH 9.3).
The ECL emission involved the generation of superoxide ions at the
ITO electrode surface, which then injected an electron into CdTe QDs
to form CdTe anion species. Then, the collisions between the CdTe
anion species and the oxidation products led to the formation of
species in an excited state that emitted light at around 580 nm (Figure
3.5).%

hv

Y
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‘ collision
- * l‘!‘ »
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Figure 3.5 Anodic ECL mechanism of QDs.”’

Despite that many nanomaterials-based luminophores have been
developed, they generally have certain disadvantages, such as uneven
size distribution and great changes of luminescent properties after
interaction with other substances. Instead, the combination of
traditional light-emitting reagents with nanomaterials by using the
latter as ECL labels carriers, is a very promising way to develop new
efficient luminophores.**®'

Great efforts have been made to produce strong ECL signal improving
the ECL sensitivity through the use of multiple ECL labels loaded on
metal nanoparticles, carbon nanotubes, micro-sized polystyrene
microspheres and silica nanoparticles.*** "

However, most studies report on the use of nanomaterials with sizes
between 100 and 7 nm for the development of hybrid systems

resulting in typically low diffusion coefficients. This yields lower
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ECL efficiencies in solution,”” and the immobilization of the ECL
probe on a solid electrode surface can become a crucial strategy to
overcome diffusion limitations.”®

Moreover, in order to generate the ECL signal, the redox centers must
be in very close contact with the electrode surface and they must be
able to diffuse towards it. It has been reported that the encapsulation
of ruthenium or iridium complexes in silica nanoparticles is an
efficient strategy to protect them from water and oxygen quenching.
However, only a fraction (c.a. 65%) of the ruthenium complexes
inside the nanoparticle is electrochemically active. Their larger size
does not promote an ECL enhancement in solution and the hindered
contact with the electrode surface limits the electrons tunneling
(Figure 3.6a).”°

Additionally, possible quenching phenomena in hybrid systems
should affect the optical properties of the redox centers. For example,
it was reported the quenching effect of gold nanoparticles (AuNPs)
on the photoluminescence and ECL of ruthenium complexes in
ruthenium-functionalized nanoparticles (Figure 3.6b).”
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Figure 3.6 a) ECL/E profiles of a Ru(bpy);>" (black line) and Ru(bpy);"" covalently
doped silica nanoparticles (red line) solution having the same ruthenium absorption
(2:10° M);”® b) photoluminescence spectra of Ru(bpy),(NH,-phen)*" (red line) and
AuNPs synthesized with Ru(bpy),(NH,-phen)™” (blue line).”
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3.1.3 Co-reactants

Co-reactant species have to obey to some stringent requirements, such
as matching redox potentials, fast charge transfer kinetics and rapid
degradation routes to produce a high-energy radicals capable to
initiate the ECL process. Moreover, good solubility and high
chemical stability are two crucial conditions.”

A typical co-reactant used for reductive-oxidation ECL is
peroxydisulfate, which, upon reduction, forms a strong oxidant

intermediate SO4",79’80 while oxalate is a classical oxidative-reduction
co-reactant, which loses CO,, producing CO," as strongly reducing
agent.M’gl’gz

Currently, alkyl amines have become the most representative class of
oxidative-reduction co-reactants. Upon deprotonation, they form
strongly reducing radical species. Among them, tripropylamine

(TPA) is the most widespread one,***

and provides the optimum ECL
signal when used in combination with Ru(bpy)s>", so that the system
Ru(bpy);*"/ TPA is widely used in commercial ECL application.*”
TPA has several disadvantages, being toxic, corrosive, volatile and
scarcely soluble. Moreover it needs to be used in high concentrations
(usually up to 100 mM) to obtain good sensitivity, eventually
resulting in interferences with target biochemical analytes.®

However, only a few co-reactants are more efficient than TPA. In
some reports 2-(dibutylamino)ethanol (DBAE),*® and N-
butyldiethanolamine (BDAE) as co-reactants are used.®” More
recently, N-(3-amino-propyl) diethanolamine (APDEA) has been
explored as a potential co-reactant for enhancing Ru(bpy)s;*" ECL. For
instance, APDEA is more efficient than tripropylamine at gold (Au)
and platinum (Pt) electrodes although it has primary amino groups
besides tertiary amines. The ECL intensities of the Ru(bpy)s;*"/
APDEA system are approximately 10 and 36 times stronger than that

89



3 Carbon Nanodots in Electrochemiluminescence

of Ru(bpy)s>"/ TPA system and about 1.6 and 1.14 times stronger than
that of Ru(bpy);"/BDAE system at Au and Pt electrodes,
respectively.™

Among the amine-based co-reactants, [-nicotinamide adenine
dinucleotide reduced salt (NADH) is worth to be mentioned.* It was
found that NADH oxidizes to NADH", which deprotonates forming
highly reducing species NAD'. On the other hand, B-nicotinamide
adenine dinucleotide (NAD") has an aromatic structure and does not
undergo electrochemiluminescent reaction. For this reason, ECL is
used for the detection of NADH, especially in enzymatic systems
where NADH is produced from NAD".**!

Recently, suitably designed fluorophores with groups acting as co-
reactant have attracted a lot of attention. When an emitter and its co-
reactant group exist in the same molecular unit through covalently
linking, it is possible to observe a newly developed ECL reaction
pattern named self-enhanced ECL. In this systems the electron
transfer between the luminophore and the co-reactant group occurs
intramolecularly, showing several advantages when compared to the
intermolecular ECL reaction. They include shorter electronic
transmission distance, improved luminous stability, simpler
operation, decreased measurement error, and use of less reagent.
Moreover, the intramolecular self-enhanced ECL reaction could
obviously reduce the loss of energy caused by the relaxation effect in
the intermolecular reaction when the co-reactants diffuse to the
electrode surface, resulting in a noteworthy luminous efficiency
enhancing.” '

3.14 Ru(bpy)32+/TPA as ECL model system

Ru(bpy)s>"/ TPA system exhibits high ECL efficiency and represent

the most common luminophore/ co-reactant couple, which forms the

3,103

basis of commercial immunoassays and DNA analyses, and can
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be considered as an ECL standard. The general mechanism is
illustrated in Figure 3.7 and can be represented by the following

: 104
react10ns:83’ 0

Oxidation step:

Ru(bpy)s*" = Ru(bpy);* + ¢ (10)
TPA = TPA™" + ¢ (1)
Ru(bpy);>" + TPA = Ru(bpy);”" + TPA™ (12)
Deprotonation:

TPA" = H' + TPA’ (13)

Excited state formation 1 (direct oxidation):

Ru(bpy);®" + TPA = Ru(bpy);>* + products (14)
Excited state formation 2:

Ru(bpy);*" + TPA = Ru(bpy);” + products (15)
Ru(bpy)s”* + Ru(bpy);" = Ru(bpy)s*"* + Ru(bpy);* (16)

Light emission:

Ru(bpy)s”™* = Ru(bpy);”" + hv (17)
hv
“ Ru(bpy),? Hia " L
( |
ﬁ;é(t{pvh’* Ru(bpy)s?* TPrA TPrA*

a2 B
e €

Figure 3.7 Schematic diagram describing the electron transfer reactions responsible

for emission during a co-reactant ECL reaction involving Ru(bpy);** and TPA.
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During the anodic scan, both Ru(bpy);’" and TPA are oxidized
(equations 10-11). The oxidation of TPA generates a strongly
reducing species and shows a broad wave due to the preceding of the
acid-base equilibrium (pK, of ~ 10.4).'%

TPA can be oxidized by direct reaction at the electrode surface
(equation 11) as well as via “catalytic route” where electrogenerated
Ru(bpy)s®* reacts with TPA (equation 12). The relative contribution
of the two routes depends on a variety of factors, such as the relative
concentrations of Ru(bpy);>" and TPA.'™

When the Ru(bpy)32+ concentration is relatively high, the co-reactant
oxidation mainly proceeds via the catalytic pathway. Instead, direct
oxidation plays an important role in the ECL process particularly in
dilute Ru(bpy);”" solutions (less than approximately micromolar) and
concentrated TPA.'"

lived intermediate radical cation species, which undergo a fast

The direct oxidation of TPA produces a short-

deprotonation forming a strong reducing free radical (equation 13)
able to reduce Ru(bpy);’" to the excited state Ru(bpy)s” * (equation
14), that finally emits light (equation 17).

For high concentration of TPA, the ECL profile shows two peaks.””'**
The previous discussed mechanism explains only the peak at higher
potential, which corresponds to the direct oxidation of Ru(bpy);”".
Miao and Bard shed light on the peak at lower potential through the
oxidation of Ru(bpy)s>" by TPA radical cation. Indeed, they reported
the possibility to produce the ruthenium excited state without the
direct oxidation of Ru(bpy)s>", in a mechanism that involves reactive
radical cation of TPA, according to the following reactions:’’

Ru(bpy);*" + TPA = Ru(bpy);” + products
Ru(bpy);" + TPA™ — Ru(bpy);* * + TPA

To summarize, the excited state of Ru(bpy);”" may be produced via
three different routes: (i) Ru(bpy);’" reduction by TPA; (ii)
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Ru(bpy);®" and Ru(bpy);" annihilation reaction; (iii) Ru(bpy);
oxidation by TPA™ radical cation. The ECL intensity of the first and
second waves are proportional to the concentration of both Ru(bpy);**
and TPA in a large dynamic range,””**'**'% with detection limits of

0.5 pM for Ru(bpy)s>",'” and 10 nM for TPA.¥

3.1.5 Analytical applications

Over the past two decades, ECL developed rapidly and has emerged
as a very powerful analytical technique, since the ECL intensity is
proportional to the concentration of the ECL luminophore or to the
concentration of the co-reactant. In the presence of high and constant
concentrations of co-reactant, ECL intensity linearly depends on the
concentration of ECL emitter, in a wide dynamic range. Alternatively,
in the presence of constant emitter concentration, ECL signal depends
on co-reactant concentration.

ECL can be easily integrated in analytical systems such as capillary
electrophoresis (CE), high performance liquid chromatography
(HPLC) and flow injection analysis (FIA).

ECL-based separation/detection methods offer a number of
advantages when compared to other commonly used techniques,
including UV-Vis or fluorescent detection, such us powerful
resolving ability, good selectivity, high sensitivity and easy sample
preparation without the need of sample pre-treatment.'®” The analytes
should act as ECL co-reactants, and, consequently, lot of efforts have
been made to introduce appropriate groups to initially less or non-
ECL sensitive analytes such as amino acids and fatty acids.'*'"’
Amino acids such as proline, valine and leucine can be successfully
detected in CE-ECL system with detection limit in the pM - nM
concentration range.'”® Moreover, CE-ELC was successfully used to
investigate drug-protein binding and three basic drugs, such as
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pridinol, procyclidine and trihexyphenidyl, were successfully
separated by CE with end-column Ru(bpy);*" ECL detection.'"’
In HPLC-ECL systems, besides pre- and post- column methods,'"!'"
the immobilization of Ru(bpy)s*" on a solid electrode surface can
provide several advantages, such as reducing the consumption of
expensive reagents, simplifying experimental design, and creating a
regenerable detector based on the Ru(bpy);”" recycled on the
electrode surface during the ECL reaction. For example, a simple
method based on reverse-phase HPLC with Ru(bpy)s> -modified
single Pt wire as ECL detector for the determination of
metoclopramide, itopride and sulpiride was developed. This method
allowed the simultaneous detection of these antiemetic drugs in
human serum, offering short analysis times, low baseline and

: 11
background noise levels.'"

One of the most important applications of ECL is its use in diagnostic
assays.”''* ECL assays are performed either in solution phase or in
solid phase. Solid phase is usually used for biomolecules with poor or
no co-reactant ability, which are linked to the ECL labels and then
immobilized onto a solid substrate (like screen printed electrode,
micro-sized polystyrene beads or magnetic beads). The ECL signal is
proportional to the concentration of the analyte in the presence of the
ECL co-reactant.

Conventional antigen-antibody reactions and ECL have also been
combined in a technology commonly used for commercially available
ECL immunoassay purchased by Roche Diagnostics.'”” The sample
is combined with a reagent containing the biotinylated-capture
antibody and a ruthenium-labelled secondary antibody. During the
incubation step, the antibodies capture the target molecules and the
biotinylated moiety is then attached to the streptavidin coated
magnetic particles. The samples are then drawn into the ECL
measuring cell along with a buffer containing TPA. A magnet located
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under the electrode immobilized the microparticles at the electrode
surface and all the unbound reagents are washed out from the cell.
The magnet is then removed and a potential is applied to the electrode
initiating the ECL process.

3.1.6 Aim of the project

The aim of this project rely on the use of carbon nanodots in ECL
technology. It is actually one of their less explored application field,
which hold great promise for bioanalytical purpose.

In this context, there is an extended research devoted on alternative
co-reactant species since the co-reactant pathway plays a dominant
role in the current ECL field.

In particular, oxidative-reduction co-reactants for Ru(bpy)s>  ECL are
of great interest to extend ECL applications and improve ECL
efficiencies.

We envisage that carbon nanodots can be an ideal candidate for this
role, but their use as co-reactants is still at the initial stages.''®'"’
However, apart from a recent study in which benzylic alcohol
moieties were identified as co-reactant sites,''® the identification of
the functional group responsible of their co-reactant behavior is
difficult, though fundamental.

The NCNDs presented in Chapter 2 show abundant amino groups on
their surface. Since they are the most efficient and used co-reactant
units in combination with Ru(bpy);”, the first part of this project
focuses on NCNDs bearing primary and tertiary alkyl amine groups
on the surface as co-reactant for Ru(bpy);>" ECL generation. Their
facile and low cost synthesis, good solubility in water and
biocompatibility, make our NCNDs a promising alternative to the
toxic TPA. Moreover, in an attempt to evaluate the possible use of
this novel ECL system NCNDs/ Ru(bpy)s>" as biosensing platform,
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the detection of epinephrine, important neurotransmitter studied for
diagnosis of neurological disorders, is discussed.

The second part of this project builts on the active research field of
ECL systems functionalized with nanomaterials for ECL signal
enhancement. A variety of nanomaterials and in particular
nanoparticles (NPs), such as gold or silicon NPs, have been
investigated with transition metal complexes as emitters in the
framework of ECL hybrid systems. However, carbon nanodots-based
hybrid ECL system has not so far been explored. For this purpose, we
investigated the use of carbon nanodots as carrier for ECL labels.
Our NCNDs presents outstanding advantages over other
nanoparticles. Their easily functionalizable surface, without the need
of additional treatments after the synthesis, and their small size,
together with all the above mentioned appealing characteristics, make
NCNDs a particularly valuable carrier for ECL active species.

We prepared NCND-based nanohybrids bearing multiple ruthenium
or iridium complexes as ECL labels. An extensive study was devoted
to their redox and photophysical properties in order to evaluate the
NCNDs effect on the ECL active units. Indeed, as previously
discussed, the major concern about nanomaterial-based hybrid
systems is associated to the proximity of the redox centers to the
electrode surface, their ability to diffuse to it and the occurrence of
quenching phenomena influencing their optical and electrochemical
properties.

To conclude, the novel systems were evaluated for self-enhanced
ECL, which is, as discussed in the introduction, a promising ECL
reaction pattern with enhanced luminous efficiency. Additionally, we
investigated the immobilization of these hybrids on the electrode
surface for signal intensity enhancement due to the presence of a
plurality of signal-generating units on each NCNDs.
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3.2 NCNDs as ECL co-reactant

In this section, the primary amino groups on the NCNDs (synthesis
and characterization are described in Chapter 2) were investigated as
oxidative-reduction co-reactants for Ru(bpy);>" ECL generation.
Moreover, since generally the ECL intensity increases using amines
as co-reactant in the order primary < secondary < tertiary,” we
converted the primary groups of NCNDs to tertiary amines. The
synthesis, characterization and co-reactant behavior of the
methylated-NCNDs (mNCNDs) is discussed (Figure 3.8). As a proof
of concept of the potentiality of the Ru(bpy)s>/(m)NCNDs system as
biosensing platform, the detection of a bioanalyte (epinephrine) is
reported.

g’r“w e i
X U/Lg HoN NHz (HsC)aN N(CHa)z
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N
N
N
N ’
% Ha NH, 7 N,

Ru(bpy)s?* NCNDs mNCNDs
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Figure 3.8 Systems studied in this section. Tris(2,2-bipyridine)ruthenium(Il)
(Ru(bpy);>) on the left, nitrogen-doped carbon nanodots (NCNDs) in the middle and
methylated-NCNDs (mNCNDs) on the right.
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3.2.1 NCNDs/Ru(bpy);** system

To be active as ECL co-reactants, the amino functional groups should
have a hydrogen atom attached to the a-carbon, in order to produce a
strongly reducing intermediate, which supplies chemical energy to

. P . 11
generate the luminophore emissive excited state.''®

As discussed in Chapter 2, the abundant presence of primary amino
groups on NCNDs was confirmed by a strongly positive Kaiser test.
In addition, the reported 2D-NMR studies of NCNDs demonstrated
the presence of —CH,NH, groups. Also, the high current and steep
slope of the oxidation peak (+1.14 V vs SCE) in the cyclic
voltammogram (CV) of NCNDs suggested that a high number of
amino groups on the NCNDs surface can be easily oxidized.
Additionally, the process was found to be a mono-electron oxidation,

. 11
by using ferrocene as reference.'"’

To gain further information on the amino groups present on the
NCNDs surface we have measured the CV of a variety of amine
derivatives (Figure 3.9): aromatic, aliphatic, primary, secondary and
tertiary, in the same solvent and at the same concentration. Oxidation
potentials E,, are listed in Table 3.1. Among the amines investigated,
the cyclic voltammogram of NCNDs shows significative similarities
with those of phenethylamine and benzylamine (Figure 3.9a, brown
and green lines).
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Figure 3.9 CVs of a) NCNDs (black line), phenethylamine (brown line), benzylamine
(green line), b) quinolone (pink line), piperidine (blue line), 1 mg/mL aniline (dark
yellow line) (concentration of Img/mL for all), in DMF using TBAPF as supporting

electrolyte on GC. Scan rate 100 mV/s.

Table 3.1 Electrochemical data of NCNDs and different amines: E,, (V) vs SCE, 0.1
M TBAPF¢/DMF. GC working electrode, 298 K, v=0.1 V/s.

E.. (V)

NCNDs +1.15

Phenethylamine +1.15

Benzylamine +1.16
Piperidine +1.20
Aniline +1.08

These results suggest that the NCNDs amino groups may have a
hydrogen atom attached to the a-carbon. Therefore, these amino
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groups should be capable of forming reductive or oxidative species
during a unidirectional voltammetric scan.’

Finally, it was also determined the diffusion coefficient of NCNDs
(Figure 3.10) observing that the process is diffusion controlled. For
this purpose, cyclic voltammetric experiments at different scan rate
from 0.05 to 1 V/s were performed and the Randles—Sevcik equation
was applied (see experimental section). It was determined a value of
5.4-10° cm?/s.

a) 150 b) 8.0x10°
120
7]
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-30 T r x 03 06 0.9
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E/V vs SCE

Figure 3.10 a) CVs of NCNDs 1 mg/mL, in DMF using TBAPF; as supporting
electrolyte on GC. Scan rate from 0.05 V/s to 1 V/s, potential referred to SCE at room
temperature using platinum as counter electrode; b) i, vs v'.

Since Ru(bpy)32+and NCNDs have almost the same HOMO values (-
6.1 and -5.7 eV respectively), both species can be oxidized at the
electrode surface upon applying a positive voltage. Thus, the
Ru(bpy)32+ ECL signal of a 0.1 mM Ru(bpy)32+ solution in PBS (pH
= 7.4) was recorded upon addition of NCNDs (0.1 mg/mL) at a glassy
carbon electrode (during a cyclic voltammetry between +0.5 V and
+1.4 V) and compared to the one recorded without NCNDs (Figure
3.11, bottom part).
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Figure 3.11 CV (upper part) and ECL (bottom part) potential curves of 0.1 mM
Ru(bpy)s”* (black lines) and Ru(bpy);*'/NCNDs system (red lines) in PBS (pH = 7.4)
on GC electrode. Scan rate 0.05 V/s.

Ru(bpy)s>" background ECL emission in aqueous solutions can be
attributed to a light-emitting reduction of Ru(bpy)s®" by OH™ ions
(chemiluminescence) or other reducing agents, rather than the
annihilation reaction.'”*'> The presence of NCNDs (Figure 3.11,
bottom part, red line) results in a four-time intensity enhancement of
the Ru(bpy)s>” ECL signal rising at +1.0 V and peaking at +1.1 V
(Figure 3.11, bottom part, black line).

This result confirms the NCND co-reactant behavior during the
oxidation process, which can be further corroborated by the higher
ECL signal of Ru(bpy);*" upon increasing the concentration of
NCNDs from 0.002 to 0.1 mg/mL (Figure 3.12).

In order to prove the efficiency of our system over time, several cycles
were performed, scanning between +1.1 V and -0.9 V, at a rate of 0.05
V/s. In contrast to TPA, the ECL response with NCNDs is relatively
constant for more than 15 cycles (Figure 3.13), revealing their great
electrochemical stability, the abundant presence of available amino
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groups for further ECL cycles and their consequent eligibility for
biosensing platforms.
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Figure 3.12 ECL intensity during a scan potential of 0.1 mM PBS solution of
Ru(bpy);>" upon addition of different concentrations of NCNDs.
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Figure 3.13 ECL responses of Ru(bpy);>/NCNDs system in PBS solution obtained
during a continuous potential scan between +1.1 V and -0.9 V. 16 cycles under scan

rate 0.05 V/s.

CV measurements were performed to shed light on the co-reactant
mechanism. The CV of a 0.1 mM PBS (pH = 7.4) solution of
Ru(bpy)s”>" shows the typical reversible oxidation peak at +1.1 V vs
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Ag/AgCl (Figure 3.11, upper part, black line). However, upon
addition of 0.1 mg/mL NCNDs (Figure 3.11, upper part, red line) the
intensity of the oxidation peak of Ru(bpy);>" became higher, while
the reduction peak becomes lower. This behavior is commonly
observed in the system Ru(bpy);>"/TPA and suggests a NCND
catalytic effect on the Ru(bpy);”" oxidation.”

Therefore, the following mechanism can be proposed (Figure 3.14).
Upon oxidation, the amino groups of NCNDs become a unstable
reductive intermediate able to form the excited-state Ru(bpy)32+*
through highly energetic electron transfer. The latter emits light and
produces Ru(bpy);>", which in turn can be re-oxidized for a new
cycle.

hv
Ru(bpm ~

Ru(bpy)s?*
Ru(bpy);*

NCNDs
NCNDs*

NCNDU

Figure 3.14 Proposed ECL mechanism for Ru(bpy);*’/NCNDs system.

3.2.2 mNCNDs/Ru(bpy);>* system

The primary groups of NCNDs were converted to tertiary amines
through a one-pot Eschweiler-Clarke methylation reaction (see
experimental section for details). The completion of the reaction was
checked with the Kaiser test (Figure 3.15 and experimental section
for details), and the methylated NCNDs, denoted as mNCNDs, were
fully characterized.
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NCNDs mNCNDs

Figure 3.15 Photographs of colorimetric Kaiser Test of NCNDs (left) and mNCNDs
(right).

The changes observed in their photophysical properties are consistent
with the NCNDs surface modification (Figure 3.16). While the UV-
Vis absorption spectrum did not show significant differences
compared to the one of NCNDs (reported in Chapter 2), mNCNDs
showed the typical excitation wavelength-dependent FL with an
optimal emission at an excitation wavelength (330 nm) different
compared to NCNDs, and a FLQY's of around 8%.

As discussed in Chapter 2, the surface of NCNDs significantly affects
the FL properties because it determines the trapping of excitons under
excitation. Therefore, the different FL features observed for
mMNCNDs compared to NCNDs (reported in Chapter 2) can be
explained with the surface modification induced by the methylation
reaction.

The CV of mNCNDs exhibits a new peak at +0.80 V vs SCE, which
shows strong similarity with the one observed in the CV of TPA (at
+0.87 V vs SCE) (Figure 3.17) and can be, therefore, associated to
the formation of tertiary amines on the surface of mNCNDs.
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Figure 3.16 a) UV-Vis absorption spectrum of mNCNDs in water; b) FL spectra of

mNCNDs in water (298 K) at different excitation wavelengths.
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Figure 3.17 Cyclic Voltammetry of mNCNDs (red line), phenetylamine (brown line),
tripropylamine (pink line) (concentration of 1mg/mL for all), in DMF using TBAPF;

as supporting electrolyte on GC. Scan rate 100 mV/s.

It was also estimated the diffusion coefficient of mNCNDs
performing cyclic voltammetric experiments at different scan rates
(from 0.05 to 1 V/s) and applying the Randles—Sevcik equation
(Figure 3.18), and values of 1-10° and 9-10” cm?/s were determined.
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Figure 3.18 a) CVs of NCNDs 1 mg/mL in DMF using TBAPFg as supporting
electrolyte on GC. Scan rate from 0.05 V/s to 1 V/s, potential referred to SCE at room

temperature using platinum as counter electrode; b) i, vs v'”.

ECL experiments of solutions at the same optical density of
Ru(bpy);>", reveal that the ECL activity is ten times higher for
mNCNDs with respect to NCNDs (Figure 3.19, green and red lines).
Thus, tertiary amines on the mNCNDs surface provide an enhanced
ECL activity with respect to primary amines, as usually observed with
all the alkyl amines commonly used as oxidative-reductive co-
reactants.*'%
Moreover, a comparison with the widely used TPA clearly
demonstrated the potential of NCNDs as alternative co-reactant
species. Impressively, a small amount of mNCNDs (0.1 mg/mL,
corresponding to concentration around 0.13 mM in amines) gave the
same Ru(bpy);”" ECL intensity recorded using a TPA 20 mM solution
(2.86 mg/mL), which corresponds to an improvement of c.a. 150
times (Figure 3.19, green and black lines) despite of the slower
diffusion coefficient of the mNCNDs vs TPA (5-10° cm?/s).'**

106



3 Carbon Nanodots in Electrochemiluminescence

2500

- ]
] =]
=] =1
=1 =]
|
3
>

ECL Intensity (a.u.)
e
e

500+

06 08 10 12 14

E/V vs Ag/AgCI

Figure 3.19 ECL emission of Ru(bpy);”" in PBS solution enhanced by NCNDs 0.1
mg/mL (red line), nNCNDs 0.1 mg/mL (green line) and TPA 20 mM (black line).

Additionally, as in the case of NCNDs, higher ECL signals for
Ru(bpy);*" were observed upon increasing the concentration of
mNCNDs (Figure 3.20).
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Figure 3.20 ECL intensity during a scan potential of Ru(bpy);** 0.1 mM PBS solution

upon addition of different concentration of mNCNDs.

Moreover, constant ECL response for the system were obtained for
over 20 cycles (Figure 3.21).
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Figure 3.21 ECL responses of Ru(bpy);* /mNCNDs system in PBS solution obtained
during a continuous potential scan between +1.1 V and -0.9 V. 20 cycles under scan

rate 0.05 V/s.

3.2.3 Epinephrine sensing

The Ru(bpy)s>/(m)NCNDs system was evaluated for bioanalytical
applications. It is reported a simple methodology to detect
epinephrine (EP), also known as adrenaline, an important
catecholamine neurotransmitter in the mammalian central nervous
systems involved in Parkinson’s disease. Its quantification is relevant
for the diagnosis of nerve diseases and a variety of analytical methods
have been employed for this purpose, such as capillary
electrophoresis,'> fluorimetry,'*® electrochemistry and ECL.'*"'#
EP is a cathecolamine that forms an ortho-benzoquinone derivative
by electro-oxidation (at around +0.2 V vs SCE), resulting in the
quenching of the Ru(bpy);”" luminescence due to an electron transfer
from the excited state of the metal complex to the quinone
derivative.'”

The EP detection experiments were performed in a PBS solution at
pH = 7.4 by means of chronoamperometry coupled with PMT tube.
The measurements were performed with NCNDs 0.1 mg/mL and
varying the concentration of EP from 0.5 to 15 pM. A linear
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dependence of Iy/I on the concentration (R*=0.993) was found
(Figure 3.22a). The limit of detection (LOD) and quantification
(LOQ) have been determined from the standard deviation of the
response and the slope (see experimental section for details). The
values obtained are respectively LOD 0.2 uM and LOQ 0.6 uM (S/N
= 3). The resulting LOD for an ECL sensor in solution compared to
other methodologies reported (capillary electrophoresis and

fluorimetry)'*>'%°

is lower because the system suffers of the slow
diffusion towards the electrode surface, which is a crucial point in the
formation of an excited state. However, the performance of the system
studied is competitive compared to other systems already reported

using nanoparticles, such as other CNDs, "'’

since the amino groups
on the surface of our NCNDs are powerful co-reactant species. For
instance, Long et al. reported the determination of dopamine with

oxygen-doped CNDs with a LOD of 0.3 uM.'"¢

The use of mNCNDs as co-reactant (0.1 mg/mL), decreasing the
minimum concentration of EP to 0.05 pM, was also evaluated. The
linear dependence is shown in Figure 3.22b (R*= 0.994). By using
mNCNDs, the LOD and LOQ (30 nM and 110 nM, respectively, with
S/N = 3) decreased by a factor 10, when compared to NCNDs. This
result is ten times higher than the ones reported for different
CNDs,"'**® and competitive with the one obtained for the detection
of bisphenol with nitrogen-doped CNDs,""” reaching the same limit
of all the other techniques discussed above.'*'*

We believe that the outstanding result obtained by using mNCNDs is
related to the presence of tertiary amines, which are among the best
functional groups for enhancing the Ru(bpy);’" luminescence,
resulting in a detection of lower concentration of analytes.
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Figure 3.22 Linear fitting of 1o/l versus the concentration of EP when a) NCNDs and
b) mNCNDs are employed as co-reactant with a concentration of 0.1 mg/mL. (For b

the error bars are of the same size of the square symbols).
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3.3 NCNDs-based hybrids as ECL platforms

In this section, we report the first carbon nanodots covalently-linked
systems with transition metal complexes for ECL applications.

The preparation, as well as the structural and morphological
characterizations, of a ruthenium or iridium complex-NCNDs (Ru-
NCNDs or Ir-NCNDs) nanohybrids are discussed. For analytical
purpose it is imperative that the multiple redox groups in the hybrids
are molecularly and functionally identical, and therefore their
photophysical behaviors in solutions were evaluated. Moreover,
electrochemical studies were performed to shed light on the mobility
of the hybrids towards the electrode through the determination of their
diffusion coefficients. Finally, the ECL properties in solution of these
nanohybrids were studied.

To conclude, considering the NCNDs co-reactant behavior discussed
in the previous section, we investigated if they can act not only as
innocent ECL carriers, but also as co-reactant in the ECL process,
aiming to a self-enhanced ECL system. Additionally, we immobilized
our systems on an electrode surface in order to evaluate our NCNDs
as platform for more signal-generating units and consequent signal
amplification.
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Figure 3.23 Systems studied in this section. Tris(2,2-bipyridine)ruthenium(II)
(Ru(bpy)s”") and covalently linked ruthenium-NCND nanoconjugate on the top (left to
right). Ir(6-phenylphenanthridine), 2-(carboxyethyl-phenyl)pyridine-2-carboxylic acid
(Ir-COOH) and covalently linked iridium-NCND nanoconjugate on the bottom (left to
right).
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3.3.1 Syntheses

The ruthenium-NCND nanohybrid (denoted as Ru-NCNDs) was
prepared through a condensation reaction of the NHS-ester activated
ruthenium bipyridine derivative (bis-(2,2-bipyridyl)(4-
carboxypropyl, 4’-methyl-2,2-bipyridine) ruthenium(II) chloride
(Ru-COOSu) and the amines of NCNDs in a PBS solution, for 16
hours. The hybrid material was obtained as an orange solid after size
exclusion chromatography (details in the experimental section). On
the other hand, the iridium-NCND nanohybrid (denoted as Ir-
NCNDs) was prepared through a carbodiimide condensation reaction
of the carboxy moiety on the iridium complex (Ir(6-
phenylphenanthridine),2-(carboxyethyl-phenyl)pyridine-2carboxylic
acid, [r-COOH) and the amines of NCNDs in DMF, for 16 hours. The
hybrid material was obtained as an orange solid after size exclusion
chromatography (details in the experimental section).

3.3.2 Structural, morphological and photophysical
characterization

The structures of the Ru-NCND and Ir-NCND hybrids were studied
through FT-IR spectroscopy. Especially, it was confirmed the
successful formations of the nanoconjugates through the amide
linkage. The spectra of the hybrids (Figures 3.24, 3.25) show the
typical peaks of NCNDs (discussed in Chapter 2) and the metal
complexes.

In the case of the ruthenium-based system, three peaks corresponding
to the vibrations of the NHS-ester bonds at 1814, 1783, and 1736 cm’
! observed for Ru-COOSu, disappeared in the hybrid spectrum, while
two characteristic vibrations of amide I (at 1653 cm™) and amide II
(1547 ¢cm™) were observed. Similarly, in the Ir-NCNDs spectrum,
new peaks related to the amide bond formation can be detected (at
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1630 and 1555 cm™), together with the disappearance of the C=0
stretching mode of the carboxylic acid at 1722 cm™.
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Figure 3.24 a) FT-IR spectra of NCNDs (black line), Ru-COOSu (grey line) and Ru-
NCNDs (red line); b) zoom of the spectra in the region 1900-1400 cm™.
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Figure 3.25 a) FT-IR spectra of NCNDs (black line), Ir-COOH (blue line) and Ir-
NCNDs (green line); b) zoom of the spectra in the region 1900-1200 cm™.

Transmission electron microscopy (TEM) was employed to probe the
morphological features of the nanoconjugate. TEM images show that
the quasi-spherical shape of NCNDs is retained, while the average
size increases in the hybrid system (Figure 3.26). Average size of
around 4.5 £ 0.4 nm (FWHM: 0.798) and 3.9 + 0.3 nm (FWHM:
0.570) were estimated for Ru-NCNDs and Ir-NCNDs, respectively.
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Figure 3.26 Representative TEM images of a) Ru-NCNDs and b) Ir-NCNDs hybrid
drop-casted on a lacey carbon grid; size histograms of ¢) Ru-NCNDs and d) Ir-NCNDs

hybrid with curve fit to the data using a Gaussian model.

ICP-MS measurements revealed the presence of about three
ruthenium and two iridium complexes for each dot (details in
experimental section), in accordance with the hybrids sizes estimated
from TEM.

Fluorescence anisotropy measurements were used to further
demonstrate the increased size of the hybrids in comparison to the
NCNDs alone (Figure 3.27). This technique is commonly used for
rotational time measurements associated to the emission transition

131,132 .
31132 The rotational

moment that lies along the fluorophore structure.
time depends on the viscosity of the solvent and on the size of the
fluorophore. The bigger the fluorophore, the longer is the rotational
time necessary to get a depolarized emission. As expected, the
rotational time of the anisotropic emission of NCNDs increases, from
1.45 ns for the free NCNDs to 2.3 ns for Ru-NCND nanohybrid and

to 2.2 ns for the Ir-NCND nanohybrid.
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Figure 3.27 Anisotropy of Ru-NCNDs (red dots), I-NCNDs (green dots) and NCNDs
(blue dots) in ethylene glycol (298 K).

For the sake of utilization in practical bioanalytical settings, both
photophysical and ECL measurements were performed in a buffer
solution (ProCell®) specially designed for commercial immunoassay
system. ProCell® solution was provided by Roche and consists in a
PBS solution enriched of TPA and different surfactants with a
confidential specific chemical composition.

The absorption and fluorescence spectra of the Ru-NCNDs and Ir-
NCNDs nanohybrids, together with the metal complexes and NCNDs
as reference, are reported in Figures 3.28, 3.29. The absorption
spectra of both hybrid systems, revealed the main features of the two
references, at the same concentration of metal complex units, with a
slight shift of the metal to ligand charge transfer, '"MLCT, band at
lower energy for the Ru-NCNDs conjugate.

The UV-Vis absorption spectrum of Ru-NCNDs exhibited the
expected features of most ruthenium-based metal complexes.'>'**'**
They are characterized by intense transitions at high energy (200 -
350 nm) and weaker bands in the visible region (400 - 500 nm). In
particular, the band at 285 nm is assigned to bipyridil-based w-n*-
allowed ligand centered ('LC) transitions. The two bands at 240 and
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453 nm are assigned to metal-to-ligand charge transfer 'MLCT d-r*
transitions. The shoulders visible at 320 and 340 nm are related to MC
transitions. The maximum at 450 nm results slightly red-shifted
probably due to a rigidity of the hybrid system respect to the free
metal complex.

For Ir-NCNDs, the absorption band at around 250 nm is assigned to
the ligand centered ('LC) n-n* transition, while the bands at 300-400
nm are a mixture of singlet-manifold ligand-to-ligand charge transfer
('LLCT) and 'MLCT transitions. The band at 456 nm is attributed to
both singlet and triplet metal to ligand charge transfer transition,
'"MLCT and *MLCT, respectively.

Subsequently, the excited state was investigated in both hybrids by
exciting Ru-NCNDs and Ir-NCNDs at 340 and 380 nm, respectively,
and compared with the metal complexes and NCNDs alone as

references.

a) 1.0 b) 1.0
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Figure 3.28 UV-Vis absorption spectra of a) Ru (grey line), NCNDs (black line) and
Ru-NCNDs (red line), b) Ir (blue line), NCNDs (black line) and Ir-NCNDs (green line),
in ProCell® solution. [Ru] = 10°M, [Ir] = 10°M.
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Figure 3.29 PL emission spectra of a) Ru (grey line), NCNDs (black line) and Ru-
NCNDs (red line), Aex =340 nm, b) Ir (blue line), NCNDs (black line) and Ir-NCNDs
(green line), Aex:=380 nm, in ProCell® solution. [Ru] = 10°M, [Ir] = 10°M.

The PL spectra of both nanohybrids showed the two contribution
corresponding to the NCND-centered emission (at around 400 nm)
and to the metal complexes. While the Ru-NCNDs broad emission
profile at 630 nm, corresponding to the *MLCT emission of the
ruthenium bipyridine complex, is slightly shifted to lower energy as
compared to the ruthenium complex, for Ir-NCNDs the fluorescence
spectrum at 650 nm does not show any bathochromic shift.

The PL excited state lifetimes are mono-exponentials when detected
in the metal complex emission band, while a complex decay (tri-
exponential) is observed for the NCNDs emission, without
significative variations respect to the free components in the same
solvent (Table 3.2). The absolute photoluminescence quantum yields
(PLQYSs) of the metal complexes in the hybrids, calculated as 4% and
12% for Ru-NCNDs and Ir-NCNDs (Table 3.2), respectively, do not
show considerable variations as compared to the bare metal
complexes. These results suggest that no quenching processes occur
upon the metal complexes attachment on the NCNDs. Therefore, the
multiple redox centers at the peripheries of nanodots retain the
ground- and excited-state photophysical properties of the references,
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which is a crucial requirement for the effective use of the nanohybrids
as ECL labels.

Table 3.2 Lifetimes and PLQYs data of NCNDs, ruthenium and iridium complexes
(Ru and Ir), and Ru-NCND and Ir-NCND nanohybrids.

Lifetime / ns PLQY /%
NCNDs 71,=14.0 (2.3%) o
7,=5.1 (34%)
7,=2.1 (63.7%)"
Ru 329.1° &
Ru-NCNDs =117 (11.8%) 4e
7,=3.6 (26.3%)
7=1.0 (61.9%)"
363.0°
Ir 734.4° 14°
Ir-NCNDs 71,=9.9 (21.9%) 1t

1,=3.6 (62.7%)
15=1.1 (15.4%)"

785.5¢

a. Aexe = 375 nm/ Aoy = 420 nm; b. Ay = 440 nm/ Aoy, = 625
nm; C. Aexe = 440 nm/ Ay, = 640 nm; d. Aeye = 300 nm; €. Aexe
=460 nm; f. Ay = 380 nm.
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3.3.3 Electrochemical characterization

To shed light on the electronic properties of the hybrids, an extensive
electrochemical investigation was carried out. The CVs in DMF of
the Ru-NCND and Ir-NCND hybrids, as well as the metal complexes
and NCNDs as references, are reported in Figure 3.30.
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Figure 3.30 a) CVs of Ru-NCNDs (red line), Ru(bpy);*" (grey line) 0.26 mM and
NCNDs (black line) Img/mL in DMF; b) CVs of Ir-NCNDs (green line), Ir-COOH
(blue line) 1 mM and NCNDs (black line) Img/mL in DMF. 0.1 M TBAPF; as

supporting electrolyte and GC as working electrode. Scan rate 0.1 V/s.

The CV of the Ru-NCNDs hybrid (Figure 3.30a, red line) shows the
electrochemical features of both NCNDs (Figure 3.30a, black line)
and Ru(bpy)s>” (Figure 3.30a, grey line). The anodic region presents
two distinctive oxidation peaks at +1.09 V and +1.30 V related,
respectively, to the oxidation of the free amines on the NCNDs
surface and to the oxidation of Ru”" to Ru’". The presence of a single
oxidation wave suggests that all the complexes, within electrode
proximity, are electrochemically equivalent. On the other hand, in the
cathodic region three reduction peaks are observed, at -1.24; -1.42 and
-1.71 V, corresponding to the reduction of the three bipyridine
ligands.">"*® Although in the anodic part of Ru-NCND hybrid both
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features of NCNDs and Ru(bpy)s>" can be identified, for the Ir-NCND
hybrid (Figure 3.30b, green line) only one peak is visible. This could
be ascribed to the similar values for the oxidation peak of the iridium
complex (at +1.12 V; Figure 3.30b, blue line) and the free amino
groups on the NCNDs surface (at +1.09 V; Figure 3.30b, black line).
On the contrary, the three peaks in reduction at -1.43 V, -1.74 V, -
2.26 V present in the iridium complex alone can be observed in the
Ir-NCND hybrid, with the last one, probably correlated to the
picolinic ligand coupled with the NCNDs, less pronounced in the
hybrid.

As diffusion limited processes, both electrochemistry and ECL are
greatly influenced by the size and mobility of the electrochemically
active species in solution. Therefore, we determined the diffusion
coefficients of both nanohybrids. For this purpose, cyclic
voltammetry at different scan rate (from 0.05 to 1 V/s) were measured
and the diffusion coefficient was determined by using Randles—
Sevcik equation.

In the CVs of both hybrids and metal complexes alone, the peak
currents were proportional to the square root of the scan rate (v'?) and
the intercepts were approaching zero, showing that oxidation and
reduction processes were diffusion controlled and no adsorption
phenomena on the electrode surface were occurring (Figures 3.31,
3.32). Then, the diffusion coefficients were determined on the
oxidation peaks. The correlation between the peak currents and the
2) for both hybrids and metal
complexes were estimated. The calculated diffusion coefficients for

square root of the scan rate (v

the nanohybris were in agreement with those reported in the
literature,*”'"** for zero dimensional (spherical) nanoparticles with
diameter ranging from 1 to 5 nm. Moreover, a comparison with the
diffusion coefficients of the metal complexes alone indicate that the
presence of NCNDs do not led to significative variations due to their
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small dimension, suggesting that the electron transfer kinetics in ECL
should not be affected.

Therefore, both hybrids promise a mobility towards the electrode
surface comparable to the one of the single label, which should result
in an unaffected electrochemical process efficiency.
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Figure 3.31 a) CVs of Ru(bpy);>" 0.26 mM in DMF, b) CVs of Ru-NCNDs with [Ru]
=0.26 mM in DMF, using 0.1 M TBAPF; as supporting electrolyte and GC as working
electrode. Scan rate from 0.05 V/sto 1 V/s. i, vs V2 of ¢) CVs of Ru(bpy);PF; and d)
CVs of Ru-NCNDs; e) table reporting the diffusion coefficients (D, cm/s) for
Ru(bpy);”* and Ru-NCNDs.
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Figure 3.32 a) CVs of Ir-COOH 1 mM in DMF, b) CVs of Ir-NCNDs with [Ir] = 1
mM in DMF, using 0.1 M TBAPF; as supporting electrolyte and GC as working
electrode. Scan rate from 0.05 V/sto 1 V/s. i, vs v of ¢) CVs of Ir-COOH and d) CVs
of Ir-NCNDs; e) table reporting the diffusion coefficients (D, cm/s) for Ir-COOH and
Ir-NCNDs.

3.3.4 Electrochemiluminescence

The ECL activity of both hybrids was evaluated studying the ECL
intensity as function of voltage applied, time and emission profile, in
comparison to the references with the same optical density at 450 nm.
In agreement with what reported for the system [Ru(bpy);]*"/TPA in
aqueous solution in section 3.1.4, the ECL curve for a solution of
[Ru(bpy)s]*" in ProCell® (10 uM) exhibit two waves at +0.93 V and
+1.18 V vs Ag/AgCl (1M KCl), which can be associated to the
generation of [Ru(bpy)s]*” excited state (Figure 3.33a, grey line). As
shown in Figure 3.33c (Mechanism I), in the oxidative-reduction
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mechanism, the first wave involves the electrochemical oxidation of
TPA to TPA™, which then oxidizes [Ru(bpy);]” to the excited state
[Ru(bpy)s]*"*. The second wave is instead assigned to the classic
mechanism (Mechanism II) that occur when electrogenerated
[Ru(bpy)s]*" reacts with TPA" (Figure 3.33d). The ECL curve for the
iridium complex in a ProCell® solution display the same features,
showing a peak at +0.9 V associated to the mechanism I, which
reaches its ECL maximum around +1.25 V with a small bump at +1.1
V correlated to mechanism II (Figure 3.33b, blue line).
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Figure 3.33 ECL intensities in Procell” of a) Ru(bpy);>" (grey line) and Ru-NCNDs
(red line), b) Ir-COOH (blue line), I-NCNDs (green line), using GC as working
electrode. [Ru] = [Ir]= 10”° M. Potential scan rate 50 mV/s. ¢) Mechanism I and d)
Mechanism 1II reported by Bard et al.”’ for the Ru(bpy);’'/TPA system in aqueous

solution containing Ru(bpy);”” in low concentration.

The ECL curves for both hybrids Ru-NCNDs and Ir-NCNDs, studied
in the same conditions than the metal complexes alone, show different
profiles. Specifically, compared to the references, the ECL curve of
the Ru-NCNDs is characterized by a broader emission between +0.95
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Vand +1.2 V (Figure 3.33a, red line), while for Ir-NCNDs two peaks
at higher intensity than Ir-COOH appear at +0.9 V and at +1.05 V
followed by a plateau (Figure 3.33b, green line). These evidences
could be correlated to the generation of the excited state of Ru-
NCNDs* and Ir-NCNDs* from a mixed contribution of the TPA
(from the ProCell” solution) and the free amino groups of NCNDs.
The latter are still present in the hybrids, as shown from the CVs, can
be oxidized within this range and, as demonstrated in section 3.2, can
act as co-reactant for ECL generation.

In order to investigate the nature of the electrogenerated emissive
excited state, the ECL spectra of the two nanoconjugates were
recorded (Figure 3.34). For this purpose, the ECL light was collected
during 5 chronoamperometry pulses of 1 s between 0 V and +1.4 V
vs Ag/AgCl, and the spectra were collected using a cooled EMCCD
camera with the accumulation of 10 s. The as-obtained ECL spectra
have the same features as the photoluminescence spectra in ProCell®,
confirming that the emission is the result of the decay of the same
excited state, generated by either photo- or electrochemical excitation.

=
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Figure 3.34 ECL emission spectra in ProCell® of a) Ru (grey line) and Ru-NCNDs
(red line), b) Ir (blue line), I-NCNDs (green line).
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From the intensities of the above mentioned ECL spectra, the ECL
efficiencies for both hybrids can be evaluated. For this purpose,
chronoamperometric experiments for the two hybrids and iso-
absorptive solutions of metal complexes as standards were also
performed. In these experiments, the ECL was generated by a
chronoamperometry pulse at +1.4 V for | s and the light was detected
by a photomultiplier tube (PMT) (Figure 3.35).
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Figure 3.35 ECL intensities in time in ProCell® of a) Ru (grey line) and Ru-NCNDs
(red line), b) Ir (blue line), I-NCNDs (green line).

The comparison of the ECL spectra and chronoamperometries of the
hybrids and the references clearly show that the ECL efficiency of
both conjugated systems are the same of the single labels. Thus, all
the redox centers present in the nanoconjugates participate to the ECL
emission. Notably, this is the highest result for ECL labels-coupled
nanoparticles ever reported. This could be ascribed to the following
findings for the nanohybrids studied: all the redox centers are in very
close contact with the electrode surface and are electrochemically and
ECL active, since diffusional problems are limited and quenching

phenomena are avoided.
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3.3.5 Self-enhanced and multi-label ECL platforms

In light of the above considerations, we moved forward the study of
the previously discussed systems as ECL self-enhanced nanohybrids
and we investigated the effect of their immobilization on the electrode
surface on the ECL emission.

We evaluated the possible use of these nanoconjugates as self-
enhanced ECL platform, investigating the efficiency of NCNDs as
co-reactant when covalently linked to the metal complexes. For this
purpose, it was studied the ECL generation of the Ru-NCNDs hybrid
in PBS solution, without the presence of additional co-reactant
species such as TPA.

On the other hand, the ECL efficiency of Ir-NCNDs immobilized on
a gold surface was evaluated, in order to investigate if the ECL
efficiency is proportional to the number of redox centers for nanodots.

3.3.5.1 Self-enhanced ECL platform

To evaluate the NCNDs co-reactant behavior in Ru-NCNDs, we
recorded the ECL curve of the hybrid in PBS solution, comparing
those obtained for Ru(bpy);”" or for the uncoupled system
NCNDs/Ru(bpy)s>" in the same conditions and with the same optical
density of Ru(bpy);*'(Figure 3.36a). It was observed an ECL
emission intensity two times higher for the Ru-NCNDs hybrid with
respect to the uncoupled components (Figure 3.36b).

As discussed in section 3.1.3 and according to ECL self-enhanced
systems already reported,” ' we hypothesize that in Ru-NCNDs the
intramolecular electron transfer is more efficient compared to the
intermolecular reaction due to the shorter electron-transfer path and
consequent reduced energy loss.
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Figure 3.36 a) Absorption spectra at MLCT of Ru(bpy);>" (black line) and Ru-NCNDs
(blue line) in PBS at the same concentration of chromophore (10™* M); b) ECL intensity
during a scan potential of Ru(bpy);>" 10 M PBS solution (black line), upon addition
of NCNDs 0.1 mg/mL (red line) and of Ru-NCNDs (blue line) with a concentration of
Ru of 10* M. Scan rate 0.05 V/s.

3.3.5.2  Multi-label ECL platform

Ir-NCNDs were immobilized onto a gold electrode surface, mediated
by a SAM (Figure 3.37b; detailed procedure in experimental section).
For comparison, the metal complex was also immobilized using the
same procedure, starting from a solution with the same optical density
(Figure 3.37a; detailed procedure in experimental section). The ECL
behavior for the two modified electrodes was evaluated in a
PBS/Triton X 100 solution with TPA 10 mM as co-reactant. The ECL
curves obtained for the two surface-confined system showed an ECL
enhancement for the Ir-NCNDs nanohybrid (Figure 3.37c, green
line) respect to the metal complex alone (Figure 3.37c, black line). In
particular, it was observed an ECL emission intensity two times
higher for the nanoconjugate with respect to the reference, in
agreement with the ICP-MS calculation, and thus confirming that the
totality of the redox centers covalently linked to the nanodots are ECL
active.
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Figure 3.37 Schematic representation of a) Ir-COOH and b) Ir-NCNDs immobilized
onto gold electrodes; ¢) ECL intensities recorded during a CV in PBS/ Triton X 100/
TPA 10 mM of Ir-NCNDs (green line) and Ir-COOH (black line) after immobilization

onto gold electrodes.
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3.4 Conclusions and perspectives

In the framework of ECL system based on nanomaterials, this chapter
focused on the investigation of the largely unexplored application of
NCNDs.

In the first part, NCNDs carrying primary or tertiary amino groups on
the surface were studied as co-reactant to promote ECL. Their simple
and cost effective production, high aqueous solubility and low
toxicity have inspired us to investigate the possible use of NCNDs as
alternative co-reactant species. The primary or tertiary amino groups,
which are known to provide great efficiency as oxidative-reduction
co-reactant, on the NCNDs surface have shown powerful co-reactant
ability for Ru(bpy)s*" ECL generation. The co-reactant mechanism
was investigated proving a NCNDs catalytic effect on the Ru(bpy)s>
oxidation. Our results show how the use of alkyl amines on a carbon
nanodots for Ru(bpy);>" ECL, would circumvent most of the
drawbacks related to the use of the standard alkyl amines such as
TPA, which is toxic, corrosive, volatile, scarcely soluble and need to
be used in high concentrations. Notably, it was recorded the same
Ru(bpy);”" ECL intensity using a small amount of NCNDs and a
concentration of TPA 20 mM, achieving an improvement of c.a. 150
times by using nanodots. We proposed a mechanism in which, upon
oxidation, the amino groups of NCNDs become a reductive unstable
intermediate able to form the excited-state Ru(bpy);®", through
highly energetic electron transfer. Then Ru(bpy)32+* emits light and
produces Ru(bpy)s>", which in turn can be re-oxidized for a new
cycle. Impressively, it was observed that, in contrast to TPA, our
NCNDs can be used for further cycles. Indeed, NCNDs provide
constant ECL response for more than 20 cycles due to a great
electrochemical stability and abundant presence of amines for further
cycles.
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In light of these results, we finally explored the use of our
Ru(bpy);”/NCNDs ECL system for biosensing, reporting a simple
methodology for the detection of epinephrine, which showed
competitive performance when compared to already reported
systems. Therefore, the use of our NCNDs can pave the route towards
sensitive biosensing platform for the detection of interesting
bioanalytes.

In the second part, we reported the use of NCNDs in covalently-linked
systems with ECL labels. We prepared NCND-based hybrids bearing
ruthenium or iridium complexes, thus reporting a straightforward
synthetic strategy for assembling more signal-generating units into
the nanodots platform. Notably, a deep spectroscopic and
electrochemical investigation demonstrated that the totality of the
redox centers retains their properties in the hybrids.

Optical characterizations showed that no quenching phenomena of
the redox centers occur in the hybrids. Moreover, the electrochemical
studies shed light on the mobility of the hybrids towards the electrode
through the determination of the diffusion coefficients. It was
observed that due to the small dimensions of the nanoconjugates, the
electron transfer kinetics in ECL should not be significantly modified
compared to the bare metal complexes.

These results have prompted us to investigate the ECL behaviors of
the hybrids. From ECL spectra and chronoamperometries, no
significant difference in the ECL efficiency of the nanoconjugates
when compared to the metal complexes references (at the same
concentration of redox units) were observed. These evidences
substantiate the effective use of these hybrids as ECL platform. In
particular, the results achieved are the highest for ECL labels-coupled
nanoparticles ever reported, since in nanostructured architectures
both the optical properties of the redox centers and their accessibility
to the electrode surface can be affected. To summarize, it was
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demonstrated that the totality of the redox centers in the presented
hybrids are ECL actives, in close contact with the electrode and able
to diffuse towards it.

Furthermore, we probed that our NCNDs-based hybrids exhibit great
self-enhanced ECL without the addition of co-reactants such as TPA.
Our hybrids provide an ECL emission intensity two times higher with
respect to the uncoupled components.

The observed ECL enhancement is due to the presence of NCNDs
amino groups in the hybrids, which act as co-reactant. Therefore, the
luminophores and its co-reactive groups are integrated in a single
hybrids entity. Thus, in contrast to the common intermolecular ECL
reaction, the electrons are transferred intramolecularly to the redox
centers, leading to enhanced ECL intensity due to shorter electron-
transfer path and reduced energy loss. Our results provide a new
method for signal amplification, opening interesting possibilities
towards self-enhanced systems which would extend bionalytical
applications.

Finally, we evaluated the direct effect on the ECL signal of the more
signal-generating unit assembly into the same nanometric object.
Thus, it was investigated the immobilization of the hybrids on an
electrode and it was observed a signal enhancement proportional to
the number of ECL probes present in each NCNDs due to their raised
density on the electrode surface. Therefore, the use of NCNDs as
novel platform for higher ECL efficiency was demonstrated and we
believe that our encouraging results would offer the possibility to
make outstanding steps forward in this field.
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3.5 Experimental section

3.5.1 Materials

The synthesis of NCNDs is reported in Chapter 2. Ruthenium-
tris(2,2'-bipyridyl) dihexafluorophosphate (Ru(bpy);(PF)2),
piperidine, phenetylamine, benzylamine, aniline, quinoline,
tripropylamine, L-epinephrine, paraformaldehyde (95%), potassium
hydroxide (>85%), formic acid (=96%), N-hydroxysulfosuccinimide
(Sulfo-NHS), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC - HCI), Phosphate Buffer Saline (PBS, pH = 7.4)
were purchased from Sigma-Aldrich and used without purification.
Paraformaldehyde (Sigma-Aldrich, 95%), KOH (Sigma-Aldrich,
>85%) and formic acid (Sigma-Aldrich; >96%) were used without
further purifications.

Bis- (2,2-bipyridyl) (4-carboxypropyl,4’-methyl-2,2-bipyridine)
ruthenium(Il) chloride (Ru-COOSu), was supplied by Roche
diagnostics.  Ir(6-phenylphenanthridine), 2-(carboxyethylphenyl)
pyridine-2-carboxylic acid (Ir-COOH) was kindly supplied from the
group of Prof. L. De Cola.'”

Kaiser test kit was purchased from Sigma-Aldrich.

Dialysis tubes with molecular weight cutoff 0.5-1 KDa were bought
from Spectrum Labs.

Size exclusion chromatography was carried out using Sephadex
TMLH-20 (Amersham Biosciences).

Ultrapure fresh water obtained from a Millipore water purification
system (>18MQ Milli-Q, Millipore). Dimethylformamide (DMF)
was purchased at Acros organics and used without any purification.
ProCell® solution was acquired from Roche (Product number,
1662988) and consists in a solution of phosphate buffer (PBS,
pH = 6.8) 300 mM, tripropylamine 180 mM, a proprietary surfactant
(0.1%) and preservative.
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3.5.2 Apparatus and characterization

Transmission Electron Microscopy (TEM) images were obtained
with a Jeol-JEM 2011 system operated at 200 kV equipped with a Cs-
probe corrector, an Energy Dispersive X-ray Spectrometer and a GIF
Tridiem filter. The drop cast of samples in methanol (concentration
of few mg/mL) on a lacey carbon grid was used as general procedure.

ICP-MS experiments were performed to evaluate the amount of
ruthenium complexes in Ru-NCNDs. The instrument employed was
a "X series II" from Thermo Electron. From the determination of the
absolute ruthenium and iridium content in Ru-NCNDs and Ir-
NCNDs, a loading of 200 mg/g for ruthenium complex and 440 mg/g
for iridium complex were calculated. Through the following
calculations, it was estimated a number of three ruthenium and
iridium complexes for each NCNDs. The ICP-MS measurement of a
Ru-NCNDs and Ir-NCNDs sample with a concentration of 0.0096
mg/mL and 0.0330 mg/mL, respectively, in nitric acid, revealed a
concentration (C) of NCNDs and Ru equal to 0.0074 and 0.0022
mg/mL (corresponding to 2.3-10° mol/mL), respectively, and of
NCNDs and Ir equal to 0.0290 and 0.0054 mg/mL (corresponding to
5.5-10” mol/mL). By assuming NCNDs as spherical nanoparticles
with a diameter equal to 2.47 nm,'*" and considering the density of
amorphous carbon as 2.0 g/cm’,”® it was calculated the mass (m) of a
single NCNDs:

V=4/3nr®=789-10"%1cm3
m=d-V=2-79-10"%' = 1,58-10"20g

From the ratio between the concentration (C) of NCNDs in the sample
and the mass (m) of one NCNDs, it was calculated the number (N,)
of NCNDs in the Ru-NCNDs nanohybrid:

0,0074-1073
1,58:10720

= 4,7 - 10'* N, of NCNDs in Ru-NCNDs
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0,029:1073
1,58:10720

= 1,8-10'5 N, of NCNDs in Ir-NCNDs

The number (N,) of Ru in the Ru-NCNDs and Ir in the Ir-NCNDs
nanohybrid was calculated as follow:

n- NA = NO
2,3-107%-6,022- 1023 = 1,4 - 105 N, of Ru in Ru-NCNDs
55-107%-6,022 - 1023 = 3,4 - 105 N, of Ir in Ir-NCNDs

where Ny is the Avogadro number and n are the number of moles of
Ru and Ir in the nanohybrid. From the N, as calculated, it was
estimated the number of ruthenium and iridium complexes on each
NCNDs:

1.4-1015
4,7-1014

= 3 Ru/NCNDs

3.4-1015
1,8-1015

= 2 It/NCNDs

FT-IR spectroscopy was performed in the solid state using an
attenuated total reflectance (ATR-FTIR) accessory on a Shimadzu IR
Affinity-1 spectrometer.

Modified Ir-COOH and Ir-NCNDs gold electrodes: Figure S3.1
illustrates the fabrication process of the modified electrodes. A Gold
working electrode (Au, 2 mm in diameter) was polished repeatedly
with 0.3 and 0.05 mm alumina slurry, followed by successive
sonication in acetone, ethanol and distilled water for 5 min and dried
in air. The electrodes were then modified in two different ways since
the complex is carboxy-terminated while the Ir-NCNDs is amino
terminated. For the [r-COOH the electrode was modified with a 1 mM
ethanolic solution of 11-amino-1-undecanethiol and for the Ir-
NCNDs with a 1 mM ethanolic solution of 16 mercapto-decanodic
acid, for 48 hours. Electrodes were then washed in PBS (pH 7.4), then
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the carboxy-terminated parts were immersed in a mixture of EDC and
NHS (1:3) PBS solution for approximately 15 minutes at room
temperature (Ir-COOH and SAM for Ir-NCNDs). Finally, the
electrode was immersed in activated Ir-COOH or Ir-NCNDs PBS
solution ([Ir] = 10* M) for approximately 1 hour, at 37°C. Each
electrode was then washed with PBS Tween (PBST 0.05% v/v) three
times and other three times with PBS.

INHS/EDC (3:1) + Ir-COOH
% (20 mins) + activated Ir-
‘ AT gggggg mDH[lh 37°C) y
4 7/ —

3 days

b) Ir-NCNDs
wm% $55555, ””f!‘..“::é;:é";:‘;?” 2?????‘

3 days

a) Ir-COOH

Figure S3.1 Schematic representation of the procedures used to prepare modified Ir-

COOH and Ir-NCNDs electrodes.

The electrochemical characterizations of NCNDs, mNCNDs,
different amines for the co-reactant section, Ru-NCNDs, Ir-NCNDs,
Ru(bpy)s>" and Ir-COOH were performed in DMF with 0.1M tetra-
butylammonium hexafluorophosphate (TBAPF¢) as supporting
electrolyte. The electrochemistry on the Ru(bpy)s>' (0.1 mM)/
NCNDs (0.1 mg/mL) system has been studied in PBS (pH = 7.4). For
the electrochemical experiments, a CHI750C Electrochemical
Workstation (CH Instruments, Inc., Austin, TX, USA) was used. The
experiments were performed in a glass cell under an argon
atmosphere. Feedback correction was employed in order to minimize
the ohmic drop between the working and reference electrodes. A
glassy carbon electrode (GC, 3 mm diameter 66-EE047 Cypress
Systems) was employed as the working electrode (WE), while a
platinum and a silver wires were used as counter (CE) and quasi-

136



3 Carbon Nanodots in Electrochemiluminescence

reference (QRE) electrodes. The GC electrode was stored in ethanol
and, before the experiments, polished with a 0.05 pm diamond
suspension (Metadi Supreme Diamond Suspension, Buehler) and
ultrasonically rinsed with water for 10 minutes and ethanol for 10
minutes. It was electrochemically activated in the electrolyte solution
by means of several voltammetric cycles at 0.5 Vs between the
anodic and cathodic solvent/electrolyte discharges. The RE was
separated from the catholyte by glass frits. It was calibrated at the end
of each experiment against the ferrocene/ferricenium (Fc|Fc") couple,
whose formal potential is 0.460 V against KCl-saturated calomel
electrode (SCE). All potential values were reported against SCE. The
standard potentials were calculated as the average value between
cathodic and anodic peak potentials, when the processes were
reversible or quasi-reversible.

We determined the diffusion coefficients of NCNDs and mNCNDs,
Ru(bpy)32+ through cyclic voltammetric experiments at different scan
rates (from 0.05 to 1 V/s) and applying the Randles—Sevcik equation:

i=2.69 + 10° n** 4D Cv'?

where 7 is the number of electrons transferred in the redox event
(usually 1), 4 the electrode surface (cm?®), D the diffusion coefficient
(cm?/s), v the scan rate (V/s) and C the concentration (mol/cm?). The
CV experiments and the diffusion coefficients (D) were determined
on the oxidation peaks. It was observed that the peak currents are
proportional to the square root of the scan rate " %), indicating that
all the oxidation/reduction processes were diffusion controlled and no
adsorption phenomena on the electrode surface were occurring.

For the ECL characterization a custom system was used, consisting in
an electrochemical cell based on a glassy carbon (Tokai Inc.) disk
electrode (3 mm diameter) as the WE, which was closely facing (a
few mm) the photomultiplier tube (PMT, Hamamatsu, H10723-01,
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Japan) detector controlled by an Autolab electrochemical workstation
PGSTATI101 (Metrohm, The Netherlands). The RE employed was an
Ag/AgCl (1M KCI) from CHI-Instruments and it was separated from
the catholyte by glass frit. A platinum wire served as the CE. For
potentiodynamic measurements (Cyclic Voltammetry), the solution
was scanned at 0.05 V/s from +0.5 V to +145 V. For
chrononamperometric experiments, used for the detection of EP, the
pulsing potential was set at +1.4 V vs Ag/AgCl (1M KCI). The pulse
width was 1 s. The transients and the faradic currents were managed
by using the software NOVA provided with the Autolab. The ECL
spectrum was acquired using a calibrated electron multiplying charge
couple device (EM-CCD) camera (A-DU970N-UVB Andor
technology, Newton EM-CCD) coupled with a spectrograph (Andor
Technology, Shamrock 163). The working electrode was
mechanically cleaned before each run as above mentioned for the
electrochemical measurements.

The ECL relative intensity of the complexes was compared to Rubpy,
(I/Ig,), where I is the integrated signal of the complex for 1s and Ig,
is the integrated signal of Rubpy under the same conditions. The
values were the average of three different measurements. The
working electrode was mechanically cleaned before each run as
described for the electrochemical measurements. A Ru(bpy),PFs
solution (10 M in Procell™) was used as reference.

Absorption spectra were measured on a Shimadzu UV-3600 double-
beam UV-Vis-NIR spectrometer and baseline corrected. Steady-state
emission spectra were recorded on HORIBA Jobin-Yvon IBH FL-
322 Fluorolog 3 spectrometer equipped with a 450W xenon-arc lamp,
double-grating excitation and emission monochromators (2.1 nm/mm
dispersion, 1200 grooves/mm blazed at 500 nm), and a TBX-04
detector. Emission and excitation spectra were corrected for source
intensity (lamp and grating) and emission spectral response (detector
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and grating) by standard correction curves. The quantum yield
measurements  were performed by using an  absolute
photoluminescence quantum yield spectrometer Quantaurus C11347
(Hamamatsu, Japan). Time-resolved measurements were performed
by using time-correlated single-photon counting (TCSPC) electronics
PicoHarp300 of a PicoQuant FluoTime 300 (PicoQuant GmbH,
Germany), equipped with a PDL 820 laser pulse driver. The excitation
wavelength was 375 nm (NCNDs and the hybrids) and 440 nm
([Ru(bpy)s]**, Ir-COOH and the hybrids) using a laser source LDH-
P-C-375 and the time-correlated single photon counting (TCSPC)
option was used for decays times. The laser was mounted directly on
the sample chamber at 90° to a Czerny-Turner type emission
monochromator (2.7 nm mm ' of dispersion; 1200 grooves mm ).
The photons were collected with a PMA-C-192 photomultiplier
(PMT)  single-photon-counting  detector. ~ For  anisotropy
measurements, the solvent used was ethylene glycol. The polarization
was in the configuration VV (vertical-vertical) and VH (vertical-
horizontal). The data were acquired by using the commercially
available software EasyTau (PicoQuant GmbH, Germany), and data
analysis was performed by using the commercially available software
FluoFit (PicoQuant GmbH, Germany). The goodness-of-fit was
assessed by minimizing the reduced chi-square function (y*) and
visual inspection of the weighted residuals.
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3.5.3 Syntheses of the hybrids
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For Ru-NCNDs, NCNDs (40.0 mg, 1.0 eq) were added into a solution
of bis-(2,2-bipyridyl) (4-carboxypropyl,4’-methyl-2,2-bipyridine)
ruthenium(II) (Ru-COOSu) (39.0 mg, 1.4 eq) in MeOH (1.5 mL),
then PBS (2.0 mL) was added.

For Ir-NCNDs, NCNDs (40.0 mg, 1.0 eq) were added into a solution
containing EDC, NHS and Ir (6-phenylphenanthridine), 2-
(carboxyethyl-phenyl)pyridine-2-carboxylic acid (Ir-COOH) (30.34
mg, 1.0 eq) in DMF (5.0 mL).

The mixtures were then stirred at room temperature for 16 h. The
solvent was removed under reduced pressure and the crude mixture
was dissolved in MeOH (1.5 mL) and separated by SEC using a
column packed with Sephadex LH-20 (eluting with MeOH). Finally,
MeOH was removed under reduced pressure obtaining two orange-
red solids as the final products Ru-NCNDs and Ir-NCNDs (26.0 mg
and 30.0 mg, respectively).
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3.54 Synthesis of mNCNDs

(CHa)N

H
N

HCHO, KOH, HCOOH.__ r\. —

r\. N~-NH T retucden z \ ANCHd
Hamzn Y

NHy \(CHzﬁz

NCNDs mNCNDs

The synthetic procedure was adapted from the literature.'*' ¥

NCNDs (80.0 mg, 0.11 mmol amines) were dissolved in a mixture of
formalin (37 % w/v, 3.0 mL, 0.01 mol) and formic acid (99 %, 4 mL,
106.0 mmol). The solution was heated to reflux for 48 h and then
cooled to room temperature. Volatiles were removed under vacuum
together with the solvent and the residue was taken up in water and
dialyzed against pure water through a dialysis membrane for 2 days.
The aqueous solution of NCNDs was lyophilized, yielding a slightly
brownish solid (mNCNDs: 47.5 mg). Kaiser Tests performed on
NCNDs and mNCNDs result respectively in 1350 umol/g and 26
pmol/g of amines.
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4 Carbon Nanodots-based Hybrid
Materials

This chapter focus on the study of nitrogen-doped carbon nanodots
(NCNDs)-based hybrid materials. It is divided into three main
sections. Firstly, a brief and general overview on photofunctional
nanocarbon-based hybrids and supramolecular gels is presented.
Then, novel covalent and supramolecular systems based on NCNDs
and porphyrin are discussed, together with their extensive
photophysical characterization in order to shed light on the dynamics
of charge-transfer and related processes. Finally, CNDs-based
ionogels and their comprehensive characterization are reported.

The work presented in Section 2 has been accomplished with the aid
of Dr. Luka Pordevi¢ (University of Trieste, Italy) for the materials
preparation and of Dr. Volker Strauss and Dr. Alejandro Cadranel
from Prof. Dirk Guldi group (Friedrich-Alexander-Universitat
Erlangen-Niirnberg, = Germany)  for  their = photophysical
characterization. The materials preparation and characterization
presented in Section 3 have been accomplished in collaboration with
the group of Prof. Francesca D’Anna (University of Palermo, Italy),
with the aid of Dr. Carla Rizzo and Prof. Nadka Tz. Dintcheva.

Part of the work presented in this chapter has been used in the
preparation of the manuscripts: “Porphyrin Antennaes on Carbon
Nanodots: Excited State Energy and Electron Transduction” and
“Nitrogen-doped carbon nanodots/ionogels with powerful radical
scavenging activity”.
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4.1 Introduction

4.1.1 Photofunctional nanocarbon-based hybrids

The photosynthetic system is considered the most elaborate nano-
scale biological machine in nature. Photosynthesis involves the
capture of excitation energy by a light-harvesting antenna and its
transfer to the reaction center. The reaction center converts it to
chemical energy, in the form of transmembrane charge separation, via
a multistep electron-transfer reaction. The stored electrochemical
energy is later converted into other forms of biologically useful
energy such as proton motive force.'”

All forms of renewable energy will play important roles to solve
today’s energy issues, however solar energy is clearly the most viable
long-term solution. As a consequence, researchers have paid great
attention to artificial photosynthesis, which showcases of the
nanotechnology ability to address problem of societal importance.’
Artificial photosynthesis involves the mimicry of natural
photosynthetic processes through the application of their basic
principles for the design and assembly of simpler systems, which can
efficiently process solar energy. In this context, the study of photo-
induced electron transfer reactions is pivotal for the design of efficient
artificial photosynthetic systems. A variety of donor-acceptor systems
have been extensively investigated aiming at mimicking the natural
photosynthetic process. Many synthetic methods have inspired
chemists during the last two decades to modulate photoinduced
electron transfer processes in donor—acceptor systems through the
control of their supramolecular ensembles or covalent attachment.*”
In particular, porphyrins and carbon nanomaterials have shown to be
promising building blocks for photoinduced electron transfer

-17
systems.*®
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Porphyrins (Por) have been selected by the evolution as the pigment
of life in heme as well as in chlorophyll."® They are the usual
chromophores of choice to be employed as molecular components of
artificial photosynthetic systems, since they hold some advantages
with respect to other types of electro- and photo-active compounds.'*”
% Porphyrins are macrocycles consisting of 18 m-electrons spread
over four pyrroles and four methyne bridges. The trivial nomenclature
can be found in (Figure 4.1). They are thermally and chemically
stable compounds and possess an intense optical absorption in the
red/NIR region of the solar spectrum. Additionally, the possibility of
tailoring their redox potentials by the careful choice of the metal atom
in the macrocycles’ cavity and/or through adequate functionalization
of the meso- and -positions, represents an appealing feature for their
use in energy-related areas.'®

Q B-position
QO meso-position
© metal coordination

Figure 4.1 Typical structure of a porphyrin showing the four meso-, the eight -

positions and the metal coordination site.

Their ability to harvest light efficiently and, once photoexcited, to act
as an electron donor moiety, have prompted their use for the
preparation of a variety of donor-acceptor hybrids. Their high
electronic excitation energy powers a strong exergonic electron
transfer, which subsequently intercedes the conversion between light
and chemical/electrical energy.>**

Among the acceptor moieties employed for the preparation of
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porphyrin-based donor-acceptor ensembles, carbon nanostructures
such as fullerenes, carbon nanotubes and graphene hold a privileged
position.”

Fullerenes have been found to be an excellent electron transfer
partners for porphyrins and the wide variety of their ensembles have
exerted a noteworthy impact on the improvement of light-induced

: 26
charge-separation systems.”

Indeed, fullerenes possesses excellent
electron acceptor properties, which were exploited, together with its
small reorganization energy, its ability to promote ultrafast CS
(charge separation) and slow CR (charge recombination), for the
construction of a large number of attractive photo- and electro-active
systems.””**
Likewise to fullerenes, carbon nanotubes and graphene can act as
electron acceptor materials when coupled with appropriate electron-

29
donor dyes.”°

In this context, carbon nanodots (CNDs) are beginning to emerge.
CNDs can act either as electron donors or as electron acceptors
depending on the counterpart. Until now, a large variety of covalent
and supramolecular systems based on porphyrin and carbon
nanostructures have been described. However, beside the extensive
studies on their ‘carbon cousins’, the application of CNDs in this
context is still in its infancy.

Pioneering work showed that CND photoluminescence can be
quenched either by electron acceptors (4-nitrotoluene and 2,4-
dinitrotoluene) or donors (N,N-diethylaniline) through an electron
transfer process, since they can act as electron donors or acceptors in

their excited state.’!

Following these pioneering charge-transfer
studies, a few CND-based hybrids were reported. Leading examples
are supramolecular assemblies SWCNT/CND,* PBI/CND,* and

graphene oxide/CND,** featuring a remarkable charge-transfer
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activity and suggesting that CNDs are valuable building-blocks for
the design of photoactive hybrids.

In the following sections, an overview of the porphyrin-nanocarbon-
based strategy for the construction of artificial photosynthetic mimics
is presented.

4.1.1.1  Supramolecular porphyrin-nanocarbon ensembles

The supramolecular strategy is based on the assembly through the
“toolbox” of non-covalent interactions, such as hydrogen bonding,
metal-ligand, cation-crown ether or n-n interactions (Figure 4.2).

a) hydrogen-bonding b) metal-ligand interaction

c)

Figure 4.2 Representative examples of carbon nanostructures-porphyrin
supramolecular systems: a) hydrogen bonding; b) metal-ligand interaction; c) m-

n/metal-ligand interactions; d) m-mt/cation-crown ether interactions.

Hydrogen bonding interactions, by choosing the appropriate motifs,
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allow the fine-tuning of the strength in the resulting supramolecular
complexes and the electronic coupling between the components.
Several elegant model systems, including conjugates held by DNA
base-pairs such as G:C and A:T type Watson—Crick hydrogen
bonding motifs, have been designed and studied.””** For instance,
supramolecular Por/Cgq dyads, based on Watson-Crick hydrogen
bonding interactions by complexation of a fulleropyrroline bearing a
guanosine moiety with cytidine-substituted porphyrin, have been
reported (Figure 4.2a).”” The self-assembly of the guanosine—
cytidine moieties via Watson—Crick three-point hydrogen has been
observed through fluorescence studies in dichloromethane on the
emission of the cytidine-porphyrin as a function of increasing
fullerene derivative concentration. Finally, transient absorption
experiments revealed the formation of radical ion pair species with a
lifetime of 2.02 ps.

Metal-directed self-assembly is another simple yet elegant approach
for forming self-assembled supramolecular donor—acceptor dyads.
Several examples of systems based on functionalized fullerenes,
bearing a nitrogenous ligand (such as pyridine or imidazole), in order
to coordinate the central metal (zinc or magnesium) of porphyrins
have been synthesized and studied.*'**"** The choice of metal ion
depends on the strength of the metal-nitrogen coordination bond, in
addition to the redox behavior and photophysical properties of the
macrocyclic compounds. It has been found that the ligand nature, as
well the relative spatial orientation of porphyrin and fullerene within
the ensemble, affects the communication between the donor and the
acceptor units. For example, a series of Por/Cg systems, shown in
Figure 4.2b, bearing an o- (b), m-(a), p-pyridine (c) or imidazole (d)
ligands have been studied.”'> A 1:1 assembly stoichiometry was
revealed for all the systems, by means of UV-Vis, IH-NMR, mass
spectrometry and computational studies. The K, followed the order o-
pyridyl < m-pyridyl = p-pyridyl << N-phenyl Im. Ab initio methods
showed that the majority of the HOMO was located on the porphyrin
unit, while the LUMO was entirely located on the fullerene moiety.
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Further photophysical studies demonstrated significant interaction
between the two entities. Moreover, the deactivation pathway was
found to be strongly dependent on the solvent media. While in 0-DCB
the main quenching pathway for all the systems involved charge
separation (CS) from the singlet excited porphyrin to Cep, on the
contrary in a coordinating solvent (like benzonitrile) intermolecular
electron transfer takes place mainly from the triplet excited porphyrin
to C60.

The use of non-covalent m-m interactions between appropriately
functionalized molecules and the CNT wall is a valuable strategy for
designing supramolecular assemblies where the electronic properties
of the nanotube remains almost unaffected. In this context, a variety
of Por-CNT systems taking advantage of the strong ©-m interactions
between pyrenes (Py) and CNTs walls have been reported. More so,
the combination of Py-CNT mn-n stacking and metal-ligand
coordination has been used for the preparation of sophisticated three-
component systems with porphyrins and an example is depicted in
Figure 4.2c.”’ In such assemblies, imidazole-substituted Py (Im-Py)
acts as a “bridging” unit thanks to the phenylimidazole moiety that is
able to strongly coordinate to the zinc center of porphyrin while
interacting with the CNT surface through the Py moiety. The
supramolecular assembly of the donor-acceptor moieties was
confirmed through absorption and fluorescence titration studies in o-
DCB. The titration of the porphyrin, with an increasing amount of Im-
Py/CNT, resulted in quenching and red-shifting of the emission bands
of the macrocycles with respect to the uncomplexed porphyrin.
Interestingly, the fluorescence titration of the porphyrin against a
Py/CNT ensemble in which the Py derivative did not have the Im
moiety resulted in a less pronunced quenching, as compared to the
one observed from the system bearing the Im moiety. This result
suggests that the axial coordination between the zinc metal of the
porphyrin and the Im entity, in the bridging Im-Py compound,
facilitates the system formation. Nanosecond transient absorption
spectra  of Por/Im-Py/CNT ensembles revealed that the
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photoexcitation of the porphyrin moiety resulted in the one-electron
oxidation of the donor unit and the simultaneous one-electron
reduction of the CNT, leading to the formation of the charge-
separated specie Zn(II)Por™ /Im-Py/SWCNT".

A combination of n-t and ammonium-crown ether interactions have
also been used to assemble a Por/Py/CNT hybrid, constituted by a
porphyrin peripherally substituted with four crown ether moieties and
a Py “bridging” unit bearing an alkyl ammonium cation group
(Figure 4.2d).** The presence of four crown ether moieties on the Por
macrocycle resulted in complexation of multiple CNT-immobilized,
ammonium-substituted Py units and led to the formation of stable
supramolecular Por/Py/SWCNT complexes.

Therefore, the supramolecular approach allows the preparation, in a
convergent strategy, of thermodynamically reversible assemblies,
whose stabilities are influenced by the careful choice of the
supramolecular interactions, as well as by some external conditions
such as the temperature or the solvent polarity. Rationalizing the
effects of the structural and electronic features on electron/energy-
transfer dynamics open extensive possibilities for
influencing/modulating the systems properties.

4.1.1.2  Covalent porphyrin-nanocarbon hybrid

The covalent approach could be considered as a highly versatile and
simple approach. More so, a substantial impact on the ground and
excited state interactions between porphyrins and fullerenes, carbon
nanotubes, or graphene have been documented in covalently linked
systems. In most cases, however, the covalent functionalization
involves multi-step synthetic processes. Moreover, fullerenes, carbon
nanotubes and graphene have limited solubility in organic and
aqueous solvents, which hampers their large-scale synthesis and use.
Furthermore, direct covalent functionalization converts some of their
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sp° carbons to sp’ carbons, breaking-off the m-conjugations, possibly
altering their electronic properties, and finally impacting their
electronic conductivities and light absorption abilities. In these
ensembles, parameters such as electronic coupling, geometrical
overlap and the nature of the spacer connecting the donor and the
acceptor  moieties  (short/long,  rigid/flexible, = conjugated/
nonconjugated), have been varied with the aim of rationalizing how
these changes affect the formation and recombination of the
photogenerated charged species.

Functionalization of various porphyrin moieties to Cg has been
achieved by standard reactions in fullerene chemistry, which imply
relatively simple steps, such as cyclopropanation reactions (so called
Bingel-Hirsch reaction),” 1,3-dipolar cycloaddition (such as the
Prato reaction), and other cycloadditions.*® Systems built up from
fullerene and porphyrin display among the fastest photoinduced
charge separation and slowest charge recombination to yield a long-
lived charge-separated state with a high quantum yield.

One of the first porphyrin-Cgo-linked dyad is shown in Figure 4.3a,
where fullerene is covalently tethered to a meso-porphyrin aryl ring
at the para-position via an amide bond.'” After excitation of the
porphyrin, the transient absorption due to the porphyrin excited
singlet state appeared. As the absorption decayed, concomitant rise
and decay of the transient bands due to the zinc porphyrin (ZnP)
radical cation (ZnP°+) and the Cg radical anion (Cg ) were
unambiguously detected, demonstrating photo-induced electron
transfer from the porphyrin excited singlet state to the Cgp moiety.
Later on, further studies have shown photo-induced charge separation
and subsequent charge recombination in a series of systems prepared
by changing the linking position at the meso-phenyl ring from para
to ortho."®
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a)

c)

Figure 4.3 Representative examples of porphyrin-fullerene covalently linked diayds.

Systematic studies on the solvent-dependent changes and the
separation distance between porphyrins and fullerenes have been
found crucial in determining the energy balance between the charge
separation states and the exciplex. A representative example of zinc
porphyrin-Cgy dyads, in which the distance between the two moieties
is varied, is reported in Figure 4.3b-d, with the calculated edge-to-
edge distance between the two moieties for the optimized geometries
increases as follow: ¢) (2.6 A) < d) (3.4 A) << b) (11.9 A).'*47
Irrespective of the solvent polarity, photoinduced electron transfer of
the porphyrin-fullerene dyads with a rather long-length linear spacer
(Figure 4.3b) takes place from the porphyrin singlet excited state to
the Cg moiety producing a charge-separated state (ZnP"'—Cgo).
However, the charge-recombination process is solvent-dependent and
can be rationalized by the small reorganization energy of the two
moieties in the electron transfer processes. Indeed, the charge-
separated state decays to different energy states depending on the
energy level of the charge-separated state relative to the Cg singlet
and triplet excited states. In polar solvents, such as benzonitrile, THF
and DMF, since the energy level of the charge-separated state is lower
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than those of the porphyrin and fullerene triplet excited states, all of
the excited states (i.e. the porphyrin and Cg, excited singlet and triplet
states) lead to the production of the charge-separated state with a total
formation efficiency of 99% (in benzonitrile), which slowly decays to
the ground state. On the contrary, in non polar solvents, such as
benzene, the charge-separated state undergoes charge recombination
to yield the Cg singlet excited state, followed by intersystem crossing
to the Cg triplet excited state, since the energy level of the charge-
separated state is higher than that of the Cg singlet excited state.

The two dyads with shorter spacers Figure 4.3c,d disclose different
photophysical behavior. The photoexcitation of ¢ in both benzonitrile
and toluene results in the formation of a new intermediate state,
assigned to an exciplex state, which decays rapidly to the ground state
without forming the charge-separated state. Therefore, the strong
interaction between the ZnP and the Cgy due to the small distance
between the two moieties, leads to the exclusive formation of the
exciplex. This results can be rationalized by the fact that the energy
of the exciplex is lower than that of the charge-separated state even in
a polar solvent such as benzonitrile. On the contrary, the
photoexcitation in benzonitrile of d having a slightly larger edge-to-
edge distance value, results in the formation of the charge-separated
state via the exciplex formation, which is higher in energy than the
charge-separated state, but in toluene the exclusive formation and
decay of the exciplex occurs, as observed in c.

Among the large number of available covalent functionalization
methodologies for SWCNTSs and graphene, such as reactions using
azomethine ylides and aryl diazonium compounds, oxidation is the
most commonly used approach. It involves the treatment under
strongly acidic and oxidative conditions, and results in the formation
of different oxygenated functionalities, mainly carboxylic groups.
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Interesting covalently linked graphene oxide (GO) and porphyrin
composites were prepared by amidation or esterification of the

[ : 7,10,11,49-52
carboxylate moieties of the nanocarbon materials.”'*'"*"

Examples
of covalent linking of porphyrin to oxidized SWCNTSs or graphene
oxide by reacting their carboxylic groups with porphyrin moieties are
illustrated in Figure 4.4a,b, where the strong porphyrin emission
quenching was attributed to a possible electron transfer process.”'”

Moreover, as in the case of porphyrin-Cg linked dyads, the geometry
as well as the disposition of the two moieties have large impacts on
the  photodynamics of covalently linked CNTs- or
graphene—porphyrin hybrids. For instance, for the hybrid reported in
Figure 4.4c,d it was observed the evolution of an exciplex between
the porphyrin excited singlet state and the SWCNT or graphene. The
exciplex decays to the ground state without generating the charge-
separated state, due to the strong interaction between the porphyrin

and CNTs through the short spacers.®’

Figure 4.4 Representative examples of porphyrin-CNTs or graphene covalently linked

dyads.
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4.1.2 Supramolecular gel

Soft materials have been attracting increasing attention as a
‘transformable’ functional class of materials due to their flexibility,
that enables them to change their shape and properties depending on
the conditions.” Gels are soft and jelly-like materials formed from
colloidal mixtures. They are colloidal in nature because of the
dispersion of the gelator (the solid, continuous phase) within a solvent
(the liquid, dispersed phase).>* They are defined as dilute cross-linked
systems, and it is the crosslinks within the fluid responsible of their
structure and stickiness.”

The term supramolecular gel is often used to describe gels that consist
of low molecular weight compounds (often referred to as low
molecular weight gelators, LMWGs) that can self-assemble under the
proper conditions (i.e. temperature, concentration, solvent, etc.) into
nano- or micro-scale network structures, resulting in the formation of
3D networks, which are interconnected by multiple non-covalent
interactions, such as hydrogen bonding, metal coordination, Van der
Waals interactions, m-m stacking interactions, solvophobic or
hydrophobic forces. (Figure 4.5).%°

Gelator
milecules

c—
=
® 00 e
. . . interactions
o —-
00 el

Supramolscular gal
Figure 4.5 Schematic representation of a supramolecular gel formation.*

The high versatility of LMWGs towards synthetic modification
allows a great control of the properties of the gel-phase assemblies.
Moreover, the weak and reversible nature of the non-covalent
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interactions that holds these network structures together results in the
inherent ability of these gels to respond to external stimuli and can
impart interesting mechanical properties. Thus, supramolecular gels
are highly promising candidates for a diverse range of applications:
they have been applied in the photographic, food, cosmetic and
petroleum industries and they have potential uses as biomaterials,
scaffolds (such as in tissue engineering), stimuli-responsive, liquid
crystalline and electronic materials, sensors and catalytic supports, to

name a few.”’ %

Supramolecular gels can be classified either as organogels, hydrogels
or ionogels depending on the solvent medium being either an organic
solvent, water or ionic liquid, respectively. Among them, gelation of
ionic liquids (ILs) by low molecular mass organic compounds is of
current interest because of the many favorable properties of the ILs.
ILs are organic salts, which exhibit low melting temperature, by
convention below 100 °C. The physicochemical properties of ILs can
be tuned by the choice of the anion-cation pair, which opens millions
of possibilities.” Their peculiarity is the negligible vapor pressure,
the thermal stability of the liquid phase, and the high conductivity,
that is usually quite similar to the conductivities of the neat ILs, since
the presence of the gelator usually do not affect the ionic mobility of
the ions present in the ILs.®® Therefore, ionogels are stable materials
over time, resistant up to high temperatures, and represent an
attractive replacement for organic electrolytes, which are generally
volatile and flammable.

The intrinsic hybrid character of ionogels relies on the intimate
combination of an IL and a solid-like network. The solid-like network
may be organic (typically using LMWGs or polymers), inorganic
(typically using oxide nanoparticles or carbon nanotubes), or hybrid
organic-inorganic (typically polymers reinforced with inorganic
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fillers), and the properties of the ionogels derive both from those of
the IL and those of the component forming the solid-like network.

In the presence of another component an additional level of
hierarchical control can be introduced in the self-organization
process.” This is the case of carbon materials incorporation, that has
been widely applied to increase strength and performances of
supramolecular gels.”’ It has been reported an extensive use of
SWCNTs dispersed gels of ionic liquids as soft functional materials.”
Aida et al. reported for the first time that grinding a suspension of
SWCNTs with imidazolium based ionic liquids led to the formation
of physical gels, the so called ‘bucky gel’.”* They have high potential
for electrochemical applications since they simultaneously contain
dispersed a m-conjugated materials (nanotubes) and an electrolyte (the
ionic liquid). These gels have been used in electric double layer
capacitors,” where the carbon nanotubes act as nanoelectrodes and
the ionic liquid serves as an electrolyte, or for the construction of a
bucky gel-based plastic actuator that works in air.”

=—a-CDGs witheut Ph{ll)

== a-CDGs with Ph(IT)

Fluorescence lots

Wavelength / nm

Figure 4.6 On the left: photographs of CNDs-containing hydrogels based on bis(urea)
gelators, in daylight and under UV light (365 nm) illumination. On the right:
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fluorescence emission spectra of a CNDs-hydrogel with (black line) and without (red

line) Pb** (10 pg/mL).”

While several nanocarbons (especially CNTs and graphene) have
been incorporated in gel matrices forming composite material with
superior properties,” only a few examples of supramolecular gels
with CNDs have been so far reported.””””" Recently, Steed et al.
reported the first example of CNDs incorporation within a LMWG-
based hydrogel (Figure 4.6).” It was shown that CNDs increase the
rate of self-assembly and the novel hybrid were successfully used as
hydrophobic environment suitable for fluorescent ion sensing within
an aqueous medium.

4.1.3 Aim of the project

The aim of this project is to explore the use of CNDs for the design
of functional hybrid systems. As previously discussed, various
fullerenes, carbon nanotubes or graphene-based hybrid systems have
been the subject of extensive investigation, representing an active and
fascinating area of research of paramount importance. In this context,
CNDs seems to be a promising candidate, but the research in this field
can be considered at the early stage.

The first part focuses on the use of the NCNDs, presented in Chapter
2, for the covalent and supramolecular decoration with porphyrins as
photoactive building blocks towards CND-based hybrid materials.
Indeed, CNDs seems to be a very promising candidates for the
formation of charge-transfer hybrids with either electron donors or
acceptors. Contrary to other nanocarbons, the surface of CNDs is rich
in functional groups, which provides high intrinsic solubility, on one
hand, and reactive sites for the easy labeling with electroactive
groups, on the other hand. Therefore, we investigated systems in
which for the first time the light harvesting and electron donating
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properties of porphyrins are combined with the electron accepting
features of our NCNDs.

Finally, in light of the outstanting advantages that have been reported
in the recent years on the incorporation on carbon nanostructures in
supramolecular gels, the second part is devoted to the study of the
effect of NCNDs in ionogels.
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4.2 NCNDs with porphyrin antennas:
covalent and non-covalent electron
donor-acceptor hybrids

In this section we report the first detailed photophysical study of an
electron donor-acceptor nanoconjugate employing our NCNDs
(synthesis and characterization are described in Chapter 2) as electron
acceptors, and porphyrins as electron donors.

In the first part, the non-covalent system is studied, in which
porphyrins and NCNDs interact supramolecularly with each other, by
means of photophysical studies in the form of spectrophotometric
titrations. In the next step, the intramolecular interactions in the
porphyrin-NCND covalent hybrid are investigated by transient
absorption measurements, in order to shed light on the dynamics of
charge-transfer and related processes (Figure 4.7).
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Figure 4.7 Systems studied in this section. Tetrakis(4-carboxyphenyl)porphyrin
(TCPP) and nitrogen doped CNDs (NCNDs) on the left, and covalently linked
porphyrin-NCND (TPP-CONH-NCND) nanoconjugate on the right.

4.2.1 Porphyrin/NCNDs supramolecular ensemble

Firstly, we probed the NCNDs in non-covalent ensembles with
porphyrins. To this end, a free-base porphyrin featuring four
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carboxyphenyl acids in its meso positions (5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin, (TCPP)) was employed (Figure 4.7).*

The ground and excited state interactions between NCNDs and TCPP
were studied through titration experiments in phosphate-buffered
H,0 (pH 7.2) of a TCPP solution (3x10° M) with variable
concentrations of NCNDs (0-1.6 g/L), and monitoring the
corresponding absorption and fluorescence changes (Figure 4.8).
Upon increasing the concentration of NCNDs, the Soret band of
TCPP significantly decreases, together with an 8 nm red-shift relative
to the TCPP reference and the appearance of an isosbestic point at 420
nm (Figure 4.8a). In addition, the Q-bands shift from 517, 554, 581,
and 635 nm to 520, 557, 594, and 650 nm when NCNDs are added.
The large shifts of the Q,-bands relative to the small shifts of the Q,-
bands reflect an increase of the symmetry in the porphyrin electronic
structure from D»;, toward toward D4h.81

When turning to the fluorescence assays of TCPP with NCNDs,
similar trends were observed (Figure 4.8b): the two typical free-base
porphyrin maxima are shifted from 645 and 701 nm to 652 and 715
nm, respectively. Additionally, an overall quenching of the TCPP
centered fluorescence was observed and reached 40% relative to the
TCPP reference. In an attempt to quantify the interactions between
TCPP and NCNDs the integrated fluorescence intensity was plotted
versus the NCND concentrations (inset Figure 4.8b). The
corresponding exponential behavior in the Stern-Volmer plot
indicates that fluorescence quenching, within the newly formed
assembly TCPP/NCND, is static rather than dynamic.

Reversed titration experiments, during which variable amounts of
TCPP were added to NCNDs, showed quantitatively similar
observations, with the spectra reported in Figure S4.2 (experimental
section). As the amount of TCPP increases, the absorptions shift from
422, 519, 556, 591, and 645 nm to 414, 518, 555, 579, and 637 nm,
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respectively. In addition, the NCND centered fluorescence, which
was selectively excited at 300 nm, is quenched with increasing
amounts of TCPP.
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Figure 4.8 a) Absorption spectra of TCPP (blue, 3 x 10 M) during the course of a
titration with NCNDs (blue>green>red, 0 — 1.6 g/L) in phosphate-buffered H,O (pH
7.2) at room temperature; b) fluorescence spectra of TCPP (blue, 3 x 10 M) during
the course of a titration with NCNDs (blue>green>red, 0 — 1.6 g/L) in phosphate-
buffered H,O (pH 7.2) upon excitation at 550 nm at room temperature. Inset:
Relationship of Io/I of TCPP, using the wavelength corrected integrated emission

intensities, versus the concentration of NCNDs.

Notably, none of the above spectral changes were present in
H,O/THF (1:1 v/v, Figure S4.3, experimental section), suggesting
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that hydrophobic interactions are pivotal in the formation of the
TCPP/NCND assembly.

The excited state dynamics of TCPP were found to be affected by the
presence or absence of NCNDs by means of femtosecond transient
absorption. The differential absorption spectra of TCPP reference
alone (in H,O at pH 7.2) showed, upon photoexcitation, the evolution
of typical absorption pattern of a free-base porphyrin (Figure S4.5,
experimental section).82 Particularly, the minima at 520, 584, and 650
nm reflect the ground-state bleaching of the Q-bands while the broad
positive signal spanning through the entire visible range is assigned
to excited state absorptions. At time delays as early as 500 ps, the
growth of the triplet excited state absorptions is noted at 460 nm. As
a matter of fact, the formation via intersystem crossing takes place
with a lifetime of 17 ns, while for the decay via ground state recovery,
a lifetime of 220 ps is derived.

On the other hand, the differential absorption spectra of the
supramolecular TCCP/NCNDs complex (TCPP in presence of an
excess of NCNDs, in H,O at pH 7.2) are depicted in Figure 4.9. The
minima at 521, 593, and 654 nm correspond again to the Q-band
absorptions. Most importantly, new transients, which are at ~460 and
in the 600-750 nm range, are neither detected for TCPP nor for
NCNDs alone. We assign these features, in line with
spectroelectrochemical investigations, to the one-electron oxidized
form of TCPP. The accordingly formed charge separated state
converts into ground state with a lifetime of 1270 ps.
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Figure 4.9 a) Differential absorption spectra obtained upon femtosecond pump probe
experiments (A = 550 nm) of TCPP/NCNDs (TCPP: 3 x 10 M; NCNDs: 5 g/L) with
several time delays between 2 and 5000 ps in phosphate-buffered H,O at room
temperature; b) corresponding time profiles at 470 (blue), 620 (green), and 685 nm
(red).

4.2.2 Porphyrin-NCNDs covalently linked system

The porphyrin-NCND nanoconjugate was prepared through the
covalent coupling (carbodiimide condensation reaction) of the free
amino functional groups of NCNDs with a carboxyphenyl peripheral
moiety on the porphyrin (5,10,15-tri(4-tert-butylphenyl)-20-(4-
carboxyphenyl)porphyrin (TPP-COOH)) in a DMF solution,
overnight.*® The hybrid material, denoted as TPP-CONH-NCND, is
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obtained as a purple solid by washing with organic solvents and
dialyzing against H,O to remove the unbound molecules (details in
the experimental section).

The TPP-CONH-NCND nanoconjugate has been found to be soluble
in H,O and in polar organic solvents such as MeOH or EtOH, forming
stable solutions at least for several weeks (Figure S4.8, experimental
section). Thus, the coupling of TPP to NCNDs results in the solubility
in aqueous media of a porphyrin otherwise almost completely
insoluble.

The formation of TPP-CONH-NCND was monitored by FT-IR
spectroscopy. The spectrum of the nanohybrid (Figure 4.10, red line)
shows the typical bands of NCNDs, as reported in Chapter 2, and the
typical 820 cm™ band due to the out-of-plane bending vibration of the
pyrrole C-H groups, two well defined peaks at 1642 and 1570 cm™
that are characteristic of stretching and bending modes of carbonyl
and N-H groups, respectively, of the amide units, and the
disappearance of the 1695 cm™ band due to the carboxylic acid of the
free TPP-COOH.

Transmittance

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm’”

Figure 4.10 FT-IR spectra of TPP-COOH (blue line), NCNDs (green line), and TPP-
CONH-NCNDs (red line).
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The size of the TPP-CONH-NCNDs was found to be around 5 nm
(Figure 4.11), by atomic force microscopy in contrast to 2.5 nm for
the free NCNDs (as reported in Chapter 2).

d/pm

Figure 4.11 Representative tapping mode AFM image of TPP-CONH-NCND
conjugate (2.0 x 2.0 pm) on a mica substrate (left) and height profile (right).

The steady-state absorption and fluorescence spectroscopic
measurements of the TPP-CONH-NCND hybrid and references
(TPP-COOH and NCNDs) are reported in Figure 4.12. The
absorption spectrum of the reference TPP-COOH reveals the typical
Soret band at 414 nm and Q bands at 518, 555, 581, 636 nm (Figure
4.12a, blue line). On the other hand, NCNDs (Figure 4.12a, green
line) exhibit a broad maximum at 287 nm and a featureless absorption
trailing into the visible. In the case of the hybrid material (in H,O),
the Soret and Q bands of the TPP-CONH-NCND nanoconjugate are
broadened and significantly red-shifted to 444, and 523, 556, 597, and
650 nm, respectively. The absorption corresponding to the covalently
grafted NCNDs is blue-shifted by 6 nm as compared to free NCNDs
(Figure 4.12a, red line). From the latter shift, we deduce the close
proximity between TPP and NCNDs and mutual electronic
communication in the ground state.

Subsequently, the excited state of the TPP-CONH-NCNDs was
investigated, by exciting NCNDs and TPP at 300 and 422 nm,
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respectively, and comparing them with references NCNDs and TPP-
COOH alone (after adjusting to the same optical density) (Figure
4.12b). Upon excitation at 300 nm, a drastic quenching of the intense
NCNDs fluorescence at 360 nm and the evolution of an additional
fluorescent feature at ~450 nm was observed. Likewise, when the TPP
moiety of the TPP-CONH-NCNDs is selectively excited at 422 nm,
which correlates with the isosbestic point seen in the titration
experiments with TCPP and NCNDs, a significant fluorescence
decrease is observed. Additionally, the fluorescence peaks are red-
shifted from 645 and 715 nm in the TPP-COOH reference, to 651 and
721 nm, confirming the electronic interactions between TPP and the
NCNDs.

In contrast to the results obtained in H,O, complementary absorption
and fluorescence assays in H,O/THF (1:1 v/v) showed only subtle
changes. The absorption spectrum of TPP-CONH-NCNDs is only
slightly broadened in the Soret band range, while the NCND-centered
absorption is, like in H,O, blue-shifted by ~8 nm (Figure S4.4).
When comparing the fluorescence spectrum of TPP-CONH-NCNDs,
upon excitation at either 290 or 550 nm, with that of either the TPP-
COOH or the NCND references, a significant quenching evolves in
all cases (Figure S4.4). Similarly to the H,O experiments, an
additional shoulder at ~445 nm appears upon 300 nm excitation of
TPP-CONH-NCND:s. In contrast, the porphyrin fluorescence in TPP-
CONH-NCND is quenched by 40%, but was not shifted with respect
to the reference experiments with TPP-COOH.
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Figure 4.12 a) Absorption spectra of TPP-COOH (blue line), NCNDs (green line), and
TPP-CONH-NCND:s (red line) in phosphate buffered H,O; b) fluorescence spectra of
TPP (blue line), NCNDs (green line), and TPP-CONH-NCNDs (red line) in phosphate
buffered H,O upon excitation at 300 nm (left panel) and 422 nm (right panel) at room

temperature.

Following this, the TPP-CONH-NCNDs and TPP-COOH excited
state nature and dynamics were investigated in H,O/THF (1:1 v/v) or
in H,O (pH 7) (Figure S4.7). The transient absorption measurements
of reference TPP-COOH (Figure S4.6), upon excitation at 550 nm,
showed minima at 515, ~550, 593, and 691 nm that reflect the ground
state absorption of the Q-bands. Notably, the entire visible range is
superimposed by a broad positive transient stemming from excited
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state absorptions. Moreover, the singlet excited state decays within
7.5 ns via intersystem crossing to the triplet excited state. For the
latter, a lifetime of 2.2 ps was determined.

On the other hand, the situation in TPP-CONH-NCNDs is quite
different, as can be observed in Figure 4.13. In this case, the minima,
which are discernable at 593 and 651 nm, confirm the porphyrin
excitation. Within about 500 ps, two rather broad transient maxima
evolve at ~650 and ~1090 nm in sound agreement with the presence
of the one-electron oxidized form of the porphyrin. From the latter we
conclude that the charge separation evolves from the TPP singlet
excited state. On a longer time-scale, charge recombination sets in,
for which we determined a lifetime of ~3.5 ns. In contrast to TPP-
COOH alone, no evidence for ISC was noted.

Thus, these results corroborate an efficient charge separation between
the electron donating TPP and the electron accepting NCNDs. The
excited state deactivation via a charge separated state was observed
upon excitation into either the second singlet excited state of TPP at
387 nm or into the first singlet excited state of TPP at 550 nm (Figure
4.14).
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Figure 4.13 a) Differential absorption spectra obtained upon femtosecond pump probe
experiments (A = 550 nm) of TPP-CONH-NCNDs with several time delays between
2 and 5000 ps in H,O/THF (1:1 v/) at room temperature; b) corresponding time
profiles at 680 nm.
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Figure 4.14 Energy diagrams illustrating the excited state decay for TPP (left) and
TPP-CONH-NCND:s (right) upon excitation into the porphyrin S, state (550 nm).
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4.3 NCNDs/Ionogels

In this section we report CND-based ionogels and the systems studied
are illustrated in Figure 4.15.

We focused our attention on two dicationic organic salts (DOSs) as
gelators, formed by meta- or para-substituted diimidazolium (3,3’-di-
n-dodecyl-1,1’-(1,3-phenylenedimethylene) diimidazolium or 3,3’-
di-n-dodecyl-1,1’-(1,4-phenylenedimethylene) diimidazolium)
cation- 1,4-benzenedicarbolyxate anion, hereafter named as as m-C,
or p-Cy,, which exhibit good gelation ability in some ionic liquid
solutions.* We tested their gelling ability in the presence of NCNDs
(synthesis and characterization are described in Chapter 2), by using
some of the most common ionic liquids (ILs). In order to shed light
on the ability of NCNDs to cooperate in the gelation process, we
selected 1-butyl-3-methylimidazolium tetrafluoroborate
[bmim][BF,4] and 1-butyl-3-methylimidazolium N-bis-
trifluoromethansulfonilimide [bmim][NTf,], since in the first the
chosen gelators are able to form the gel, while the second is a non-
gelating solvent.

In the first part we have investigated the gel properties. We studied
the critical gelation concentration, as well as the thermal and
photophysical properties of the novel hybrid gels. The gel phase
formation was followed by opacity measurements and resonance light
scattering (RLS) analysis. The rheological response of gel phases,
their ability to self-repair after disruption and their morphology have
been also investigated. Finally, we tested also their radical scavenging
activity, by using the common 1,1-diphenyl-2-pycryl radical (DPPH)
test.
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Figure 4.15 Schematic representation of the gels components. Solvents: [bmim][BF,]
(X =BF,) or [bmim][NT£f] (X = NTf,). Nitrogen-doped CNDs (NCNDs). DOSs: 3,3°-
di-n-dodecyl-1,1’-(1,3-phenylenedimethylene) diimidazolium- or 3,3’-di-n-dodecyl-
1,1’~(1,4-phenylenedimethylene) diimidazolium- 1,4-benzene-dicarbolyxate anion (m-
Ci, or p-Cy). The combination of ILs, NCNDs and DOSs (as reported in the
experimental section) resulted in a) white opaque gel in daylight and b) blue-emitting

gel under UV light (365 nm) illumination.

4.3.1 Gelation tests

Gelation tests have been performed in presence of different quantities
of NCNDs (Table 4.1). Thermoreversible and white opaque gels have
been obtained, as evidenced by the tube-inversion test*® that
exhibited blue emission under UV irradiation (Figure 4.15).

Table 4.1 Gelation tests of diimidazolium salts in the presence or in the absence of

different amount of NCNDs.

[bmim][BF,] [bmim] [NTf,]

DOS NCNDs" DOS*  appear.” T.. DOS* appear. T,

m-Cy, 0 5.0 0G* SM 5.0 p?
3.3% 0G* 243 3.3 pe
0.05 5.0% 0G 26.3 6.0 PG
3.7 PG
0.1 5.0 0G 285  5.2% 0G SM
3.6% 0G 312 42 S
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2.5 PG
p-Ci 0 5.0 0G* 53.4 5.0 p¢
3.3% 0G* 445 3.3 pe
0.025 5.0 0G 412
3.7% 0G SM 3.6 0G 38.9
2.5 S 2.5% 0G 41.1
1.6 PG
0.05 5.0 0G 4.9
3.7% 0G 488 35 0G 354
2.5 S 2.7 0G 39.0
1.8% 0G 342
0.8 S
0.1 5.0 0G 483 5.0 0G 2.8
3.5% 0G 490 4.1 0G 43.6
2.3 S 3.1 0G 40.9
2.2% 0G 41.0
1.1 S

a. Concentration of NCNDs in ILs or gels, and concentration of DOS in gel, (%, w/w);
b. appearances: OG = opaque gel; P = precipitate; PG = gel-like precipitate; S = soluble;
SM = soft material (the gel did not support the weight of the lead-ball for 7.,
determination); c. T, (°C) determined by the lead ball-method and reproducible in 1

°C; d. data from reference 85; *critical gelation concentration (CGC) values.

Gels of both DOSs in [bmim][BF,4] were stable also in presence of
NCNDs. In general, these gels pertain almost the same properties of
the corresponding pure gels as evidenced by the critical gelation
concentration (CGC) and the thermal stability, i.e. the temperature of
phase transition from gel to solution (7). Indeed, only in the case of
gel formed by m-Cy, in [bmim][BF,] with 0.05 wt % of NCNDs, the
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CGC was higher in respect to pure gel (5.2 wt % instead of 3.3 wt %,
respectively).

To simplify, now on, all gels will be indicated as DOS acronym/anion
of'ionic liquid used as gelation solvent-NCND with the corresponding
concentration, meaning for the above gel: m-C1,/[BF4]-NCNDy ¢s.
On one hand, NCNDs do not disturb gel phase formation and their
properties, on the other hand they are not able to favour gel formation
at lower DOS concentrations, respect to CGC values of pure gels, as
was reported for hybrid organogel containing carbon nanotubes.®
Nevertheless, a small amount of NCNDs was able to induce gel
formation in solutions of [bmim][NTf;] and DOSs, that without
nanodots resulted in precipitate formation after heating and cooling.
We hypothesized a positive contribution of nanodots as centres for
hydrophobic nucleation and cross-linking nodes for self-assembled
fibrillar network. Indeed, nanodots should be able to interact with
fibres by hydrophobic and -7 stacking interactions.” In our NCNDs,
the amino and carboxylic groups present on their surface should give
a hydrophilic contribution, resulting in a counterbalance of n-n
stacking and hydrophilic interactions among NCNDs, DOS and IL,
that favors the gel formation also for solutions in which gelation is
normally inhibited.

Interestingly, CGC values of p-Ci, in [bmim][NTf;] are lower than
the ones of the corresponding gels in [bmim][BF4] (2.5 wt % vs 3.5
wt %). In agreement on what previously observed for ionogels,* the
largest CGC values were obtained in the IL having the largest
hydrogen-bond accepting ability, B (= 0.376 and 0.243 for
[bmim][BF,] and [bmim][NTf], respectively).*®

Additionally, also small quantities of NCNDs cooperate in gel
formation obtaining soft materials with comparable thermal stability.
Generally, NCNDs-gel reflects properties of pure ionogels, i.e. p-C,
form more thermal stable gel than m-C,, and with lower CGC values.
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4.3.2 Rheological properties

For comparison purposes, rheological measurements of NCND-gels
have been performed by using 5 wt % of DOS and 0.1 wt % of
NCNDs for gel preparation. In addition, to study the effect of the
NCNDs amount on the properties of the final gel the p-C;,/NTf,
system was taken into account. Rheological properties of m-C,,/NTT;-
NCND, ; were not determined since its thermal stability at 25 °C was
too low.

Soft materials behaved as classical gels, showing a dependence of
moduli (G’, storage modulus and G’’, loss modulus) on % strain
applied, y (Figures 4.16a, S4.9). In particular, storage moduli were
larger than loss ones until they reached the crossover point (y at G’ =
G’”) where they were inverted. The crossover point represents the
value at which disruption and collapse of the gel state can be ascribed.
In addition, fixing a % value of strain within the linear viscoelastic
region (LVR), the independence of moduli on the angular frequency
has been observed (Figures 4.16b, S4.9). Values of G’ were always
larger than G’ in the last measurements.

To allow a better comparison of gel properties, values of moduli and
rheological parameters such as the crossover point and tand = G*’/G’
can be considered (Table 4.2).

The data show how the increasing quantity of NCNDs give rise to a
stronger material. Indeed, even if the disruption of gel phase occurs
at almost the crossover point (y at G* = G”’), the value of elastic
modulus for p-C,,/[NTf,]-NCNDy ; is doubled in respect to the one of
p-C1o/[NTf,]-NCNDg o5, but the further decrease of NCNDs
concentration do not cause a further decrease in gel strength. The
observed trend, i.e. the increase of gel strength as function of
increasing amount of nanomaterials was also evidenced for hybrid-

organogels and hydrogels already reported.®”**
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Figure 4.16 a) Strain sweeps and b) frequency sweeps for gels of p-Cio/NTH,-NCND
at 5 wt % of DOS and at different concentrations of NCNDs.

Table 4.2 Elastic and viscous moduli, G* and G’’; tan 6 and y value at G’ = G’” at 5 wt

% DOS concentrations and 25 °C. Error limits are based on the average of three

different measurements with different aliquots.

Gel G’ (Pa) G’ (Pa) tan & v at G’=G”’
p-Co/[NTH]- 12400+1600°  4900+1200=  0.39+0.06=  2.49+0.01%
NCNDy,
p-Co/[NTH]- 6000+£2000" 2400+7002  0.43+0.062 2.0+0.5%
NCNDO.()S
p-Co/[NTH]- 6600+400" 2600£5002  0.39+0.062 2.6+0.1%
NCND()A()ZS
p-C1o/[BF4]- 18020° 9010 0.51+£0.01° 9+1%
NCNDy,
m-C,/[BF,]- 2000+£400° 50041902 0.24+0.042 70£10%
NCNDy,

a. values at y = 0.025%; b. values at y = 0.063%.

Despite this positive effect of NCND on gels formed in
[bmim][NTT;], NCND-gels in [bmim][BF,] seem much weaker than
the corresponding pure gels (G’ = 4000 Pa and G’ = 20000 Pa for p-
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Cy, and m-C;, pure ionogels). As a comparison, we should consider
that low values of G’, comparable to ours, have been also observed
for hybrid-hydrogels reported by Steed ef al., that are the most similar
systems to our ionogels.”” However, also in [bmim][BF,;]/NCND-
gels, the presence of NCNDs is advantageous, as in both cases the
crossover point of hybrid gels is obtained at larger y percentage than
pure gels (=9 % vs = 3 % for p-C,,/[BF4]-NCND ; and corresponding
pure gel; y= 70 % vs =7 % for m-Cp/[BF;]-NCND,; and
corresponding pure gel). This suggests that the presence NCNDs in
the gel made the organization of the composite flow harder than the
one-component gel. The prolonged LVR could be attributed to the
effect of good dispersion of NCNDs in the gel matrix, as previously

858 Therefore,

reported for some carbon nanotubes hybrid organogels.
our NCNDs enhance the properties of systems not able to gel in their
absence, but exert a slightly destabilizing effect on the rheological
properties of systems able to self-assemble without NCNDs.
Considering the p-C;, gels with the same amount of NCNDs, it is
clear that gel formed in [bmim][NTf;] shows higher resistance than
the one formed in [bmim][BF,]. In addition, m-C,,/[BF;]-NCNDy ; is
surprisingly stronger than the corresponding gel formed by para-
substituted DOS.

To conclude, the presence of NCNDs influences properties of the
materials. Indeed, for pure ionogels, as general trend, gelator
presenting para-substituted cations exerted better rheological
response than meta-substituted ones. These data well support the
previous hypothesis of a NCNDs stabilizing effect on systems less
organized and a destabilizing one for more organized gels.

4.3.3 Self-healing properties

The ability to self-repair after exposure to external stimuli could be
pivotal for the implementation of gels in devices. Indeed, a gel should
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be more manageable if we imagine spreading it on a surface when it
is more fluid. On the other hand, it should be able to restore its
strength after rest. This property has been extensively studied for
hydro- and organogel,” but it has been scarcely analysed for hybrid
ionogels. For these reasons we investigated the ability of our gels to
self-repair after exposure to magnetic stirring (thixotropy) and
ultrasound irradiation (sonotropy) (Table 4.3).

The ability to restore after disruption of a mechanical force was
observed only for hybrid gels formed in [bmim][NTf;], according to
their best rheological response. The thixotropy of the gel was further
confirmed with a rheological test (Figures 4.17, S4.10). Additionally,
all the gels resisted to the action of ultrasound irradiation with the
only exception of m-C;,/[BF4]-NCNDy ;, which showed sonotropic
behaviour.

Table 4.3 Results of self-healing ability tests of the gels at 5 wt % of DOS, in terms of

sonotropy and thixotropy.

Gel Thixotropy Sonotropy
p-C1o/[NT£,]-NCNDy Yes Stable
Pp-C1o/[NTH,]-NCND o5 Yes Stable

P-C1o/[NTH]-NCNDg 25 Yes Stable
p-C12/[BF4]-NCNDy No Stable
m-C»/[BF4]-NCND No Yes
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Figure 4.17 G’ and G’ at 25 °C as a function of time for p-C;»/[NTf,]-NCND,;: at

low (G’ > G* regimes, v = 0.025 %) and destructive strain (G’ > G’ regimes, y = 68
%).

When low levels of strain in the LVR were applied after the disruption
of the gels, G’ was higher than G”’, demonstrating its recovery. The
percentage of gel recovery was estimated comparing initial G’ values
with the ones obtained in the LVR after disruption (Table 4.4).

Table 4.4 Percentage of G’ recovered after gel disruption.

Gel 1° cycle recovery 2° cycle recovery

p-C12/[NTH,]-NCND,

19% 9%
p-C1o/[NT£]-NCNDy o5 27% 26%
p-C1o/[NT£]-NCNDy 015 67% 41%

Interestingly, the recovery depends on the amount of NCNDs in gel

matrix, as it increases with low quantity of NCNDs. These data
indicated a good response of gels to the external force applied. Indeed,
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gel networks were restored also after the second disruption. In
addition, a further partial loss of G’ was observed only for p-
C1o/[NT1;]-NCNDy ;, while for other gels it stayed almost constant.

4.3.4 Kinetic of gel formation

Kinetic of gel formation was also investigated for all the gels of p-
Cyp, since gels formed by m-C;, gelators presented a really slow
kinetic of formation that could not be followed. This trend recalls
what previously reported also for some pure ionogels by m-Ci,
gelators.®

Gel formation was determined by recording the absorbance of gel
phases at 568 nm (Figures 4.18, S4.11). In this way, it is possible to
have information on the opacity of the gel, which is qualitatively
related to the number and the size of polydisperse nanostructures in a

system, and also to the crystallinity of a gel.”'

568 nm. (ﬂ. I.I.)

Abs

L L
0 110" 210 310 410" s510°  610°

time (s)

Figure 4.18 Kinetic of gel formation for p-C,,/[NTf,] with different amount of NCNDs
at 25 °C.

In all cases we can observe that the gel formation occurred through a
two-step mechanism. Indeed, the absorbance rapidly increases
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keeping constant for a long interval of time, and this first step could
be ascribed to the aggregate nucleation, while in the second step, the
absorbance further increases until reaches a constant value
corresponding to the completion of gelation. Bearing in mind that the
self-assembly process can involve fibers (i.e. 1D objects) formation
before the 3D networks of self-assembled fibrillar networks are
completed, we attribute the kinetic trend to initial formation of
aggregates that subsequently rearrange to form gel phases.

According to Liu ef al. carbon materials slow down the kinetic of gel
formation due to a strong interaction between nanotubes and the

gelator,®

and the same effect seems to be also induced by our
NCNDs. Indeed, the comparison between the kinetic of formation for
p-C12/[BF4]-NCND, ; and the corresponding pure gel reveals that the
hybrid gel presents an induction period of nucleation equal to 7 h
while for pure gel it was equal to 1.5 h. Furthermore, the gradual
increase of NCNDs caused a different kinetic of gel formation as
small amount of NCND-gels shows a quite faster kinetic, while the
increase of NCNDs in gel matrix extended the nucleation period and
subsequently the gel formation occurred at larger interval of time.
Additionally, for p-C,,/[NTf,]-NCND; a drop in crystallinity values
can be observed in respect to hybrid-gels with fewer amounts of
NCNDs.

4.3.5 Fluorescence properties

Differently from water solutions (data reported in Chapter 2) the
optimal excitation wavelength of NCNDs in ILs was shifted to 340
nm or 355 nm inducing the highest emission band at ~ 420 and = 450
nm, for [bmim][BF,] and [bmim][NTf,] solutions, respectively. The
dissolution of NCNDs in both ILs induced a significant increase in
fluorescence emission by increasing the NCNDs amount from 0.025
to 0.1 wt %. The enhanced emission was more consisted in
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[bmim][BF,] than in [bmim][NTf,] (Figure S4.12). This result
underlines how the different nature of the IL’s anion plays an
important role in the interaction with carbon dots. Dupont et al.
attributed this phenomenon to the IL charged stabilising layer that
could affect the nanoparticle electrostatic potential.”>

Fluorescence spectra of the NCNDs-IL solutions in presence of DOS
(all measurements were carried out at 5 wt % of gelator concentration)
showed a fluorescence intensity drop, probably due to the strong
interaction hold between diimidazolium salt and NCNDs. The
fluorescence decrease is even more evident in the condensed phase
(Figures 4.19, S4.13).

500

= = S0L p-C12/BF4-NCNDs 0.1
i GEL p-C12/BF4-NCNDs 0.1
----- SOL p-C12INTI2-NCNDs 0.1
X | et GEL p-C12/NT{2-NCNDs 0.1

400

I{a. u)

A (nm)

Figure 4.19 FL emission spectra of hot solutions and hybrid-ionogels recorded at the
optimal excitation wavelength of 340 and 355 nm for [bmim][BF,] and [bmim][NTf]

solutions, respectively.

The decrease of NCNDs emission could be ascribed both to the
interaction of nanoparticles with DOSs and to the opacity of the
matrices. Similar results were previously obtained for organogels
formed by a gelator capped with CdSe/ZnS quantum dots and for the
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hybrid sol-gel matrices used for the obtained of thin films. In the last
case, the fluorescence is highly reduced when compared to solution.”
FLQYs of the gels ranged from 2.87% to 6.83% (Table S4.1).
According to the NCNDs emission in IL solutions, the gel
fluorescence increases with a larger NCNDs amount, in addition the
least opaque gel (p-Co/[NTf;]-NCNDy ;) presents the higher FLQY.
On the other hand, in contrast to solution measurements, gels formed
in [bmim][NTf,] are more emissive than the ones in [bmim][BF,].
Interestingly, the comparison of gels with different DOSs as gelators
shows the higher fluorescence for m-C,, gels than p-C,,, and this is
probably related to the opacity of the gels.

Therefore, it is clear that the combination of NCNDs with ionogels
drastically changes properties of pure materials. Nevertheless,
NCNDs keep their characteristic features, and even if the fluorescence
is reduced in the hybrids when compared to the solutions, this result
is consistent for a gel phase.

4.3.6 Morphological investigation

The realistic representation of the hybrid-gel morphology could be
achieved with a technique that allows observing both nanoparticles
and gel network in their forms. To this aim, AFM measurements were
performed on p-C/[NTf,]-NCNDy; as a representative gel, that
showed the best performance.

From height images (Figure 4.20a,d) it is possible to recognize the
gel 3D network, which seems characterized by a thick texture, where
trunk-like fibers tightly intertwine. The thick texture morphology was
consistent with the one reported for pure ionogel,* and a fiber dense
3D network was observed also for carbon dots-hydrogels.”>” In
Figure 4.20b,c.e,f are reported amplitude images, that being
equivalent to a map of the slope of the sample, often display the shape
of the sample more easily. Quasispherical nanoparticles arranged on
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the compact gel network can be identified, having nanometric
dimensions respect to the micrometric ones of the gel network.
Unfortunately, the size of NCNDs could not be measured due to the
presence of the gel matrix. Interestingly, in Figure 4.20f a cross-
linked structure formed around the nanodots can be observed,
strengthening the hypothesis that NCNDs are active components in
the gel network formation. This tight interaction between carbon
nanomaterials and gelators could be confirmed also by comparison
with other hybrid gels. Indeed, fibers crossed over the surface of
graphene oxide sheets were also observed for some hybrid

organogels.®”” Furthermore, it has been reported that the addition of
87,94

carbon nanotubes in organogels gave rise to fibers.

17,6 nm

14,0
12,0
10,0

Figure 4.20 Tapping-mode AFM images of the hybrid-ionogel drop-casted on a mica
surface. a), d) Heights images; b), ¢), €), f) amplitude images.

4.3.7 Aggregation studies

To have insights on the presence of aggregates in the hybrid gels, RLS
investigation was performed, since it allows detecting the presence of
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aggregates formed by different systems in solution, especially
chromophores.” In addition, RLS intensity can be related to the size
of aggregates and, generally, it simultaneously increases with the size
of aggregates.” Figure 4.21 shows values of RLS intensity maxima
for hot solutions and gels (Table S4.2).
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Figure 4.21 Histogram showing the values of RLS intensity maxima for solutions and

gels.

As stated above, the nature of the IL used as gelation solvent
drastically changes the gel properties. This particularity can be
observed also from RLS measurements; indeed, aggregates in
solution of [bmim][BF,] are unpredictably larger than the one of the
gel, while the opposite trend can be recognized for systems in
[bmim][NTT;]. This behaviour, once again, underlines the different
interaction among NCNDs, DOS and IL. In the first case, larger
aggregates rearrange in smaller ones for the obtainment of the self-
assembled fibrillar network according to pure ionogels.*’ In the
second case, the self-assembly process probably involves fiber
formation of 1D objects with smaller size before the 3D networks is
formed with aggregates presenting larger size. Interestingly, the
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amount of NCNDs significantly influences the size of the aggregates
in solution, as more nanoparticles in solution form larger aggregates.
The only exception is observed for m-C;,/[NTf;]-NCNDy that is the
weakest gel. In addition, lowest Iz s values were detected for m-C,-
gels, and the presence of smaller aggregates could also explain the
higher fluorescence of these gel phases.

4.3.8 Anti-radical activity

The anti-radical activity of CNDs has been recently reported, and
their potentiality in quenching reactive radical oxygenated species is
due to the presence of defects and unpaired electrons on the surface.
Moreover, their m-conjugated nature is likely to facilitate charge
transfer and electron storage.”’ The use of CNDs anti-oxidant
properties has been studied especially for biological purposes, but, it
is well known that processes of auto-oxidation can involve also the
%9 For this

reason, we envisage that our hybrid ionogels might be used as sensors

conservation, hence preservation, of cultural heritage.

for the detection of radicals or as coating materials for artworks in
order to prevent auto-oxidation processes. To this aim we analysed
the radical scavenger efficiency of our hybrid ionogel. For this test,
the gel p-C»/[NTf]-NCNDy; was chosen, since is the most
fluorescent gel among the ones tested, and an interesting relation
between fluorescence and radical scavenger efficiency has been
recently reported for carbon dots solutions.'”

The gel was exposed to a DPPH solution, modifying opportunely the
procedure of the most common free radical assay used gel
System.lol,loz

The solution of DPPH in contact with the gel rapidly changed its
colour from dark purple to light yellow (Figure S4.14). The
efficiency of the gel scavenger activity was measured by monitoring

the disappearance of the radical absorbance peak at 517 nm in relation
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to the absorbance of a DPPH solution unexposed to the gel phase
(Figure 4.22).
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Figure 4.22 UV-Vis absorption spectra of DPPH solutions in contact with p-
C1o/[NT£,]-NCNDy; at different intervals of time.

The efficiency of the gel was surprisingly high even after just 5
minutes of contact between the radical solution and the gel and it
reaches the maximum value in 1 hour (Table S4.3). Interestingly, the
gel phase keeps its nature even after long exposure to the radical
solution, so, we are confident that this matrix could be used as coating
materials keeping high efficiency also for prolonged exposure.

In order to understand which component gave rise to the anti-radical
efficiency, we exposed to the DPPH solution the NCNDs and the
DOS-IL solution, separately (Table S4.4). It is worth mentioning that
the CNDs in contact with the etheric DPPH solution were not soluble
and did not exhibit any anti-radical activity, but when they were
dissolved in methanol, the DPPH solution turned yellow. Therefore,
it seems that the solubilization of CNDs in a matrix is crucial for them
to behave as radical scavenger, indeed their activity has been so far

. - 100,1
reported only in solution.'**'?®
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The efficiency of DOS-IL solution is moderate compared to the
NCNDs one, however even the NCNDs alone cannot achieve the
strong efficiency of the hybrid gel. Therefore, the interaction between
NCNDs and ionogel generates a positive effect on the final properties
of the material.

Additionally, the radical scavenger activity of the hybrid gel is
comparable with the one of L-ascorbic acid. In the same conditions
used for gels, the radical scavenger activity of the well-known anti-
oxidant was tested for the pure acid and for a solution of DOS-IL in
which an amount of acid was previously dissolved. After 15 minutes,
both systems presented the same anti-radical efficiency (76% for L-
ascorbic acid system and 78% for p-C,»/[NTf,]-NCND,;, Table
S4.4).
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4.4 Conclusions and perspectives

In this chapter we have reported novel functional NCNDs-hybrid
materials.

The first part focused on an electron donor-acceptor nanoconjugate,
in which the light harvesting and electron donating properties of
porphyrins were, for the first time, combined with the electron
accepting features of NCNDs. We self-assembled porphyrins with
NCNDs and we demonstrated the formation of a charge separated
state. These results may lead to the supramolecular constructions of
nano-architectures using multiple combinations of these two moieties
being able to generate large libraries of electron-donor/electron-
acceptor ensembles. Moreover, we showed that visible light
excitation transforms the strongly quenched porphyrin singlet excited
states in the conjugate into a several nanoseconds lasting charge
separated states. The optimization of the coupling in the porphyrin-
CNDs composites is far behind that in the porphyrin—fullerene or
SWCNTs composites, and there is plenty of room for improvement.
To conclude, it has been shown a promising and leading beginning
for CNDs-based hybrid materials possessing covalently linked or
supramolecularly arranged porphyrins as photoactive moieties,
towards the development of novel functional architectures. We
believe that our key finding of photoinduced charge separation
between CNDs and porphyrins will give a significant contribution to
scientists working in the arising field of CNDs. Thus, the CNDs may
open the door to a host of unforeseen applications and could be a
target of choice for the development of novel photoactive materials.

In the second part, we have reported the first example of CNDs-based
ionogels, by using diimidazolium organic salts. It has been
demonstrated that NCNDs induce gel formation for no gelating
systems and module properties of pure gels. This is likely due to a
counterbalance of n-m stacking and hydrophilic interactions among
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the gel components. Thermal stability of hybrid gels and critical
gelation concentration are not affected by NCNDs, while other
properties like rheological ones are heavily influenced. Interestingly,
increasing the amount of NCNDs makes the gel stronger, while an
opposite trend respect to the rheological properties of pure ionogels
can be observed. Furthermore, the presence of nanomaterials seems
to induce a stabilizing effect on systems less organized and a slightly
destabilizing one on more organized gels. For example, it was
observed that NCNDs could slow down the gelation process. An
important feature of our soft materials, especially for future
applications, is their ability to restore after repeated mechanical
disruptions.

The strong connection between the gel components was confirmed
through the morphological analysis of gel phases. Indeed, we were
able to observe the spherical nanoparticles crosslinked to the fibers of
the 3D gel network.

Our ionogels keep the fluorescence of the carbon dots, even if it
resulted partially quenched due to the opacity of the gel phases.
Finally, it was demonstrated that the dissolution of the NCNDs in the
gel matrix enhances their antiradical activity. Indeed, the hybrid gels
exert a great potential as radical scavenger, property that opens the
possibility to use them as coating materials, for instance for the
preservation of artworks.
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4.5 Experimental section

4.5.1 Materials
The synthesis of NCNDs is reported in Chapter 2.

Diimidazolium organic salts, p-C;, and m-C;,, were synthesized
according to literature.*

Reagents were bought from Sigma-Aldrich, TCI, VWR Int. and used
as received, unless otherwise specified.

Dialysis tubes with molecular weight cut-off 1 KDa were bought from
Spectrum Labs.

Column chromatography was carried out using Merck silica gel 60 A
(particle size 40-63 um).

Thin layer chromatography (TLC) was conducted on pre-coated
aluminum sheets with 0.20 nm Merk Silica Gel F254.

Ultrapure fresh water was obtained from a Millipore water
purification system (>18MQ Milli-Q, Millipore).

4.5.2 Apparatus and characterization

NMR experiments were carried out with a Varian Inova 500 MHz and
125 MHz (‘H and "C).

Steady-state absorption spectra were recorded at room temperature on
a Perkin Elmer Lambda 2 spectrophotometer. Steady-state
fluorescence spectra were recorded at room temperature on a Horiba
Fluormax 3 spectrofluorometer. Femtosecond transient-absorption
studies were carried out using a mode-locked Ti: sapphire laser CPA-
2101 (Clark-MXR, Inc.) in connection with a Helios transient
absorption pump/probe (Ultrafast systems). The excitation
wavelength was tuned by means of noncollinear optical parametric
amplification of the fundamental laser beam.
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IR spectra (KBr) were recorded on a Perkin Elmer 2000 spectrometer.

Atomic force microscopy (AFM) images were obtained with a
Nanoscope IIla, VEECO Instruments. As a general procedure to
perform AFM analyses, tapping mode with a HQ:NSC19/ALBS
probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of samples in
an aqueous solution (concentration of few mg/mL) on a mica
substrate was performed. The obtained AFM-images were analyzed
in Gwyddion 2.35.

RLS measurements were carried out with a spectrofluorophotometer,
by using a synchronous scanning mode in which the emission and
excitation monochromators were preset to identical wavelengths. The
RLS spectrum was recorded from 300 to 800 nm with both the
excitation and emission slit widths set at 1.5 nm. We chose as working
wavelength the one corresponding to the intensity maximum of the
emission spectrum. Samples were prepared by injecting into a quartz
cuvette (light path 0.2 cm) the limpid hot solution. The measurements
were carried out at 25 °C. Spectra were recorded for the hot solution
and the gel phase. The gel phase obtained at the end of the
measurement was stable after the tube inversion test.

Opacity measurements were recorded with a spectrophotometer. The
opacity of the gel phases was determined with UV-Vis measurements
as a function of time, at a wavelength of 568 nm and a temperature of
25 °C. Samples for a typical kinetic analysis were prepared by
injecting into a quartz cuvette (light path 0.2 cm) a hot dispersion of
salt. Spectra were recorded until gel formation. The gel phase
obtained at the end of the measurement was stable according to the
tube inversion test.

Rheology measurements were recorded at room temperature on
ARES G2 (TA Instruments) strain-controlled rheometer using a plate-
plate (PP 25-2) tool, the sample was placed between the shearing
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plates of the rheometer. Rheological properties, such as strain sweep
and frequency sweep, were recorded three times on three different
aliquots of gels.

Strain sweeps were carried at angular frequency of 1 rad/s and
frequency sweeps at strain of 0.025%. These values were chosen to
be within the linear viscoelastic region (LVR) of gels.

Self-healing properties of gel phases were also tested by rheometer.
They were carried out at room temperature and at angular frequency
of 1 rad/s, varying the strain from low to high percentage values for
fixed time intervals of 5 minutes (values of yield strain to apply were
chosen from linear viscoelastic region and destructive strain of the
gel). Rotational strain was kept at 0 % for 0.05 s before changing from
destructive strain to linear viscoelastic region conditions. When the
moduli reached plateau values after the cessation of disruptive strain,
it was possible to calculate the percentage of recovery of the initial G’
value.

Thixotropic and sonotropic behaviour: the gel phases were subjected
to two different external stimuli. The mechanical stimulus involved
stirring the gel phase at 1000 rpm for 5 min, using a stirring bar
(length 8 mm, height 3 mm). The sonotropic behaviour of the gel
phases was tested by irradiating in an ultrasound water bath for 5 min
with a power of 200 W and a frequency of 45 kHz. Thereafter, the
materials were stored at 4 °C overnight.

When the samples were stable to the tube-inversion test, the gels were
defined as thixotropic or sonotropic.

DPPH test: the 1,1-diphenyl-2-pycryl free radical scavenging assay
was carried out to assess antiradical efficiency of gel phases

modifying the published procedures.'®"'"*

To verify the efficiency of
gels it was necessary to use the gel phase in its form, for this reason
the direct contact of the gel with the methanol solution of DPPH was

avoided. Therefore, samples for a typical measurement were prepared
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by placing in a screw-capped vial, containing 250 mg of NCNDs-gel,
250 uL of a diethyl-ether solution of DPPH (10~ M). All samples
were thermostated at 25 °C for the time required by the measurement.
Gel phases were stable for the entire duration of the experiments. At
fixed intervals of time, the vial containing the gel and the supernatant
liquid were concentrated in vacuum to remove solvent traces and they
were subsequently dissolved in 1 mL of methanol. The final solution
([IDPPH] ~ 10 M) was analysed recording the corresponding UV-
Vis spectrum with a Beckmann DU-800 spectrophotometer equipped
with a Peltier temperature controller. Scavenging activities were
determined from the drop in absorbance at 517 nm of each sample
compared with that of the DPPH solution in the absence of contact
with the gel. The control was treated in the same way as gel phases:
250 uL of DPPH solution dissolved in diethyl ether were placed in an
empty vial and, at the same interval of time of the sample, the control
solution was concentrated in vacuum and dissolved in methanol.
Scavenging efficiency values were calculated by the following
equation:

Radical Scavenging Efficiency (%) = [(A-B) / (A-0.1)] x 100

where A is the absorbance of the DPPH solution and B the absorbance
of the DPPH solution after the contact with the gels.

The above procedure was used also to test the efficiency of CNDs, a
partially formed gel in absence of CNDs, L-ascorbic acid and a
partially formed gel in presence of 0.1 wt % of L-ascorbic acid.
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4.5.3 Synthesis of TCPP

The 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin (TCPP) was
synthesized according to a slightly modified literature procedure.®® A
solution of 4-formylbenzoic acid (0.50 g, 3.33 mmol) in propionic
acid (20 mL) was heated to 80 °C until the aldehyde was fully
dissolved. At this point, pyrrole (0.23 mL, 3.33 mmol) was added and
the temperature was brought to reflux for 2 hrs. The reaction mixture
was allowed to cool down to r.t. and left at — 20 °C overnight. The
crystals were collected, washed with CH,Cl, and dried to obtain
product as dark purple solid (0.68 g, 26 % yield).

m.p.>250 °C. 'H NMR (500 MHz, Dimethylsulfoxide-ds): & 13.19 (s,
4H, Ar-COOH), 8.85 (s, 8H, Pyr-H), 8.38 (d, J = 8.0 Hz, 8H, Ar-H),
8.33(d,J=8.1 Hz, 8H, Ar-H), -2.91 (bs, 2H, Pyr-NH). IR (KBr): cm
13433, 1697, 1605, 1401, 1263, 1177, 1102, 1019, 965, 866, 797,
714. ES (MS -): 789.2 (M — H"), C4H30N4Og requires 790.21.
Characterization in accordance with literature.*
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4.5.4 Synthesis of TPP-COOCH;

The 5,10,15-tri(4-tert-butylphenyl)-20-(4-carboxymethyphenyl)
porphyrin (TPP-COOCHj;) was synthesized according to a slightly
modified literature procedure.’® To a solution of 4-tert-
butylbenzaldehyde (0.37 mL, 2.19 mmol), methyl 4-formylbenzoate
(330 mg, 2.19 mmol) and freshly distilled pyrrole (0.30 mL, 4.38
mmol) in CHCI; (1.0 L with 0.75 % EtOH) was added BF;-OEt, (0.36
mL), at r.t. and under Ar. The solution was stirred for 1 hr before
adding Chloranil (400 mg, 1.63 mmol) and was left stirring for
another hour. Finally, Et;N (0.28 mL) was added and all was stirred
for 15 min. The reaction mixture was concentrated under reduced
pressure and passed over a silica plug (CHX/CH,Cl, 1:1) to obtain a
dark purple solid as a mixture of TPP and porphyrin esters. The crude
was purified by column chromatography with product eluting as the
second band (SiO,, CHX — CHX/AcOEt 95:5) and finally
crystallized from CH,Cl, with pentane to obtain the purple product
(294 mg, 15 % yield).

m.p.> 250 °C. '"H-NMR (500 MHz, Chloroform-d): & 8.91 (d, J=4.9
Hz, 2H), 8.89 (s, 4H), 8.77 (d, J = 4.6 Hz, 2H), 8.44 (d, J = 8.1 Hz,
2H), 8.32 (d, J = 8.1 Hz, 2H), 8.20 — 8.09 (m, 6H), 7.79 — 7.74 (m,
6H), 4.12 (s, 3H), 1.62 (s, 27H), -2.74 (s, 2H). *C-NMR (126 MHz,
Chloroform-d): & 167.65, 150.82, 147.50, 139.37, 139.31, 134.89,
134.76, 134.71, 129.71, 128.12, 123.88, 123.85, 121.01, 120.72,
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118.40, 52.65, 35.17, 31.96. MS (ES +): found 841.5 (M + H"),
CssHs6N4O, requires = 840.44. Characterization was in accordance
with literature.*®

4.5.5 Synthesis of TPP-COOH

The 5,10,15-tri(4-tert-butylphenyl)-20-(4-carboxyphenyl) porphyrin
(TPP-COOH) was synthesized according to a slightly modified
literature  procedure.'™  To a  suspension of  5-(4-
carboxymethyphenyl)-10,15,20-(4-tert-butyltriphenyl) porphyrin
(100 mg, 0.12 mmol) in EtOH (50 mL) was added an excess of aq.
KOH e and the mixture was refluxed overnight. The reaction mixture
was acidified with 2 M aq. HCI and was concentrated under reduced
pressure. The crude was extracted with CHCIl; and the organic phase
was washed with 1 M aq. NaHCOj; and brine, dried (Na,SO,4) and
removed under reduced pressure. The crude was purified by column
chromatography (SiO,, CH,Cl, — CH,Cl,/MeOH 9:1) to obtain pure
product as purple solid (86 mg, 89 % yield).

m.p.>250 °C. "H-NMR (500 MHz, Chloroform-d/dimethylsulfoxide-
ds 9:1): 8 12.60 (s, 1H, Ar-COOH), 8.90 (d, J = 4.9 Hz, 2H, Pyr-H),
8.88 (s, 4H, Pyr-H), 8.80 (d, J = 4.7 Hz, 2H, Pyr-H), 8.44 (d, J= 7.9
Hz, 2H, Ar-H), 8.29 (d, J = 7.9 Hz, 2H, Ar-H), 8.15 — 8.10 (m, 6H,
Ar-H), 7.78 (4, J= 7.8 Hz, 6H, Ar-H), 1.61 (s, 27H, Ar-(CHs)3), -2.82
(s, 2H, Pyr-NH). "“C-NMR (126 MHz, Chloroform-
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d/dimethylsulfoxide-ds 9:1): & 169.52, 151.68, 147.53, 139.87,
139.82, 135.55, 135.49, 135.46, 131.61, 129.13, 124.81, 124.79,
121.73, 121.49, 119.53, 35.96, 32.77. IR (KBr): cm™ 3437, 2957,
1694, 1607, 1474, 1431, 1398, 1362, 1313, 1267, 1231, 1195, 1156,
1108, 1023, 982, 967, 800, 767, 734. MS (ES +): found 827.5 (M +
H+), CssHs6N4O, requires = 862.42. Characterization was in

. . 104
accordance with literature.'®

4.5.6 Synthesis of TPP-CONH-NCNDs
Ar } NHzo Ol f)

o

Z ZT

\ W/

To a solution of  5,10,15-Tri(4-tert-butylphenyl)-20-(4-
carboxyphenyl) porphyrin (44.8 mg, 0.05 mmol) in anhydrous DMF
(4.0 mL), 1-(3 dimethylaminopropyl)-3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI) (19.2 mg, 0.10 mmol)
and N-hydroxysuccinimide (11.5 mg, 0.1 mmol) were added. The
mixture was stirred at r.t. for 20 min. NCNDs (25.0 mg) were added
and the resulting mixture was stirred overnight. The solvent was
removed under reduced pressure. Slightly acidic water was added to
the reaction mixture (0.1 M aq. HCI) and the excess of porphyrin was
removed by washing with copious amounts of CHCI;. The aqueous
phase was dialyzed against pure water through a dialysis membrane
for 2 days to obtain a purple solid (17.5 mg).
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4.5.7 Preparation of gels and T, determination

A dispersion of NCNDs in the selected IL (0.1; 0.05 and 0.025 wt %)
was obtained adding a small amount of MeOH (200 puL for 2 mL of
IL). The mixture was, then, concentrated under high vacuum to
remove methanol residues.

Gels were prepared by weighing into a screw-capped sample vial
(diameter 1 cm) the amount of diimidazolium salt and the NCNDs/IL
dispersion (~ 250 mg). The mixture was heated in an oil bath at 100
°C until a clear solution was obtained (~ 1 h). The vial was then cooled
and stored overnight at 4 °C. The tube inversion test method was used
to examine gel formation.**

Ty were determined by the lead ball-method. A lead ball (weighing
46.23 mg and 2 mm of diameter) was placed on the top of the gel and
the vial was put into a water bath. The bath temperature was gradually
increased (2 °C / min) until the gel melted and the lead ball reached
the bottom of the vial (7). The T,; values were reproducible within
1°C.
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4.5.8 Supporting figures
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Figure S4.1 Left: mass extinction coefficients of NCNDs (6 x 10~ g/L) in H,O/THF
(1:1 v/Av) (blue line) and in phosphate buffered H,O (pH = 7.2) (red line) at room
temperature. Right: molar extinction coefficients of TCPP in H,O/THF (1:1 v/v) (blue

line) and in phosphate buffered H,O (red line) at room temperature.
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Figure S4.2 Left: absorption spectra of NCNDs (blue line, 0.02 g/L) during the course
of a titration with TCPP (blue>green>red, 0 - 8 x 10 M) in phosphate-buffered H,0O
(pH 7.2) at room temperature. Right: fluorescence spectra of NCNDs (blue line, 0.02
@/L) during the course of a titration with TCPP (blue>green>red, 0 - 8 x 10° M) in
phosphate-buffered H,O (pH 7.2) at room temperature. Inset: relationship of Iy/I, using
the wavelength corrected integrated emission intensities, versus the concentration of

TCPP.
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Figure S4.3 Left: absorption spectra of TCPP (blue line, 1.5 x 10 M) during the course
of a titration with NCNDs (blue>green>red, 0 - 5 x 107 g/L) in H,O/THF (1:1 vA) at
room temperature. Right: fluorescence spectra of TCPP (blue line, 1.5 x 10 M) during
the course of a titration with NCNDs (blue>green>red, 0 - 5 x 107 g/L) in H,O/THF

(1:1 v/v) upon excitation at 422 nm at room temperature.
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Figure S4.4 Left: absorption spectra of TPP-COOH (blue line), NCNDs (green line)
and TPP-CONH-NCNDs (red line) in H,O/THF (1:1 v/v). Right: fluorescence spectra
of TPP-COOH (blue line), NCNDs (green line) and TPP-CONH-NCND (red line) in
H,O/THF (1:1 v/v) upon excitation at 300 nm (left panel) and 550 nm (right panel) at

room temperature.
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Figure S4.5 Left: differential absorption spectra obtained upon femtosecond pump
probe experiments (Aex = 550 nm) of TCPP with several time delays between 2 and
5000 ps in H,O at room temperature. Right: corresponding time profiles at 470 (blue)
620 (green), and 685 nm (red).
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Figure S4.6 Left: differential absorption spectra obtained upon femtosecond pump
probe experiments (Aex = 550 nm) of TPP-COOH with several time delays between 0
and 10 ps in H,O/THF (1:1 v/v) at room temperature. Right: corresponding time
profiles at 440 (blue) and 630 nm (red).
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Figure S4.7 Left: differential absorption spectra obtained upon femtosecond pump
probe experiments (A = 387 nm) of TPP-CONH-NCND with several time delays

between 0 and 3750 ps in H,O (pH = 7.2) at room temperature. Right: corresponding
time profiles at 470 (blue) and 680 nm (red).
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Figure S4.8 Photographs of an aqueous solution of TPP-CONH-NCNDs in daylight
(left) and under UV light (365 nm) illumination (right).
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Figure S4.9 Rheological measurements of NCND-gels.

strain sweep for gels in [bmlm][BF‘]

C12/BF4-NCND 0.1

12/BF4-NCND 0.1
——G p-C12/BF4-NCND 0.1
----- G p-C12/BF4-NCND 0.1

w=1rad's

1 (%)

Thixotropy of p-C, /[NTf -NCND_ |

G, G" (Pa)

frequency sweep for gels in [bmim][BF ]

—— G'm-C1ZBFANCND 0.1
G" m-C1ZBF4-NCND 0.1
——— G'p-C12/BF4-NCND 0.1
----- G p-C12/BF4-NCND 0.1
7=0025% for mC_;

7= 0063% for pC,,

w (rad/s)

Thixotropy of p-c“ﬂNTfaj-NCN Do.m

T T T
¢=0025%
% Pyt
= 1000 [ 3 7
e @
: : R
9 ) b . s
o - ° o 4
7 & ® o
100 |- e o 4
) . ° ¢
o -
2 o F) ¢
L L3 :u
3 - .
10 ~=ﬁ%\\; - .
sY=25%
' . =S
o 500 1000 1500 2000 2500

time (s)

G', G" (Pa)

T T T
1=0.025 % _
10° =y = 0025% w=1radis
1= 0025 %
~
¥=25%
L L 1 L
o 500 1000 1500 2000 2500
time (s)

Figure S4.10 Thixotropic measurements of NCND-gels by rheological test.
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Figure S4.11 Opacity measurements for p-C;»/[BF,]-NCND, ;.
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Figure S4.12 FL emission spectra in a) [bmim][BF4] at Ay = 340 nm, b)
[bmim][NTf2] at A = 355 nm; ¢) maxima of intensity fluorescence of the difference

spectra between solution with lowest and highest concentration of NCNDs.
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Figure S4.13 Fluorescence spectra of hot solutions and hybrid-ionogels
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Figure S4.14 a) DPPH solution at t = 0 on empty vial; b) DPPH solution at t = 0 in

contact with NCND-gel; ¢) DPPH solution unexposed to gel phase at t =1 h; d) DPPH

solution exposed to gel phase att=1 h.

Table S4.1 Maxima of fluorescence intensity peaks and quantum yields recorded at

Aex = 340 nm and A = 355 nm for systems in [bmim][BF,] and in [bmim][NT£],

respectively.
Hybrid systems Imax (2. u.) [}

SOL GEL SOL GEL
p-C12/[BF4]-NCNDy 4359 90.4 3.13% 2.87 %
m-C12/[BF4]-NCNDy 605.7 65.1 3.55% 3.05%
p-C1o/[NTH,]-NCNDy 465.2 105.2 5.62 % 434 %
Pp-C1o/[NT£,]-NCNDy o5 401.2 103.2 4.85% 3.63 %
P-C12/[NT£,]-NCNDy 25 330.3 88.2 291 % 2.64 %
m-C1o/[NT£;]-NCND, 458.0 532.0 5.45% 6.36 %
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Table S4.2 Maxima of RLS intensity peaks for systems in [bmim][BF,] and in
[bmim][NT5].

Hybrid systems I'maxres (2. 0.)
SOL GEL

p-C1»/[BE,J-NCNDy, 365.8 242.0
m-C,/[BF4]-NCND 172.9 165.8
p-C1o/[NTH]-NCNDy, 145.4 215.4
p-C1o/[INTE]-NCNDyos  86.0 3207
Pp-Co/[NT£,]-NCNDy 25 40.6 276.6
m-C,/[NT£,]-NCND, 7.5 206.7

Table S4.3 Anti-radical efficiency of p-C,,/[NTf,]-NCND,, as function of time.

Time (min) E (%)

5 71

15 78

30 75

45 72
60 100
120 96
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Table S4.4 Anti-radical efficiency after the contact of DPPH solution with the
individual components of the hybrid gel, hybrid gel and L-ascorbic acid alone and

dispersed on gel matrix.

Matrix Time (min) E (%)
DOS-IL solution 60 38
NCNDs 60 88
p-C1»/[NT£]-NCNDy, 60 100
L-ascorbic acid 60 100
p-C1o/[NTHf,]-L-ascorbic acidy 15 76
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S Rationally Designed Carbon
Nanodots

In this chapter, the rational design of carbon nanodots (CNDs) with
tailored properties is discussed. Firstly, a general overview on
multicolored, optically active and electroactive materials is presented.
Then, the synthesis and characterization of novel CNDs using
properly designed functional units as precursors are presented. One-
pot, bottom-up, cost-effective and time-saving synthetic methods,
built on commercially available or easy to synthesize organic building
blocks, were employed.

The first two parts deal with the preparation of CNDs with desired
optical properties, by incorporating fluorophores in the
nanostructures for the creation of nanodots with novel features.
Naphthalene dianhydride derivatives (NDAs) and boron-
dipyrromethenes (BODIPYs) have been selected as candidates.
Through the use of NDA as precursors, CNDs with emission from
blue-white, to pure white and further to red-white are described,
resulting in tunable white emission, ranging from cool to warm colors,
which could find applications according to requirements. On the other
hand, preliminary studies on the BODIPY-based CNDs effect on the
natural killer cell maturation process and activation are presented,
showing their high potential in bio-related applications.

Then, the preparation of inherently chiral CNDs by using chiral small
organic molecules as precursors is described, and their role as
template for the induction of preferential chirality to porphyrin
aggregates is investigated.

Finally, the use of small oxidants precursors as dopants for the tuning
of the CNDs redox properties is presented.

The work presented in this chapter has been done in a collaborative
work with Dr. Luka Pordevi¢ (University of Trieste, Italy) that played
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a critical role in the discussion of the experimental design, projects
direction and results. The work presented in Sections 3 and 5 has been
done in a collaborative work with Mr. Francesco Rigodanza
(University of Trieste, Italy) that carried out part of the nanodots
characterization. Dr. Blanca Arnaiz (CIC biomaGUNE, San
Sebastian, Spain) acquired the image with the confocal microscope
reported in Section 3. The project on the natural killer cells of Section
3 has been done in collaboration with Prof. Alessandro Moretta
(University of Genova, Italy), with the aid of Prof. Simona Sivori and
Dr. Simona Carlomagno. The project on porphyrin chiral
supramolecular assembly of Section 4 has been done thanks to a
collaboration, that started with my stay in Catania, with Prof. Roberto
Purrello (University of Catania, Italy), with the aid of Dr. Alessandro
D’Urso.

Part of the work presented in this chapter has been published as
“Rationally Designed Carbon Nanodots towards Pure White-Light
Emission” in Angewandte Chemie Int. Ed. 2017, 56, 4179-4173.
Other parts of this chapter have been used to prepare the following
manuscripts: “Customizing energy levels in carbon nanodots through
bottom-up quinone-doped synthesis”; “BODIPY-based carbon
nanodots promote natural killer cells activation and maturation”;
“Synthesis of inherently chiral carbon nanodots and their use as
template for chiral porphyrin aggregates”.
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5.1 Introduction
5.1.1 Multicolored emission

Carbon nanodots are attractive light-emitting materials with a
potential to overcome organic dyes and inorganic quantum dots (see
Chapter 1).

Photostability is a key property for fluorescent materials and
represents one of the major advantage of CNDs."™ As shown in
Figure 5.1, which compares the photostability of the most commonly
used fluorescent probes,” CNDs preserve more than 90% of the initial
intensity under c.a. 60 minutes of excitation and are more stable than
dye-doped silica or polymer nanoparticles.”® Moreover, the
fluorescence of fluorescein isothiocyanate (FITC), which is one of the
most widely used fluorescent dyes, is quickly quenched within 5
minutes under excitation due to severe photobleaching. The inorganic
quantum dots CdTe QDs’ is more photostable, retaining more than
30% of the original photoluminescence intensity after 20 minutes of
excitation.

~Asp-C-dots
- Leu-C-dots|

rp-C-dots
* SiO, NPs

Poly NPs
CdTe QDs

Raletive intensity (%)
@
o

FITC

0 10 20 30 40 50 60 70

Time (min)
Figure 5.1 Photostability comparison of fluorescein isothiocyanate (FITC), CdTe QDs,
polymer nanoparticles (Poly NPs), dye-doped silica nanoparticles (SiO, NPs) and

CNDs prepared from different amino acids as precursors.’
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However, the development of facile and efficient approaches for
controllable syntheses of high-quality multicolored CNDs on a large
scale remains challenging.

The fluorescence quantum yields of CNDs have been increasingly
improved along the way, but the relatively low value (usually less
than 20%) for wavelength emissions beyond the blue region has so
far hindered most of their applications.® For instance, through the
hydrothermal treatment of a polythiophene derivative as the carbon
source, red emissive CNDs with quantum yield of 2.3% in water were
reported (Figure 5.2, left).” Moreover, as showed in Figure 5.2, right,
CNDs having green, blue and red emission were prepared under
solvothermal conditions starting from the three isomers o-
phenylenediamine, m-phenylenediamine, p-phenylenediamine, as
precursors. The fluorescence quantum yields of the green, blue and
red CNDs, were calculated as 10.4, 4.5 and 20.6%, respectively, in
ethanol solution. Only the sizes and nitrogen contents of the three
CNDs were distinctly different, and although they were believed
responsible for the different optical features, their mutual relation was
not clearly understood."
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Figure 5.2 CNDs prepared starting from a polythiophene derivative (on the left, red
emissive) and from phenylenediamine isomers (on the right, green, blue and red

emissive).
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Moreover, it has been reported that a higher degree of oxidation on
the CNDs surfaces implies more surface defects and introduces more
emission sites, resulting in red-shifted emission (Figure 5.3).'""
Additionally, surface epoxide or hydroxyl groups were found

predominantly responsible for the fluorescence red-shift."

Increasing degree of surface oxidation

Z

@l

hv hv

L

'— C-dots )— core of C-dots(")— amorphous region
Figure 5.3 Tunable CNDs fluorescence with different degrees of oxidation."'

Therefore, although some progresses regarding the understanding of
the fluorescence mechanisms of CNDs have been achieved, it is still
not clear how the fluorescence is influenced by the numerous factors,
such as defects, functional groups, and doping.

Despite the diverse structures of CNDs prepared from different
approaches and with different precursors, they often share some
similar optical properties in terms of absorption and fluorescence
characteristics.

Currently, one of the most important challenges to address this issue
is to develop an efficient method for large-scale production of high-
quality CNDs with a well-defined structure in order to sort out their
fluorescence emission.

5.1.1.1  White-light emission

One of the dream-goals in photonics is the production of white-light
emission. In order to observe colors in the visible region, we require
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illumination of white-light, which is, in general, considered as the
optimized composition of the three primary colors i.e. red (R), green
(G) and blue (B) (Figure 5.4a,b).

In 1931, the Commission Internationale d'Eclairage (CIE) set up a
standard colorimetric system, referred to as CIE 1931, which is the
most widely used colorimetric standard so far.'* In a CIE plot, all the
colors generated from the visible spectra are represented by two
coordinates, x and y, which are called color coordinates. According to
CIE regulation, the color coordinates for equal energy point of white-
light are (0.33, 0.33) (Figure 5.4c).
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Figure 5.4 a,b) Photographs of WOLEDs illuminating colored materials; c) a

typical 1931 CIE plot showing the coordinates of pure white-light (0.33, 0.33).

Among artificial ways to generate light, the white organic light-
emitting diode (WOLED) technology is considered the next
generation of solid-state light source. WOLEDs offer a range of
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attractive characteristics (Figure 5.5a), including being conceptually
different from other light sources, resulting in glare-free and
homogenous illumination.'”

Ideally, a WOLED should emit a continuous spectrum over the whole
visible range. In order to mimic the spectral distribution of natural
sunlight, a combination of luminophores is usually employed to cover
the visible spectrum. The overall emission, which combines red,
green and blue luminophores in the right composition, yields white-
light (Figure 5.5b).

Typically employed fluorescent low-molecular-weight emitters used
in WOLEDs can be found in Figure 5.5c, which include rare earth
metals complexes of iridium.

— Incandescent
~— Fluorascont
— Inorganic LED
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Figure 5.5 a) Semiquantitative comparison of the key performance parameters of
WOLEDs relative to incandescent lamps, fluorescent tubes, and inorganic white
LEDs;'"” b) photograph of a RBG LED;'® ¢) typical fluorescent low-molecular-weight

emitters used in WOLEDs with the corresponding color emission.

248



5 Rationally Designed Carbon Nanodots

The different luminophores can be combined in different ways, i.e.,
whether they are blended in a single layer, separated in different
layers of the same OLED, or contained in several formally
independent devices each of which emits light of a different color
(Figure 5.6)."

Figure 5.6 Approaches to generate WOLEDs: a) blending luminophores emitting
different colors into a single layer, b) multi-layer concept using a single device stack
with several layers emitting in different regions of the spectrum on top of each other,
¢) tandem approach using multiple monochrome OLED stacks connected by charge-
generation layers, and d) striped approach generating the white emission by adjacent
monochrome OLEDs. Reflective electrodes are illustrated in black; semi-transparent

electrodes are shown in gray.'”

Blending different luminophores in a single layer is an attractive
approach since it’s generally considered to offer simpler and low cost
device fabrication (Figure 5.6a). If all components required to
generate white-light are mixed into one material, WOLEDs can be
fabricated with a single active layer that is sandwiched between two
electrodes. This reduces the number of processing steps for device
fabrication and allows straightforward deposition of the active layer
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using conventional solution- or evaporation-based processes.
However, morphology of the emitting layer and careful control of
components ratio play crucial roles in the management of energy
transfer phenomena and thus in the device optimization.

White-light can be also produced from device architectures where
individual emitting layers are combined in a stacked architecture, and
in some cases physically separated using barrier films in order to
prevent interlayer mixing, undesired exciton migration and energy
transfer phenomena (Figure 5.6D).

The general challenge in designing multilayer architectures is that the
simultaneous emission from the stacked layers required that the
thickness of each individual film and the dopant concentrations need
to be properly adjusted on the basis of the luminescence spectra and
efficiency of the single emitters. As a major drawback, the
multiplicity of layers adds complexity to the device manufacture and
operating voltages are superior to those required for WOLEDs based
on a single emitting film, due to the increased overall thickness of the
multilayer architectures.

Other approaches to generate white-light include tandem and striped
WOLEDs (Figure 5.6c,d). These methods imply that a set of
complete OLED stacks, emitting in different regions of the spectrum,
are positioned in close proximity. Despite they hold some advantages,
such as an easy adjustment of the color emitted by changing the ratio
of red, green, and blue emission, the fabrication process is more
elaborate and examples of these devices are rare.

Much effort has been devoted to preparing organic materials, aiming
at low cost, easier fine-tuning and solution processability, low toxicity
and better flexibility for device fabrication. However, increasing the
number of synthetic steps and blending of the luminophores increase
the cost and complexity of the system.
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On the other hand, obtain panchromatic white-light emission from a
single molecule system is a highly challenging task. Indeed,
according to the Kasha's rule,"”° fluorophores always tend to attain
the lowest possible vibrational states resulting, generally, in
monochromatic emission (Figure 5.7). The presence of blue, green
and red fluorophores in a single molecular backbone often results in
complex intramolecular FRET (Fdster resonance energy transfer) or
TBET (through-bond energy transfer) processes leading to enhanced
emission from the red-emitting fluorescent units which act as the
energy acceptors (Figure 5.7)."**° Moreover, controlling the relative
intensity ratios of the individual emission bands is almost
unmanageable.”®

Figure 5.7 Schematic representation of Kasha's rule (left), FRET in separated dye pairs
and TBET in conjugated fluorescent dyads (right).*

These are possibly the reason for somewhat scattered literature
reports of white-light emissive molecules.

Interestingly, a few strategies have been reported in the past few years
to obtain simultaneous RGB luminescence from single molecular
species. The rare examples reported so far include, for instance, N-
aryl-2,3-naphthalimides with low symmetry (Figure 5.8).”%” These
dyes show efficient panchromatic emission, in which the relative
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intensities of the individual emission bands depend on the energy of
excitation that, in turn, controls the relative populations of the
different excited states. Compound 2 exhibits a three-color emission
over the entire visible region (Figure 5.8). When excited at 423 nm
dye 2 displays three-color peaks, i.e. blue, green and orange emission
(450-700) with relatively balanced emissions (inset Figure 5.8:
middle photographs of white-light emission). Upon shorter
wavelength excitation (390 nm), dye 2 displays intense blue color
emission whereas at longer wavelength excitation (450 nm) it
displays intense green color emission.

s =0 a2 803 o0 700
Wavalength (am)

Figure 5.8 Structure of dyes 1 and 2, and emission spectra of 20 mM compound 2 in
water with 0.10% DMSO at different excitation wavelengths (390 nm, 423 nm and 450

nm, corresponding to blue, white and green photographs, respectively).”?’

231 or ESIPT (excited-state-

intramolecular-proton-transfer)*>* based white-light emitters. The

Other examples include halochromic

former one is built up on fluorophores with large spectral widths and
significantly different emission features in neutral and protonated (or
deprotonated) forms, which can show full color RGB luminescence
at precisely optimized conditions. In the latter case, the RGB
luminescence is attained thanks to the absence of intermolecular and
intramolecular energy transfer processes. Moreover, apart from
intramolecular origin, RGB luminescence can also arise from
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intermolecular interactions or complex formations, i.e. excimers and
exciplexes.**?*

Few examples of white emission from self-assembled’®™' and
polymeric systems**> have been also reported, however, especially

in the latter case, complex FRET and TBET processes usually occur.

Other strategies imply composite systems or doping. White-emitting
materials were obtained upon doping of organogels,*™*’ by using
luminescent organic liquids,”™ or through organic-inorganic hybrids,
such as silica nanoparticles with organic dyes on their surface or
inside their core.* '

In this context, fluorescent organic nanoparticles have attracted a lot
of attention in the last years.”> >

One of the first examples of white-light emissive fluorescent organic
nanoparticles was reported by Wiirthner and co-workers (Figure
5.9).°% In situ polymerization on vesicles with bilayer membrane
structures was used to prepare nanocapsules that are stable in all
aqueous pH ranges. An in-situ synthesis of perylene bisimide (PBI)-
based nanocapsules in a water solution of the donor (compound 33)
lead to the incorporation of pyrene-based energy donors inside the
capsules. While under acidic pH the bispyrene derivative showed blue
emission arising from its unlocked state (which is favorable due to
electrostatic repulsions), it was observed that in basic pH the locked
conformation is preferred, resulting in m-m stacking interactions
between the pyrene moieties and consequent green emission from the
excimers. The excimer emission band overlaps considerably with the
PBIs absorption profiles and thus close range FRET can only occur
from the locked conformation rather than the unlocked blue emissive
states. At pH ~ 9.0 the vesicles were found to emit white-light (with
CIE coordinates of (0.32, 0.31)) from a balance of blue, green and red
emissions.
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Figure 5.9 Schematic representation of the white-light-emitting nanocapsules

preparation as followed by Wiirthner et al.. Co-assembly of PBI-1 and PBI-2 followed
by polymerization of PBI-1, resulted in the formation of the bilayer nanocapsules with
water encapsulation inside the core. The pyrene derivative 33 can be encapsulated
inside the core and can act as a FRET energy donor forming excimers. The excimer
formation process is pH dependent as at lower pH, repulsions between cationic
ammonium groups resulted in an unlocked conformation of 33. At pH 9.0 the

nanostructures showed white-light emission with CIE coordinates (0.32, 0.31).%

In light of the above examples and discussion, it is clear that achieving
precise control over the structure and/or energy transfer processes
towards white emission can be tedious and time consuming.

In order to overcome some of the issues in producing white-light-
emitting materials, a few examples of carbon and graphene quantum-
and nano-dots have been so far proposed,”®** by blending with other
chromophores or different dots,'"*® or by energy transfer that
originates from PVK (poly(N-vinylcarbazole) as emissive layer) to
the carbon quantum dots.*

For instance, a white-light-emitting film has been prepared by
incorporating carbon dots and lanthanide complexes (Eu(DBM); and
Tb(DBM); (DBM: dibenzoylmethide)) into  poly(methyl
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methacrylate) (PMMA) matrix (Figure 5.10). The dots were
functionalized by copolymerization with methacrylate to improve the
compatibility with PMMA. The lanthanide complexes were dispersed
in the matrix due to the possible interaction between the lanthanide
ions and the oxygen atoms in the PMMA chains. White-light emission
with CIE coordinates of (0.31, 0.32) could be observed by carefully
adjusting the ratio of the components and excitation wavelengths.”
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Figure 5.10 Schematic representation of the white-light-emitting film preparation by

incorporating carbon dots and lanthanide complexes into PMMA matrix.**

Alternatively, white-light emission with CIE coordinates of (0.33,
0.34) was obtained by mixing green- (0-CDs), blue- (m-CDs), and
red- (p-CDs) emitting dots in a poly(vinyl alcohol) (PVA) film with
appropriate ratios (2:4:1 (weight)) (Figure 5.11)."°
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Figure 5.11 Normalized PL spectra upon excitation at 365 nm of a) m-CDs, 0-CDs,
and p-CDs PVA composite films and b) a white-light emission from a PVA composite

10

film by mixing m-CDs, 0-CDs, and p-CDs.

5.1.2 Tunable electrochemistry

CNDs could play an important role in applications such as energy
conversion and photocatalysis. Recently CNDs have been
successfully employed as primary photocatalysts for hydrogen
evolution and carbon dioxide reduction.®”*® Mastering control over
the electrochemical properties of CNDs is essential in order to
produce high-quality nanomaterials with desired energy levels for
such applications. However, the control of CNDs electrochemical
properties remains still an elusive task and no efforts have been yet
accomplished in tuning the energy levels of CNDs.

This effort acquires even more importance if we compare how the
control of redox activity is currently achieved in other type of
nanoparticles. For example, electrochemical properties of
semiconductor quantum dots (QDs) or graphene quantum dots
(GQDs) can be tuned by preparing hybrids through the (non)covalent
attachment of electroactive molecular species.

The chemical functionalization of the QDs surface is a powerful and
versatile strategy to tune their electronic structure.”

256



5 Rationally Designed Carbon Nanodots

Recently, the tuning of the energy levels and gaps in GQDs have been
achieved through their functionalization with different functional
groups, by the nucleophilic substitution and dehydration of the amines
on a precursor with the epoxide bridges and the hydroxyls on oxidized
GQDs (0-GQDs) (Figure 5.12)."° All the functionalized GQDs
showed almost identical size and shape, and the photoluminescence
and electronic tunability was attributed to their different surface
functionalities. The change in the HOMO/LUMO levels of GQDs
upon functionalization is depicted in Figure 5.12. The energy levels
have been tuned as a consequence of the strength of the orbital
interactions. HOMO-LUMO gap was varied from 1.30 to 2.23 eV.
GQDs functionalized with primary (NH,-GQDs) or dimethyl amines
(Me,N-GQDs) showed the HOMO orbital at higher energy level due
to strong orbital interactions. On the other hand, GQDs functionalized
with o-phenylenediamine (OPD-GQDs), diaminonaphthalene (DAN-
GQDs), azo (Azo-GQDs), or p-methyl red (MR- GQDs) had the
LUMO orbital at lower energy level. The tuned energy gap resulted
also in the red-shift of the photoluminescence band maxima and UV
absorption edges with narrowing of the gap, and the
photoluminescence quantum yields were found to be =9.7%, =18.2%,
~6.9%, and ~15.4%, respectively, for Azo-GQDs, NH,-GQDs, OPD-
GQDs, and DAN-GQDs.
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Figure 5.12 Functionalized GQDs and measured energy level diagram.”

5.1.3 Optical activity

Optical activity is the physical phenomenon associated to the rotation
of linearly polarized light when it propagates through -chiral
compounds.”' Linearly polarized light can be seen as the
superposition of left (L) and right (R) circularly polarized light. When
light passes through an absorbing optically active system, it absorbs
differently L and R circularly polarized light, and, as shown in Figure
5.13, linearly polarized light becomes elliptically polarized.”” This
phenomenon is known as circular dichroism (CD), and can be
measured, together with other related effects, by using chiroptical
techniques like electronic and vibrational CD, which detect
differences in absorption between L and R circularly polarized light,
or measure the ellipticity defined as the ratio of the minor and major
axis of the ellipse formed by the leaving electromagnetic
amplitude.”"”

The origin of biological homochirality has puzzled scientists since the
chiral nature of molecules was discovered by Louis Pasteur more than
150 years ago,”* and on a molecular-level represents an intrinsic
property of the building blocks of life. Indeed, chirality is a key aspect
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in the evolution of life and plays an important role in molecular

recognition.”>"®

E

Figure 5.13 From left to right: a linearly polarized beam (E) composed by the sum of
left (Er) and right (Eg) circularly polarized light traveling in an absorbing medium
made of a collection of randomly oriented chiral nanoparticles. The system absorbs
differently left and right circularly polarized light, presenting the circular dichroism

phenomenon, and resulting in elliptical polarized beam.”

Because of the connection between the chirality of molecules and
their chemical function, a great amount of research has been carried
out in the field of chemistry, pharmacology, biology, and medicine
with respect to control over chirality. Interest in this property extends
from fundamental particle physics and optics through organic and
inorganic chemistry to complex biological systems, such as proteins
and nucleic acids.

Chirality has also been envisaged to play an important role in
nanotechnology, but the understanding of the fundamental concepts
relevant to chirality in nanostructures is pivotal for further
advancements.”” Chiral nanostructures have been rising steeply and
show great promise for applications in photonics, biochemistry and
medicine.”®

Nanoscale hybrid organic-inorganic materials, chiral ligand-
protected metal clusters and nanoparticles have been investigated
extensively.”””® They are promising candidates for a variety of
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applications, including biosensing, catalysis, and may open exciting
possibilities in the development of innovative metamaterials.***’

In semiconductor quantum dots (QDs) chirality can be originate
concurrently from (i) the intrinsic dissymmetry of a nanocrystal, (i7)
the ligand-induced chiral surface of QDs, (iif) the electronic coupling
between chiral capping ligands and achiral QDs, or (iv) chiral
assemblies of achiral QDs.*®** Since capping ligands can influence

chemical and electronic properties of QDs,”*"

the post-synthetic
functionalization of achiral QDs with chiral capping ligands is an
ideal approach to induce and control chirality in semiconductor
nanomaterials. For instance, chiral thiol capping ligands L- and D-
cysteines induced chiro-optical properties in achiral selenide QDs

(CdSe) (Figure 5.14).7%%

L-Cys-CdSe

N
D-Cys-CdSe %Oo %

Figure 5.14 Chiral QDs prepared by post-synthetic phase transfer ligand exchange on
achiral QDs: D- and L-cysteine functionalized CdSe QDs display mirror image circular

dichroism.”

Currently, only very few examples are known on chiral carbon-based
dots. Recently, the chirality of GQDs was first reported by Martin et
al..”® Chiral GQDs were prepared by covalent functionalization with
enantiomerically pure (R) or (S)-2-phenyl-1-propanol (Figure 5.15,
top).” The concept that GQDs could become chiral after covalent
functionalization with chiral organic ligands was demonstrated only
by adding pyrene in the solution. It was observed that the chiro-optical
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property could be transferred to a supramolecular structure built with
pyrene molecules, where the GQDs/pyrene ensembles showed a
characteristic chiro-optical response depending on the configuration
of the chiral organic ligands introduced, although the measured
spectra are not specular images probably due to different degrees of
functionalization.

Almost at the same time, Kotov et al. reported chiral GQDs by
covalent attachment of L- or D-cysteine with nearly mirror image
optical activity (Figure 5.15, bottom).” The high-energy chiro-
optical peaks at 210-220 nm correspond to the hybridized molecular
orbitals involving the chiral centers of amino acids and atoms of
graphene edges. Diverse experimental and modeling data, including
DFT calculations of CD spectra with probabilistic distribution of
GQDs isomers, indicate that the newly formed band at 250-265 nm
originates from the three-dimensional twisting of the graphene sheet
and can be attributed to the chiral excitonic transitions.
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Figure 5.15 Top: chiral GQDs prepared by covalent functionalization with (R) or (S)-
2-phenyl-1-propanol, CD spectra in NMP for aggregates (R)-GQDs/pyrene (blue line)
and (S)-GQDs/pyrene (green line) and UV-Vis absorption spectrum of pyrene in
NMP.”® Bottom: chiral GQDs prepared by covalent functionalization with of L- or D-
cysteine, CD spectra for L-GQDs (red line) and D-GQDs (black line) dispersions and
their UV-Vis absorption spectra.”
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5.1.4 Aim of the project

In order to produce high-quality CNDs, besides the appropriate
synthetic conditions, a proficient choice of the starting precursors is
of pivotal importance. For example, heteroatoms such as nitrogen, can
be inherited from nitrogen-rich precursors to yield excellent optical
properties and, usually, blue-shifted fluorescence (FL), as showed in
Chapter 2. Regrettably, besides element doping, there are no rational
synthetic approaches to obtain materials with predictable optical
properties, leaving this field driven mainly by empirical evidence.
Moreover, by mastering the CND properties, applications in
optoelectronic and biological fields could be more successfully
targeted.

It is with this goal in mind that the aim of this project is to develop a
simple strategy, based on the design of small molecular building
blocks as CNDs precursors, which are able to induce the desired
physicochemical properties from the molecular level to the nanoscale
in a controlled fashion. Conscious that realizing real-word
applications requires time- and cost-effective procedures, a cost-
efficiency parameter will be used to guide the design of the synthetic
procedures and the choice of the molecular precursors.

To this end, our approach aims at the formation of the desired
nanodots in only one synthetic step, without the need of sophisticated
equipment or additional post-synthetic processes, through a quick and
controlled microwave heating of commercially available, or easy-to-
synthesize, precursors.

The first part of the project is particularly devoted to the preparation
of CNDs with the desired fluorescent properties, by a careful choice
of the proper chromophores as starting materials. Arginine and
ethylenediamine that lead to “blue” dots, namely they emit in the blue
region of the spectrum (300-450 nm), will be combined with organic
fluorophores for the preparation of multicolored CNDs. In particular,
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naphthalene  dianhydride derivatives (NDAs) and boron-
dipyrromethenes (BODIPYs) have been identified as valuable classes
of candidates. Two strategies for the incorporation of the fluorophores
in the nanostructures have been identified: (i) through their core,
manipulating their optical properties for the creation of CNDs with
novel features, with the final aim of white-light-emitting nanodots, as
in the case of the NDA-based nanodots; (ii) through their periphery,
so as to retain the starting characteristics and achieve a high level of
prediction of the final CNDs properties, as in the case of the
BODIPY-based nanodots.

In the second part, chiral small molecules will be evaluated as
building blocks and will be properly selected among the variety of
potential commercial candidate, i.e. they should be able of chiral
inheritance and/or transfer chirality to the final CNDs nanostructures
at the high temperatures needed for the reaction.

Finally, it will be investigated the role of small oxidant molecules as
dopants for CNDs with tunable redox properties, as a proof of concept
of a strategy aimed at the preparation of a redox library of nanodots.
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5.2 White-light-emitting CNDs
5.2.1 Design and synthesis

As previously discussed, in the context of white emissive
molecules/materials, the common approach consists of several
synthetic steps in preparing the R-G-B luminophores, which can be
combined in several ways. However, increasing the number of
synthetic step, blending of the luminophores and control, for instance,
the structure and/or energy transfer processes, increases the cost and
complexity of the system.

To this end, we aim at the formation of white-emitting carbon
nanodots (WCNDs) in only one synthetic step and employing
commercial organic building blocks, which is highly desirable as a
cost-effective and time-saving method (Figure 5.16).

Common approach Our approach

i Simple Mix?
Commercial (ratio? Electron
precursors transfer process?
Etc...
Commercial
= ==
steps Assembly / One-step
‘ pH-control White synthesis
Organic Etc... Emitting
Molecules/Materials Material

Figure 5.16 Approaches towards white-emitting materials. Common approach:
synthesize molecules with tunable emission and control the overall emission with, for
instance, their assembly or pH. Our approach: use commercially available precursors

and perform a one-step synthesis.

While plenty of organic molecules are able to emit across the whole
visible spectrum, we focused our attention on naphthalene diimides
(NDIs), due to a number of reasons. First of all, we expect that, under
our experimental conditions (microwave-assisted hydrothermal
controlled conditions) not only arginine and ethylenediamine
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participate in the formation of nanodots, but also naphthalenes
anhydrides are able to react. Indeed, NDIs can be synthesized in high
yields, starting from naphthalene dianhydrides (NDAs) and amines
(Figure 5.17a). Highly efficient (and green) imidization of
dianhydrides was recently found to proceed quantitatively, without
using organic solvents, catalysts or bases.'”

Secondly, proper functionalization at the naphthalene core with
electron-donating substituents (yielding core-substituted naphthalene
diimides, cNDIs) confers them the ability to absorb and fluoresce in
all colors, without significantly changing their structure.'"’
Furthermore, the cNDI chemistry and spectroscopy are well known,
giving us a fair amount of predictability.'”*'” By employing bromo-
substituted naphthalenes diimides, nucleophiles can displace the
bromine in a nucleophilic aromatic substitution reaction, in order to
functionalize the core (Figure 5.17b). Significantly, different
substitutions of the naphthalene core result in a modification of the
frontier orbitals energies leading to different absorption/emission
properties (Figure 5.17c¢).

We had to consider also our hydrothermal synthetic conditions, where
small w-conjugated cores should be able to react, while other (larger)
aromatic chromophores would be inhibited to take part, due to their
insolubility and/or aggregation. In this respect, alkylamino di-
substituted cNDIs play an important role, since they have been

proposed as the smallest, most ‘atom-efficient’ chlorophyll mimic.'®
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Figure 5.17 Syntheses and optical properties of naphthalene diimides: a,b) synthesis

of diimides from anhydrides and common reactions on the naphthalene core; c)

modification of the frontier orbitals energies by core modification of selected NDI

derivatives and corresponding UV-Vis absorption spectra.'”
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‘Doped’ CNDs were prepared via MW-assisted hydrothermal
synthesis by using Arginine (Arg), ethylenediamine (EDA), 1,4,5,8-
naphthalenetetracarboxylic acid-1,8:4,5-dianhydride (NDA) and 2,6-
dibromonaphthalene-1,4:5,8-tetracarboxylic dianhydride (Br,NDA)
as precursors. We expect that naphthalene anhydrides (NDAs) react
with amines in order to from naphthalene diimides (NDIs), and at
least one Br atom of the cNDI would be substituted. The formation of
amino-substituted cNDIs ultimately would be responsible for shifting
the absorption/emission to the red region of the spectrum.

In order to validate our approach, we designed the appropriate
experimental conditions that would lead to CNDs ‘doped’ with both
NDIs and cNDIs, resulting in a material that emits across the entire
visible emission spectrum (Figure 5.18).

Arg and EDA, in the presence of an appropriate ratio of NDA and
Br,NDA, led to the formation of pure white-light-emitting carbon
nanodots (WCNDs), with 1931 CIE coordinates of (0.33, 0.33).

The MW parameters were optimized to obtain the desired optical
performances of the final material, by using appropriate viscosity and
temperature control for a uniform carbonization that leads to
processes of condensation, polymerization and aromatization,
resulting in the formation of NDI-incorporated CNDs.

WCNDs were obtained at 230 °C, 217 psi, 300 W with a MW heating
time of 200 seconds using water as reaction medium (see
experimental section for details). Large carbon nanoparticles were
removed by filtration and the solution was dialyzed against Milli-Q
water. The obtained nanodots exhibited a high solubility in water and

also in common polar organic solvents.

Besides the white-emitting CNDs, we also prepared the reference
materials NDI*CNDs and cNDI*CNDs, obtained by employing either
NDA or Br,NDA, respectively, in the presence of Arg and EDA under
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the same MW-assisted conditions (see experimental section for
details).

The tuning of emission colors, by employing different ratio of starting
materials, are presented in Table 5.1 together with CIE chromaticity
diagram.

a) ORGANIC PRECURSORS for CNDs ..en route to...

H NJNLPL’\/\/EOH H-m -
2
H MH,

Na Nhalene Naphthalene
Arginine (Arg) Dlanhydrlde(NDA) . 3., Diimide (NDI)

~MHz
HeN AN h-R
Ethylenediamine (EDA)

Dlanhydnde (BraNDAi Naphthalene Dnmme (cNDI)

b) MICROWAVE ASSISTED CNDs SYNTHESIS _

Arg + EDA + NDA NDI-CNDs :.
Arg +EDA + Br,NDA — cNDI-CNDs © 8¢
o
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Figure 5.18 Organic precursors used to produce carbon nanodots with tunable
emission. a) Molecular structures of the organic precursors that include arginine (Arg),
ethylenediamine (EDA), 1,4,5,8-naphthalenetetracarboxylic acid-1,8:4,5-dianhydride
(NDA) and 2,6-dibromonaphthalene-1,4:5,8-tetracarboxylic dianhydride (Br,NDA); b)
MW-assisted synthesis starting from the depicted organic precursors yielding

NDI*CNDs, cNDI*CNDs and white-light-emitting carbon nanodots (WCNDs).
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Table 5.1 Starting materials molar ratio, molarity and temperature used for
optimization experiments. CIE coordinates obtained (summarized in the 1931 CIE

chromaticity diagram below).

Entry Arg:EDA:NDA:Br,NDA mol  [M]/H,0* T(°C) CIE®
WCNDs 1.0:0.5:0.9:0.8 0.46 230 0.33,0.33
NDI-CNDs 1.0:0.5:0.9:0.0 0.46 230 0.20,0.18
¢NDI-CNDs 1.0:0.5:0.0:0.9 0.46 230 0.41,0.44
1 1.0:0.5:0.3:0.8 0.46 230 0.46,0.42
2 1.0:0.5:0.6:0.8 0.46 230 0.40,0.36
3 1.0:0.5:0.9:0.25 0.46 230 0.31,0.33
4 1.0:0.5:0.9:0.5 0.46 230 0.24,0.30
5 1.0:1.0:0.0:0.5 343 180 0.28,0.26
6 0.5:1.0:0.3:0.2 1.50 200 0.20,0.20
7 0.5:0.5:0.0:1.0 0.40 160 0.19,0.32
8 0.0:1.0:0.0:0.5 6.00° 160 0.33,0.23
9 0.5:0.0:1.0:0.5 0.27 240 0.26,0.33
10 0.25:0.5:1.0:0.7 0.11 230 0.28,0.34
11 0.3:0.6:1.0:1.0 0.11 230 0.29,0.38
12 0.4:0.4:0.0:1.0 0.11 230 0.38,0.43
13 0.25:0.25:1.0:0.7 0.11 230 0.26,0.35
14 0.5:0.5:1.0:0.7 0.21 230 0.31,0.37
15 0.6:0.7:1.0:0.3 0.21 230 0.26,0.32
16 0.7:0.6:1.0:0.8 0.29 230 0.28,0.37
17 0.9:0.55:1.0:1.0 0.38 230 0.31,0.36
18 1.0:0.6:0.9:1.0 0.36 230 0.30,0.37
19 1.0:0.5:0.75:0.8 0.43 230 0.32,0.38
20 1.0:0.4:0.4:0.7 0.54 230 0.43,0.43
21 0.8:0.5:0.65:1.0 0.36 230 0.31,0.35

a) Arg concentration; b) calculated from FL emission spectra upon excitation at 350

nm; ¢) EDA concentration. Reaction time 200 seconds for all the samples.
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5.2.2 Photophysical characterization

The successful synthesis of WCNDs was first observed by acquiring
absorption and emission spectra. The UV-Vis absorption spectra
(Figure 5.19) of WCNDs and the reference materials NDI*CNDs and
cNDI*CNDs showed the effective formation of naphthalene diimides
under our experimental conditions, with characteristic absorption
features in the 300-400 nm region. Moreover, in the case of WCNDs
and cNDI*CNDs, the 400-600 nm region displayed the successful
formation of core-substituted naphthalene diimides. More
specifically, the absorption profile in this region is representative of
2,6-NDIs substituted with one bromine and one amino substituent,
which brings their absorption/fluorescence towards the red region of
the visible spectrum, as predicted.'®'*%!%

The fluorescence emission spectra of the three different nanodots
(Figure 5.20) showed that NDI*CNDs cover mostly the blue region
(CIE coordinates of (0.20, 0.18)), the cNDI*CNDs emit mainly in the
red region (CIE coordinates of (0.41, 0.44)), while WCNDs exhibited
a broad emission from 400 to 700 nm (CIE coordinates of (0.33,
0.33)).
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Normalized Absorbance
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Figure 5.19 Normalized UV-Vis absorption spectra in water of WCNDs (black line),
NDI+CNDs (blue line) and cNDI*CNDs (orange line), with the inset showing a zoomed
region of the spectra (400-650 nm).
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Figure 5.20 Normalized FL emission spectra in water (298 K and 4.« = 350 nm) of
WCNDs (black line), NDI*CNDs (blue line) and cNDI*CNDs (orange line).

Fluorescence matrix scan experiments (Figure 5.21) confirmed the
broad emission of WCNDs, the blue- and red-emitting NDI*CNDs
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and cNDI*CNDs, respectively, with the emission being tunable by
using different excitation wavelengths (Figure 5.22).

Therefore, preparing the three types of nanodots unveiled that this
methodology could be used to tune and achieve emission from blue-
white, to pure white and further to red-white (Figure 5.23). This is of
particular importance in order to realize tunable white emission,
ranging from cool (blue-white) to warm (yellow-white) colors, which
find applications according to requirements.

560 630 700
llm,nm

Figure 5.21 FL matrix scan experiments in water (298 K) for a) WCNDs, b)
cNDI*CNDs, ¢) NDI*CNDs, showing the fluorescence mapping by exciting at different
wavelengths (300-400 nm).
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Figure 5.22 FL emission spectra in water (298 K) of a) WCNDs, b) cNDI*CNDs, ¢)

NDI*CNDs, by exciting at different wavelengths (300-400 nm).

520

480°
00 +—2480 .

00 01 02 03 04 05 06 07 08
X

Figure 5.23 1931 CIE chromaticity diagram showing coordinates of WCNDs (0.33,
0.33), NDI*CNDs (0.20, 0.18) and cNDI*CNDs (0.41, 0.44); the inset shows a solution

of WCNDs in water exposed to UV light (365 nm).
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Additionally, there were no changes in FL intensity after 5 h of
continuous UV excitation, confirming the photostability of our
material (Figure S5.2).

Absolute FL quantum yields (QY's) were measured and found to be
8% for WCNDs, 12% for c¢cNDI*CNDs and less than 1% for
NDI-CNDs. While the low QY of NDI*CNDs can be attributed to the
electron-acceptor nature of the naphthalene diimide core,'” the QY's
of cNDI*CNDs and WCNDs gave promising results, given their
emission in the red region and the entire visible spectrum,
respectively.

5.2.3 Morphological and structural characterization

All three materials were further characterized in order to obtain
structural (by FT-IR and X-ray photoelectron spectroscopy) and
morphological information (by atomic force microscopy).

AFM confirmed the quasi-spherical morphology and showed that the
three CNDs have a rather homogeneous size distribution. By
statistical analysis of about one hundred WCNDs nanoparticles, we
estimated an average size of 3.70 + 0.86 nm (FWHM: 2.021) (Figure
5.24).
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Figure 5.24 a) Tapping mode AFM image of WCNDs (5.0 x 5.0 pm) drop-casted on
a mica substrate; b) height profile of WCNDs; ¢) size histogram of WCNDs with curve

fit to the data using a Gaussian model.
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For comparison, AFM analysis of NDI*CNDs and cNDI*CNDs
showed similar sizes and distribution (Figures 5.25, 5.26).
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Figure 5.25 a) Tapping mode AFM image of cNDI*CNDs (5.0 x 5.0 um) on a mica
substrate; b) height profile of cNDI*CNDs; ¢) size histogram of cNDI*CNDs with curve
fit to the data using a Gaussian model. Average size of 3.5 + 0.65 nm (FWHM: 1.530).

45
30
15
PPN SPNSPIIN 3 7=. 1,
1.0 1.8

085"

a) b)

Height/ nm

) Distance / ym

20

%

0
24 3.6 4.8
Height \ nm

Figure 5.26 a) Tapping mode AFM image of NDI*CNDs (5.0 x 5.0 pm) on a mica
substrate; b) height profile of cNDI*CNDs; ¢) size histogram of cNDI*CNDs with curve
fit to the data using a Gaussian model. Average size of of 4.1 £ 0.96 nm (FWHM:
2.265).

The FT-IR spectrum (Figure 5.27) displayed that WCNDs have many
oxygenated functional groups on their surface such as imide,
carboxylic acid, epoxy, alkoxy, hydroxyl and carbonyl groups.
Absorptions at 1186 and 1114 cm™ can be attributed to the C-O-C
bond, while absorptions at 1384, 1347, 1275 and 1254 cm” confirmed
the presence of C-O bonds. Peaks at 1456 and 1442 cm™ were
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indicative of C-N bonds, while 1584 cm™ showed the presence of
C=N/C=C. Additionally, the absorption at 1705, 1655 and 1619 cm™
displayed C=0 bonds, whereas the broad peak centered at 3424 cm™
revealed O-H/N-H bonding. Finally, peaks at 2931 and 2847 cm™
were related to the C—H bond stretching vibrations.

Transmittance / %

4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm’”

Figure 5.27 FT-IR spectrum of WCNDs.

NDI*CNDs and ¢cNDI*CNDs have similar IR spectra, suggesting a
similar functional groups distribution (Figures S5.3, S5.4).

X-ray photoelectron spectroscopy was then carried out to further
confirm the functional groups present on the surface of carbon
nanodots. From the full-scan XPS spectra of WCNDs (Figure 5.28a)
Br3d at 69.3 eV, Br3p 182.3 eV, Br3s 263.1 eV, Cls 285.5 eV, Nls
400.5 eV, Ols 531.8 eV were clearly discernible. In the case of
WCNDs, the atomic percentage for C, N, O and Br were as follows:
65.9, 11.7, 17.2 and 5.2, respectively. The XPS survey spectra for
NDI*CNDs and cNDI*CNDs are reported in Figures S5.5 and 5.28b,
respectively. The binding energies of Br3p and Br3d (only in WCNDs
and cNDI*CNDs samples) corresponded to bromine covalently

106-1 . .
bonded to carbon atoms,'” '’ confirming our observations from UV-
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Vis experiments, which showed the presence of the 2-bromo-7-
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substituted naphthalene diimide core.'®"'**!%
a) . | b)
@ 5
3 3
[v] ]
z =
@ i
c { =4
L 2
£ =
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Binding Energy / eV Binding Energy / eV

Figure 5.28 XPS survey of a) WCNDs and b) cNDI*CNDs.

To determine the C and N configurations in the CNDs, a detailed peak
fitting analysis was performed (Figures 5.29-5.31). The XPS
spectrum of Cls was deconvoluted into six surface components
corresponding to sp”(C=C) at 284.5 eV, sp’(C-C, C-H) at 285.4 eV,
C-O/C-N/C-Brat 286.5 eV, C=0/C=N at 288.5 ¢V, as well as O-C=0
at 289.6 eV and a component at 290.7 eV attributed to the shake-up
satellite (m-n*).'" The Nls spectrum was deconvoluted into four
peaks centered at 398.3, 399.5, 400.4, 401.3 eV corresponding to
C=N, NH,, C-N-C and N-C,, respectively.'"” No significant
differences were found in the composition of the Cls and Nls
functional groups between the three CNDs (Table 5.2). The surface
components of CNDs, as determined by XPS, were in good agreement
with the observations from FT-IR experiments.
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Figure 5.29 Deconvoluted a) Cls and b) N1s spectra of WCNDs.
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Figure 5.30 Deconvoluted a) Cls and b) N1s spectra of cNDI*CNDs.
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Figure 5.31 Deconvoluted a) Cls and b) N1s spectra of NDI*CNDs.

278



5 Rationally Designed Carbon Nanodots

Table 5.2 Percentages of C, N, O, Br atoms in WCNDs, cNDI*CNDs and NDI*CNDs,

as determined by XPS measurements.

Entry WCNDs  ¢NDI*CNDs  NDI*CNDs
C% 65.9 51.2 67.4
c=C 16.8 17.6 18.1

C-C/C-H 36.7 35.6 42.1
C-O/C-N/C-Br" 22.1 25.5 17.4
C=0/C=N 9.2 13.9 12.1
0-C=0 10.1 5.6 6.7
Shake-up 5.1 1.8 3.6

satellite (m-n*)
N% 11.7 253 18.3

C=N 9.8 8.9 9.8
NH, 5.7 6.8 10.3

C-N-C 65.7 68.9 69.6

N-C3 18.8 15.4 10.3
0% 17.2 17.6 14.3
Br% 52 5.9 -

a. C-Br only for WCNDs and cNDI*CNDs.
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5.3 BODIPY-based CNDs
5.3.1 Design and synthesis

4 4'-difluoro-4-bora-3a,4a-diaza-s-indacene (abbreviated to
BODIPY) dyes have gained a great deal of attention recently because
of their many distinctive and desirable properties such as high
extinction coefficients, narrow absorption and emission bands, high
quantum efficiencies of fluorescence, relative insensitivity to
environmental perturbations.'"!

They are commonly described as being a boradiazaindacene due to
the analogy with the all-carbon tricyclic ring, and the numbering
system follows rules set up for the carbon polycycle (Figure 5.32),
where the 8-position is often referred as meso site by analogy with
porphyrinic systems.

m‘EISD
¥
7 B 1
L D) L X XD
=N.2.NZ
5 +_'_-‘
s-indacene 4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene

Figure 5.32 Numbering scheme used for BODIPY derived from indacene.

Small modifications to their structure enable tuning of their
fluorescence characteristics and they are known as a photostable

: 112
substitute for fluorescein.

However, BODIPY also have undesirable characteristics for many
applications in biotechnology. For instance, only a handful of water-
soluble derivatives have been made and they display the tendency to
decrease solvent contact by forming non-emissive aggregates.''
Thus, there is the potential that BODIPY framework will lead to
probes that can be used for imaging in living cells, but that is largely

unrealized.
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To improve water solubility, sophisticated functionalization of
BODIPY skeletons is usually required. Moreover, the synthetic
methodologies are limited and the preparation of large quantities
represents a bottleneck for biomedical studies. Strategies to water-
soluble BODIPY involve the introduction of oligo(ethylene glycol),
N,N-bis(2-hydroxyethyl)amine, carbohydrates, nucleotides, or ionic
hydrophilic groups such as carboxylic acid, sulfonic acid, or
'13122 For instance, highly water-soluble BODIPY
were obtained by introducing branched oligo(ethylene glycol)methyl

ammonium groups.

ether at the meso position with a fluorescence quantum yield of 4.2%,
that can be enhanced up to 35.7% introducing steric hindrance to the
BODIPY core through the replacement of the fluorine atoms with
ethynyl subunits via a Grignard reaction.'”> However, despite great
synthetic efforts, little success was achieved in order to avoid multi-
step synthesis and tedious purification for water-soluble BODIPY.

BODIPY-based CNDs (BCNDs) were synthesized using 8-(4-
carboxyphenyl)-1,3,7,9-tetramethyl-BODIPY (hereafter abbreviated
to BODIPY-COOH), which was prepared with a one-pot synthesis
adapting a standard synthetic methodology.'** Substituents in position
1,7 result in enhanced quantum yield since they prevent free rotation
of the phenyl group and therefore reduce loss of energy from the
excited states via non-irradiative molecular motions."'"'

BCNDs were prepared via MW-assisted hydrothermal synthesis by
using Arginine (Arg), ethylenediamine (EDA) and BODIPY-COOH
as precursors (Figure 5.33). We expect that, under our experimental
conditions the carboxyphenyl group of the BODIPY reacts with the
amino moieties of arginine and ethylendiamine. This results in the
incorporation of the BODIPY-COOH in the final CNDs, which show
a high solubility in water and in polar solvents. We hypothesized that
the incorporation of BODIPY dyes into CNDs could effectively
enhance their enthalpic interactions with water and increase their
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water solubility, and that the introduction of steric hindrance at the
meso positions of BODIPY dyes could reduce their aggregation
through n-m stacking interactions between BODIPY cores in aqueous
solution, enhancing their fluorescence quantum yields.

ORGANIC PRECURSORS for... BODIPY-based CNDs
NH 5
00
HENJLN’\/\(ROH
H NH,

Arginine (Arg)

poN~NHz B O O

Ethylenediamine (EDA) BO:D;PY

Figure 5.33 Molecular structures of the organic precursors that include arginine (Arg),
ethylenediamine (EDA), 8-(4-carboxyphenyl)-1,3,7,9-tetramethyl-BODIPY
(BODIPY-COOH) used to produce BODIPY-based carbon nanodots with green FL

emission through a MW-assisted synthesis.

The MW parameters, as well as the molar ratio between the three
organic precursors, were optimized to obtain the desired optical
performances of the final material. By using appropriate viscosity and
temperature controls for a uniform carbonization, processes of
condensation, polymerization and aromatization resulted in the
formation of BODIPY-incorporated CNDs.

BCNDs were obtained by employing Arg, EDA and BODIPY-COOH
in a molar ratio of 1:0.5:0.25 mol, at 200 °C, 5 psi, 200 W with a MW
heating time of 180 seconds, using water as reaction medium (see
experimental section for details). Large carbon nanoparticles were
removed by filtration and the solution was finally dialyzed against
Milli-Q water.
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5.3.2 Photophysical characterization

The photophysical properties of the novel BCNDs were measured in
water. The absorption spectrum of BCNDs (Figure 5.34) is
characterized by a strong Sy—S; (n-n*) transition at 496 nm and a
weaker broad band around 350 nm attributed to the So— S, (n-n*) of
the BODIPY moiety. Moreover, the absorption band around 307 nm
could be ascribed to the m-n* transition of the C=C units from the

: 11
nanoparticle core.'"’
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Figure 5.34 UV-Vis absorption spectrum in water of BCNDs.

The fluorescence emission spectrum of BCNDs showed the typical
excitation wavelength-dependence phenomenon of CNDs arising
from the presence of different functional groups with different surface
state level, that dominate the emission at characteristic excitation
wavelenghts.''"’ A fluorescence peak shift from 352 to 470 nm when
the excitation wavelength changes from 300 to 420 nm, according to
the NCNDs previously reported, was observed.''’ The incorporation
of the dye in the BCNDs resulted in a double emission with an
additional and more intense fluorescence peak centered at 507 nm,
that became predominant exciting at 500 nm (Figure 5.35).
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Figure 5.35 FL emission spectra of BCNDs in water (298 K), by exciting at different
wavelengths (300-480 nm).

Fluorescence matrix scan experiments confirmed their mainly green
emission (Figure 5.36); the BCNDs emitted from the blue-green to
the green region upon excitation from 300 to 500 nm (Figure 5.37),
showing CIE coordinates of (0.17, 0.39) exciting at 340 nm and of
(0.15, 0.69) exciting at 500 nm (Figure 5.38). Finally, the
fluorescence QY of BCNDs was determined in water and was found
to be 20%, which is a remarkable result considering the usually low
emission of BODIPY dyes in water, as discussed above. This could
be attributed to the nanodots surrounding, which could prevent the
aggregation of the dye in an aqueous solution through stacking or
hydrophobic interactions between BODIPY cores. Notably, there
were no changes in FL intensity after 4 h of continuous UV excitation
in water, revealing the photostability of BCNDs (Figure S5.7).
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Figure 5.36 FL matrix scan experiment for BCNDs in water (298 K) showing the

fluorescence mapping by exciting at different wavelengths (300-480 nm).
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Figure 5.37 FL emission spectra of BCNDs in water by exciting at 300 nm (blue line)

and 500 nm (green line).
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Figure 5.38 1931 CIE chromaticity diagram showing coordinates of BCNDs by
exciting at 340 nm (0.17, 0.39) and 500 nm (0.15, 0.69); the inset shows a solution of
BCNDs in water exposed to UV light (365 nm).

5.3.3 Morphological and structural characterization

Morphological information of BCNDs were obtained by AFM. AFM
images showed the quasi-spherical morphology of the dots and a
rather homogeneous size distribution. By statistical analysis of about
one hundred of nanodots, we estimated an average size of 2.17 £+ 0.64
nm (FWHM: 1.524).

The structure and the composition of BCNDs was determined by FT-
IR spectroscopy and X-ray photoelectron spectroscopy.

The BCNDs FT-IR spectrum (Figure 5.40) showed the presence of
many functional groups on their surface, similar to the ‘undoped’
nanodots presented in Chapter 2. Interestingly, the peak at 1683 cm™
in the FT-IR spectrum of the BODIPY precursor and indicative of the
carboxylic acid moiety (Figure S5.6), disappeared in the BCNDs
spectrum. Instead, absorptions at 1669 and 1623 ¢cm™ showed the
presence of C=0 bonds, while absorptions at 1342 cm™ confirmed the
presence of C-O. Additionally, peaks at 1178, 1155 and 1108 cm™
displayed C-O-C bonds, and the broad peak centered at 3353 cm™
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revealed O-H/N-H bonding. Absorptions at 2945 and 1385 cm™ were
indicative of C-H and B-N stretching, respectively. Furthermore,

C=N/C=C (1545 and 1511 cm™) and C-N (1470 and 1452 cm™)
functional groups can be identified.

a)

Figure 5.39 a) Tapping mode AFM image of BCNDs (3.0 x 3.0 um) drop-casted on a
mica substrate; b) height profile of BCNDs; c) size histogram of BCNDs with curve fit

to the data using a Gaussian model.
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Figure 5.40 FT-IR spectrum of BCNDs.

The surface components as determined by FT-IR spectroscopy, were
in good agreement with XPS results. From the full-scan XPS
spectrum of BCNDs (Figure 5.41a) Cls at 286.3 eV, Nls at 401.0
eV, Olsat532.3eV,Blsat 190.3 eV, Fls at 685.8 eV were detected.
The atomic percentages for C, N, O, B and F were as follows: 61.1,
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224, 13.2, 1.2 and 2.1, respectively. To determine the C and N
configurations in the BCNDs, a detailed peak fitting analysis was
performed (Figure 5.41b,c).

The XPS spectrum of Cls was deconvoluted into five surface
components corresponding to sp>(C=C) at 284.8 eV (5.0%), sp’(C-C/
C-H) at 285.9 eV (29.8%), C-O/C-N/C-Br at 286.9 eV (47.9%),
C=0/C=N at 288.8 eV (5%), and a component attributed to O-C=0
at 289.9 eV (12.3%). The Nls spectrum was deconvoluted into four
peaks centered at 398.9 (4.5%), 399.9 (8.0%), 400.9 (58.2%), 401.9
(29.3%) eV corresponding to C=N, NH,, C-N-C and N-C;,
respectively.

The presence of primary amino groups was confirmed by a positive
Kaiser test. It was estimate a value of 845 pmol/g of amino groups,
making BCNDs prompt to the easy insertion of further functional
groups and/or interesting molecules/ions through standard organic
chemistry protocols.

The electrochemical properties of BCNDs have been studied, in order
to investigate the electronic effect of the BODIPY moiety in the
nanodots. Usually, BODIPY dyes show reversible reduction and
oxidation waves with peaks near -1.4 V and +1.3 V, respectively,
which depend on the substituents present.'>'*

The CV of BCNDs is reported in Figure 5.42. The anodic region
presented an oxidation peak at +1.20 V, which is related to the
oxidation of the amines present on the nanodots surface observed also
in the CV of NCNDs (as reported in Chapter 2), and its broader shape
as compared to the ‘undoped’ ones might result from the merging of
the peak relative to amines and the oxidation peak of the BODIPY
moiety. In the cathodic part, apart from a peak at -2.50 V associated
to the reduction of the oxidized amines as in the case of NCNDs, a
new irreversible peak at -1.90 V can be identified. This can be
attributed to the presence of the BODIPY on the nanodots surface,
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and the difference observed in its potential value compared to the
typical ones of the dyes, suggested a ‘novel’ surrounding for the
BODIPY, which requires more energy to be reduced, and thus their
implementation in the dots nanostructure.
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Figure 5.41 a) XPS survey of BCNDs (inset: zoom of the Bls region); deconvoluted
b) Cls and c) N1s spectra of BCNDs.

The frontier orbital energies calculated from CV data were found to
be -5.75 and -3.23 eV for HOMO and LUMO, respectively. A
comparison with the ones of the ‘undoped’ NCNDs (HOMO: -5.7 eV;
LUMO: -2.3 eV) showed that the presence of the BODIPY in the
nanodots resulted in an unvaried HOMO level and in a more
stabilized LUMO energy. The latter revealed that the BODIPY
moiety strongly modify the nanodots surface and the reduced bandgap
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observed for BCNDs (2.52 eV) respect to NCNDs (3.4 eV) is
responsible of the observed optical batochromical shift.
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Figure 5.42 CV of BCNDs in DMF using TBAPF; as supporting electrolyte.

5.3.4 BCNDs effects on human natural Killer cells

As reported in Chapter 2, NCNDs show a low cytotoxicity at
relatively high concentrations. BCNDs should display an improved
cellular imaging ability due to their batochromically-shifted emission.
Therefore, preliminary investigation using a confocal microscope,
showed (Figure 5.43) that BCNDs are efficiently taken up by human
cervix cancer C33-A cell line.

In light of these results, we investigated for the first time the effect of
carbon nanodots on Natural Killer (NK) cells function and
differentiation, and some preliminary results are reported below.

NK cells are lymphocytes of the innate immune system, that is the
first line of defence against pathogens, together with epithelial
barriers, phagocytes, dendritic cells, the complement system and
cytokines.

They were first described in mice in 1975 as granular lymphoid cells

with cytotoxic function against Moloney leukaemia cells.'*®
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Subsequently, these cells were identified as NK cells due to their
ability to lyse certain tumor cells without prior stimulation.

Figure 5.43 Confocal microscope images showing the uptake of BCNDs (10 pg/mL,
24 h exposure time at 37°C) by C33-A cell line. a) cells under bright field and b) by

excitation at 488 nm. Magnification 20X.

Human natural killer cell function is regulated by a balance between
activating and inhibitory receptors. Some inhibitory receptors
recognize HLA class I molecules, which are expressed by virtually all
healthy cells and prevent their killing by autologous NK cells. These
inhibitory receptors include the clonally distributed Killer Ig-like
Receptors (KIRs) that are able to distinguish among different HLA-
A, -B and -C allotypes and the CD94/NKG2A heterodimer that

127 . .
In the absence of interactions between

directly recognizes HLA-E.
NK inhibitory receptors and self-HLA class I molecules, a series of
activating receptors transduces signals that result in NK-mediated
attack of allogeneic, tumor- or virus-transformed cells.'*®

NK cells derive from haemopoietic stem cells (HSC), which give rise
to all blood cells. Their stages of differentiation are characterized by
the sequential acquisition (or loss) of markers and functional
properties. Different soluble factors play a key role in NK cell
development, activation, expansion, trafficking and survival. In

particular, IL-15 is responsible of NK cell development and

291



5 Rationally Designed Carbon Nanodots

proliferation, and it is abundantly present in the bone marrow where
NK cell development and differentiation occurs.

NK cells are currently defined as large granular lymphocytes,
comprising about 5-15 % of total mononuclear cells in peripheral
blood mononuclear cells (PBMCs), and they are identified by
CD56'CD3°CD19" surface phenotype.'”

On the basis of CD56 expression intensity, circulating NK cells are
divided into two major subsets based on the intensity of CD56
expression: CD56™#" and CD56™ NK cells (Figure 5.44). These
two subsets display a different tissue distribution as well as distinct
phenotypic characteristics and functions. While CD56™ NK cells are
largely predominant in PB where they represent about 90%, CD56™
NK cells are more frequent in certain tissues and secondary lymphoid
organs. Differently from CD56%™ NK cells, CD56™€" NK cells are
characterized by low expression of lytic granules and by production
of high amounts of cytokines, such as IFN-y, TNF-a, and GM-CSF.
Thus, CD56™€" NK cells have been usually considered as “regulatory
NK cells” and CD56%™ NK cells as “cytotoxic NK cells” (notably
CD56%™ NK cells can also release large amounts of cytokines but
only upon receptor-mediated triggering).

Different experimental evidences have now established that
CD56"™" NK cells represent an early stage of peripheral NK cell
maturation, further progressing to CD56%™ NK cells. In addition,
analysis of mice with a humanized immune system revealed that
infused CD34+ cells give rise to CD56"™ first and subsequently to
CD56%™ NK cells that also become KIR+. Cells at later stages of NK
cell differentiation in addition to KIRs also express high levels of
CD16 (FcyR) and CD57, lose the expression of CD94/NKG2A and
are characterized by a low proliferative capacity. CD56""" NK cells
express only CD94/NKG2A, whereas CD56"™ NK cells may also
express KIRs, and/or LIR-1."°
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CD69, CD25 and NKp44 represent NK cell activation markers. In
particular, CD69 is early acquired by NK cells in response to different
stimuli and it marks NK cells characterized by enhanced effector
functions including cytotoxicity, proliferation and cytokine
production. CD25 also named as IL2Ra is expressed later than CD69
by activated NK cells and allows higher IL-2 mediated responses.
NKp44 is exclusively expressed by activated NK cells,"" and it is one
of the natural cytotoxicity receptors (NCRs). NCRs (NKp46, NKp30
and NKp44) are a group of NK cell receptors that mediate direct
killing of stressed cells and are acquired at early maturation stages of
NK cells.'*®

E
(=
3 CD16’ . cbezL*
[{e] j CDS4INKG2A™"  cps7-
8 =k KIR CCR?*
O g.; perforin CX,CRT
e
=
I |o
3
cp1e™" coeaL"”
CD94NKG2A™"  CD5T
KIR CCR7™
perforin® CX,CR1"
E
b= -
[{=] cb16* cDs2L
v CDO4/NKG2A®  CODS7°
o KIR™ CCRT
O perforin®* CX,CR1°
2
: §
1
> cote™ ce2L”
CDO4/NKG2A™  CD57"
KIR* CCRT
perforin®** CX,CR1™"

Figure 5.44 Peripheral NK cell subsets. Schematic representation of NK cell
differentiation from CD56"" to CD56™.
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Firstly, the ability to visualize human NK cells by using BCNDs was
investigated. For this purpose, flow cytometry analyses on resting NK
cells (not cytokine pre-activated NK cells) from PBMCs were
performed, comparing NK cells cultured with IL-15 (1 ng/ml) in the
absence or in the presence of growing concentration of BCNDs.

The data were reported in two-dimensional dot plots in which each of
the four quadrants (upper left: UL; upper right: UR; low left: LL; low
right: LR) is defined by the two values obtained from the flow
cytometer and the number reported in each quadrant is referred to the
events recorded in terms of percentage. Therefore, the cells UL and
LR are representative of single positive events, while UR of double
positive events and LL of double negative events.

Figure 5.45 shows the BCNDs-dependent staining of NK cells
(CD56™*" and CD56%™) upon 30 minutes of exposure to different
BNDs doses in the presence of IL-15. The exposure to higher doses
of BNDs resulted in a clear and efficient uptake.

In order to evaluate the capability of BCNDs to induce NK cell
activation, the surface expression of the CD69, CD25 and NKp44
activation markers was analyzed on NK cells upon 20 hours and 7
days of exposure to different doses of BCNDs.

After 20 hours of exposure (Figure 5.46), the presence of BCNDs
induced a higher expression (especially with their higher dose
employment) of the CD69 receptor, while an almost unchanged
expression pattern for NKp44 and CD25 was observed.

However, after 7 days of BCNDs exposure (Figure 5.47), the
expression of both CD69 and CD25 resulted enhanced compared to
the results obtained after 20 hours of BCNDs exposure, and in a
BCNDs dose-dependent manner, whereas the expression of NKp44
receptors appeared to be influenced only by the IL-15 cytokine
stimulation.
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Figure 5.45 Two-dimensional dot plots showing the uptake of different doses of
BCNDs (10 pg/mL, 100 pg/mL, 200 pg/mL at 37°C and in the presence of IL-15 1
ng/mL) by NK cells (CD56"*" and CD56%™) after 30 min of exposure.
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Figure 5.46 Two-dimensional dot plots showing the expression of the CD69, CD25
and NKp44 activation markers on NK cells after 20 h of exposure of different doses of
BCNDs (10 pg/mL, 100 pg/mL, 200 pg/mL at 37°C and in the presence of IL-15 1
ng/mL).

Prompted by these results, we investigated the BCNDs effect on the
NK cell maturation process. Since the PBMCs is composed by NK
cells at different differentiation stages, we evaluated whether PBMC
exposure to BCNDs could change the ratio of the different NK cell
subsets and favor the development of specific NK cell subsets.
Herein, the analysis performed after 20 hours and 7 days of BCNDs
at different doses exposure are reported (Figure 5.48).

In the presence of BCNDs, an increment of NKG2A+ KIR+ NK cell
subset and a decrease of NKG2A+ KIR- NK cell subset was observed
especially for the higher BCNDs doses and the longer exposure time,
suggesting a role of BCNDs in inducing an increment of more mature
NK cells.

296



5 Rationally Designed Carbon Nanodots

medium

W00 100 W 10t APIE 0 0

BCNDs 10 ug/ml

watd W e 108 Wor 10 w0

BCNDs
CD69
NKp44

BCNDs 100 pg/mi

L R T T WO 16 w0 Waie 1 e

WL UR
002 1670

BCNDs 200 pg/ml

0. 1 8457
100107 100 w0t 08 S RTINS 10010t 100 0 1ok

CD56

Figure 5.47 Two-dimensional dot plots showing the expression of the CD69, CD25
and NKp44 activation markers on NK cells after 7 days of exposure of different doses
of BCNDs (10 pg/mL, 100 pg/mL, 200 pg/mL at 37°C and in the presence of IL-15 1
ng/mL).
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Figure 5.48 Two-dimensional dot plots showing the expression of the increment of
NKG2A+ KIR+ NK cell subset after 20 h and 7 days of exposure of different doses of
BCNDs (100 pg/mL, 200 pg/mL at 37°C and in the presence of IL-15 1 ng/mL).
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5.4 Chiral CNDs
5.4.1 Design and synthesis

For the preparation of chiral carbon nanodots we build on our
synthetic protocol for NCNDs discussed in Chapter 2. Chiral CNDs
were prepared via MW-assisted hydrothermal synthesis by using
arginine and  (RR)-(—)-cyclohexanediamine or  (SS)-(+)-
cyclohexanediamine, instead of ethylenediamine, as precursors, at
240 °C, 60 psi, 200 W and with a MW heating time of 180 seconds in
water (see experimental section for details). In the process of
microwave heating, the solution changed color from transparent to
dark brown, as a result of the formation of nanodots. Large carbon
nanoparticles were removed by filtration and the yellow solution was
finally dialyzed against Milli-Q water. The obtained nanodots
exhibited a high solubility in water and also in common polar organic
solvents, and are denoted here as (—)- and (+)-CNDs (Figure 5.49).
Note that (—)- and (+)-CNDs notations refer here to the molecular
chirality of the amines used as precursors, because the use of
alternative notations requires a deep study on the origin of the
chiroptical properties, which is among the goal of this project.

ORGANIC PRECURSORS for... chiral CNDs

H
HQNEH'\/\(&OH

NHyp
Arginine (Arg) s

NHz ANHp
O« O

‘NH; NH,
(RA)-(—)- (SS)-(+)-

cyclohexanediamine  cyclohexanediamine | (—)-CNDs (+)-CNDs

Figure 5.49 Molecular structures of the organic precursors that include arginine (Arg),
and (RR)-(—)-cyclohexanediamine or (SS)-(+)- cyclohexanediamine used to produce

chiral carbon nanodots ((—)- or (+)-CNDs).
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5.4.2 Morphological and structural characterization

The structure and the composition of (—)- and (+)-CNDs were
determined by FT-IR spectroscopy and X-ray photoelectron
spectroscopy, while morphological information were obtained by
atomic force microscopy. As expected, the two enantiomers showed
the same morphological and structural features. Therefore it is here
reported the characterization of (+)-CNDs, while results for (—)-
CNDs can be found in the experimental section.

AFM images showed the (+)-CNDs round shape and size of 2.62 +
0.85 nm (FWHM: 2.001), comparable to the NCNDs (Figure 5.50).

a)

Figure 5.50 a) Tapping mode AFM image of (+)-CNDs (4.4 x 4.4 pm) drop-casted on
a mica substrate; b) height profile of (+)-CNDs; c) size histogram of (+)-CNDs with

curve fit to the data using a Gaussian model.

The (+)-CNDs FT-IR spectrum showed the presence of many
functional groups on their surface, similar to the NCNDs prepared
using EDA as amine precursor. Absorptions at 1174 and 1107 cm™
can be attributed to C-O-C bond, while absorptions at 1386, 1353,
1342 em™ confirmed the presence of C-O bonds. Moreover, the
absorption peaks at 1646, 1703 and 1766 cm™ are indicative of C=0
bonds, whereas the broad peak centered at 3350 cm™ revealed O-H/N-
H bonding. In addition, C-N/C=N/C=C (1491, 1470, 1452 cm™)
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functional groups can be identified, while peaks at 2935, 2859 cm’
are related to the C—H bond stretching vibrations (Figure 5.51).
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Figure 5.51 FT-IR spectrum of (+)-CNDs.

From the full-scan XPS spectrum of (+)-CNDs (Figure 5.52a) C, N,
O were detected (Cls at 286.2 eV, Nls at 400.6 eV and Ols at 532.3
eV). The atomic percentages for C, N, O were as follows: 65.9, 23.7,
10.4, respectively, revealing that compared to NCNDs, chiral
nanodots exhibit higher nitrogen and lower oxygen contents.

To determine the C and N configurations in the (+)-CNDs, a detailed
peak fitting analysis was performed, and the surface components as
determined were in good agreement with the observations from FT-
IR experiments. The C1s spectrum of (+)-CNDs can be deconvoluted
into five surface components corresponding to C=C at 284.8 eV
(5.1%), C-C, and C-H at 285.8 eV (20.2%), C-O/C-N at 286.7 eV
(56.8%), C=0/C=N at 288.5 eV (5.7%), as well as O-C=0 at 289.6
eV (12.2%) (Figure 5.52b). The N1s spectrum of (+)-CNDs can be
deconvoluted into four peaks centered at 398.7 (7.1%), 399.9
(25.7%), 400.9 (52.9%), 401.9 (14.3%) eV corresponding to C=N,
NH,, C-N-C and N-C; respectively (Figure 5.52c).
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Figure 5.52 a) XPS survey of (+)-CNDs; deconvoluted b) Cls and c) N1s spectra of
(+)-CNDs.

Therefore, FT-IR and XPS measurements show that the chiral
nanodots surface contains similar multiple oxygen and nitrogen
functional groups than NCNDs, but with different contents.

Finally, the presence of primary amino groups was confirmed by a
positive Kaiser test, with an estimated value of 795 umol/g of amino
groups, that is lower than the one founded for NCNDs according to
XPS measure.

5.4.3 Photophysical and chiro-optical properties

The UV-Vis absorption spectra of (—)- and (+)-CNDs revealed two
peaks at c.a. 270 nm and 330 nm, which are related to the electron
transitions from 7 (or n) to n* of C=C and C=0 (Figure 5.53).
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Figure 5.53 UV-Vis absorption spectra in water of (—)-CNDs (black line) and (+)-
CNDs (red line).

The luminescence properties of the (—)- and (+)-CNDs have been
explored. A broad emission peak at 425 nm is observed for both (—
)- and (+)-CNDs when excited at the optimal excitation wavelength
(340 nm) (Figures 5.54, S5.13). The fluorescence peak shifts from
419 nm to 466 nm when the excitation wavelength changes from 320
to 440 nm, with a slightly excitation-dependent emission profile. The
FL quantum yield (QY) was found to be 20%.

These data reveal that the different surface functional groups of (—)-
and (+)-CNDs, compared to the NCNDs (discussed in Chapter 2),
which were synthesized and purified with the same protocol of the
chiral nanodots, but using EDA as amine precursor, affect the optical
properties, and that (—)- and (+)-CNDs show instead some optical
similarities with the smaller NCNDs2-3 (discussed in Chapter 2).
Indeed, the nanodots surface affects the FL properties since it
determines the trapping of excitons under excitation.
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Figure 5.54 FL emission spectra in water (298 K) of (+)-CNDs at different excitation

wavelengths.

The evidence of the successful synthesis of chiral nanodots was
obtained from Electronic Circular Dichroism (ECD) spectroscopy.
Two aqueous solutions of the enantiomers at a concentration of 0.7
mg mL™" and pH 9.7 were measured (Figure 5.55).

The ECD spectrum of (—)-CNDs water solution presents two
negative cotton effects at 260 nm and 320 nm in accordance with the
UV absorption bands. As a result of the ECD analysis of enantiomer
(+)-CNDs, the inversion of ECD signal was observed, indeed two
positive cotton effects at 260 nm and 320 nm were detected.

303



5 Rationally Designed Carbon Nanodots

1.2

CD / mdeg
2

0.9.

0.6

Abs / a.u.

0.3

0.0

250 370 370 - 430

6 wavelength / nm
T

250 300 350 400
wavelength / nm

Figure 5.55 EDC spectra in water of (—)-CNDs (black line) and (+)-CNDs (red line).

5.4.4 Induced chiral supramolecular assemblies

In order to investigate the ability of chiral CNDs to transfer the chiral
information to other molecules we studied their non-covalent

interactions with porphyrins.

Porphyrins represent very attractive building blocks for the
formulation of functional supramolecular materials. Over their unique
spectroscopic and geometric properties, they are stable under a variety
of conditions, exhibit unique optical and redox properties, and can be
readily functionalized at different sites. Charged substituents make
porphyrins water-soluble, even when maintaining the hydrophobic
character of the macrocyclic core. Exploiting this dichotomy, it is
possible to drive the tendency of the porphyrins to self-assemble in
aqueous solutions and to modulate the aggregation from templates,
inducing predefined architectures.'”> ">’ One of their advantages is
that they are ECD silent, but become ECD active upon binding to
chiral molecules and show an induced ECD signal in their absorption
region, as a specific spectroscopic signature of the chirality of the
“host” molecule.
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The porphyrin selected for our study is the tetranionic meso-
tetrakis(4-sulfonatophenyl)porphyrin (H,TPPS", Ao = 413 nm, & =
4.8- 10’5M’lcm’1), whose protonated form (H4TPPSZ’, pK.= 4.8)
being zwitterionic molecules, forms both face to face (H-type, Apax =
420 nm) and edge to edge (J-type, Amax = 490 nm) aggregates.'** '
This supramolecular aggregation processes are based on hierarchical
self-assembly showing different thermodynamically and kinetically
controlled paths related to medium properties and experimental
conditions such as concentration, pH, and ionic strength.'*’ "' A
challenging aspect in these systems is the possibility of modulating
the structure and properties of the final aggregates. One of the most
intriguing and controversial properties of H,TPPS™ aggregates is a
unpredictable chirality. H;TPPS* aggregates would be formed as a
racemic mixture, exhibiting no optical activity,'>> however traces of
chiral contaminants shift the 1:1 racemate equilibrium.

To date only few studies have been performed on the induction of
preferential chirality to H,TPPS™ aggregates using chiral molecules
as template.'*”'>* Here we report the effect of chiral CNDs as inducer
of chirality and controller of the HyTPPS”™ aggregates size.

The addition of tetranionic H,TPPS™ to a solution of CNDs at pH 9.7
induces spectroscopic evidence of interaction, i.e. hypochromic effect
(H ~ 35%) and a slight broadening of the Soret band. Nevertheless,
the surface of the CNDs is covered by amine residues, thus by
changing the pH it is possible to tune the charges of the CNDs and
modulate the interactions with the porphyrin. Indeed, decreasing the
pH, from 9.7 to 6.5, of the H,TPPS*/CNDs solution the hypochromic
effect and the broadening of the porphyrin Soret band becomes
stronger. In particular, an intense hypochromic effect (H ~ 75%) and
the splitting of the Soret band of the H,TPPS*" (one more intense band
at ~ 400 nm and the other at ~ 419 nm) are observed (Figure 5.56).
This experiment indicates the important role played by electrostatic
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interactions, since the porphyrin is tetranionic at pH 6.5, whilst the
CNDs should carry positive charges.
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Figure 5.56 UV-Vis absorption spectra in water of chiral nanodots at pH 9.7 (black
line), and in the presence of H,TPPS* 6 uM at pH 9.0 (red line) and at pH 6.5 (blue

line).

Subsequently, in order to induce the formation of H,TPPS™
aggregates, we decreased the pH to 2.5 (using hydrochloric acid) of
the solutions of H,TPPS*/(—)-CNDs complex. The UV-Vis
spectrum shows the complete formation of H-type and J-type
H,TPPS™ aggregates in less than 1 hour (inset Figure 5.57). The ECD
band of the CNDs drastically decreased and two small bidentate
induced ECD bands (centered at 420 nm and 490 nm) appear in the
porphyrin aggregates absorption region (Figure 5.57, black line).
Mirror image ECD spectrum is obtained for the H,TPPS*/(+)-CNDs
complex (Figure 5.57, red line).

The low intensity of the induced ECD signals of H,TPPS* aggregates,
might indicate a weak efficiency of the CNDs to transfer chiral
information to porphyrin aggregates, owing to the almost
disappearance of the ECD bands of the CNDs at acid pH. However,
the ECD intensity is affected also by the size and the strength of the
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communication of porphyrin aggregates. Indeed, resonance light
scattering (RLS) measures indicate the formation of small porphyrin
aggregates in the presence of CNDs, than the aggregates formed in
the absence of CNDs (Figure 5.58).

a0 560 60 | 760
wavelength / nm

300 400 500
wavelength / nm

Figure 5.57 EDC spectra in water of (—)-CNDs (black line) and (+)-CNDs (red line)
in the presence of 6 uM of H,TPPS* at pH 2.5. Inset shows the UV-Vis spectrum of

the H,TPPS*/(—)-CNDs solution.
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Figure 5.58 RLS spectra in water of 6 uM of H,TPPS* at pH 2.5 in the presence (black

line) and in the absence (red line) of chiral nanodots.
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5.5 Customizing energy-level in CNDs
5.5.1 Design and synthesis

As a proof of concept of our one-pot strategy for tuning the
electrochemical properties of CNDs we focused on quinones, since it
is well known that they are easily reduced to hydroquinones, being
good oxidizing derivatives of aromatic compounds. Additionally, in
our reaction conditions, we thought to take advantage of the quinones

R 154,1
reactivity.'> !>

We employed arginine (Arg) and ethylenediamine (EDA) as
precursors, which produce nitrogen-doped CNDs (NCNDs) under the
hydrothermal MW-assisted protocol reported in Chapter 2, and we
introduced the commercially avalailable 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) as 'dopant' (Figure 5.59), in order to
synthesize nanodots with much stronger oxidizing properties.

Quinone-doped CNDs (hereafter denoted as qCNDs) were obtained
using Arg, EDA and DDQ as precursors, in a molar ratio of 1:1:0.5
mol, and by employing the MW parameters optimized for the
'undoped' NCNDs (240 °C, 26 bar, 200 W with a MW heating time
of 180 seconds, using water as reaction medium. See experimental
section for details). After the thermal treatment, the color of the
reaction mixture turned to dark brown, as a result of the formation of
CNDs. The reaction mixture was then filtered and the solution was
dialyzed against Milli-Q water obtaining nanodots with a high
solubility in water and also in common polar organic solvents.
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ORGANIC PRECURSORS for... quinone-doped CNDs

NH
HZNJLN OH o

H NH; Cl CN =
Arginine (Arg) =
CN or
o}
HEN’\/NHz DDQ

Ethylenediamine (EDA)

Figure 5.59 Molecular structures of the organic precursors, that include arginine (Arg),
etylenendiamine (EDA) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), used
to produce quinone-doped CNDs (qCNDs).

5.5.2 Morphological, structural and electrochemical
characterization

The morphology of the novel qCNDs was investigated by atomic
force spectroscopy (Figure 5.60), confirming their round shape and
size of 2.18 + 0.75 nm (FWHM: 1.766) comparable to the 'undoped'
nanodots.

b) £ * '
z 20 1

3§ ot aert

B5 o5 1o 15 2o 25 30

Distance / m

Figure 5.60 a) Tapping mode AFM image of qCNDs (3.7 x 3.7 um) drop-casted on a
mica substrate; b) height profile of qCNDs; c) size histogram of qCNDs with curve fit

to the data using a Gaussian model.
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The structure and composition of CNDs were determined by FT-IR
spectroscopy and X-ray photoelectron spectroscopy.

The FT-IR spectrum showed the presence of many oxygen and
nitrogen functional groups on the qCNDs surface, similar to the
'undoped' NCNDs. Absorptions at 1766 and 1664 showed the
presence of C=0 bonds, while peaks at 1383, 1295 and 1169 cm™
displayed C-O and C-O-C bonds. Absorptions at 1455, 1402 cm™
suggest the presence of C=N/C=C/C-N bonds, the broad peaks
centered at 3458 and 3172 cm™ revealed O-H/N-H bonding, while
peaks at 2926 and 2865 cm” were indicative of C-H stretching
(Figure 5.61).
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N/C-N/C:
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Figure 5.61 FT-IR spectrum of qCNDs.

Besides the above-mentioned groups, a peculiar characteristic of our
carbon nanodots is the presence of amino groups on the surface, that
was confirmed through a positive Kaiser test, estimating a value of
258 umol g of free amino groups on the surface.

To further confirm the functional groups on the qCNDs surface, XPS
measurements were performed. From the full-scan XPS spectrum of
qCNDs (Figure 5.62a), the peaks related to Cls, Nl1s, Ols, at 286.1
eV, 400.5 eV, 532.2 eV, respectively, can be identified. Interestingly,
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Cl atoms were not detected, suggesting their substitution during the
nanodots formation. The atomic percentages were found as 67.4 for
Cls, 20.5 for N1s and 12.1 in the case of Ols, indicating that doping
with quinones alters the composition of nanodots, leading to higher
nitrogen and lower oxygen contents.
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Figure 5.62 a) XPS survey of qCNDs; deconvoluted b) Cls and c¢) N1s spectra of
qCNDs.

A detailed peak fitting analysis revealed the presence of surface
components in good agreement with the observations from FT-IR
measurements. The Cls and Nls of all the CNDs show the same
multiple surface components, according to the nanodots without
quinones, but with different contents. The Cls spectrum of qCNDs
can be deconvoluted into five surface components corresponding to
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C=C at 284.6 eV (5.6%), C-C, and C-H at 285.8 eV (42.4%), C-O/C-
N at 286.8 eV (31.5%), C=0O/C=N at 288.6 eV (14.6%), as well as O-
C=0 at289.7 eV (5.9%) (Figure 5.62b). The N1s spectrum of qCNDs
can be deconvoluted into four peaks centered at 398.7 (8.0%), 399.9
(14.2%), 400.9 (73.9%), 401.9 (3.9%) eV corresponding to C=N,
NH,;, C-N-C and N-C; respectively (Figure 5.62c).

In addition, we investigated the electrochemical properties of the
novel nanodots through cyclic voltammetry (Figure 5.63). As shown
in Chapter 2, NCNDs prepared without quinones, showed very
interesting electrochemical potentials that could be exploited for
applications such as catalysis."”*'*" Cyclic voltammetry exhibited a
peak at-2.52 V and +1.18 V vs SCE (Chapter 2), so both the reduced
and oxidized species were found to be good oxidant/reductant that
could be coupled with a wide range of appropriate catalysts.

The anodic region of qCNDs presented an oxidation peak at +1.20 V
vs SCE, similar to the one observed in the CV of NCNDs and related
to the oxidation of the amines present on the nanodots surface.
Concerning the reduction potentials, apart from a peak at -2.50 V vs
SCE associated to the reduction of the oxidized amines, observed also
in the case of NCNDs (as reported in Chapter 3), a new reversible
peak at -1.90 V vs SCE can be identified and attributed to the doping
with the quinone.

Therefore, the doping with quinone derivatives produces a new and
interesting nanodots, with much stronger oxidizing properties. The
potentials are sufficiently negative to efficiently inject electrons into
the conduction band of TiO, (Ef = —0.5 V).15 8 Thus, from the
electrochemical point of view, these nanodots are good candidates for
operation in DSSC as dyes or for proton reduction (E,=-0.59 V vs
SCE)."’
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Figure 5.63 CV of qCNDs in DMF using TBAPF; as supporting electrolyte.

Finally, the frontier orbital energies calculated from CV data were
found to be -5.75 and -3.1 eV for HOMO and LUMO, respectively,
and a reduced bandgap for qCNDs (2.65 eV) respect to NCNDs (3.4
eV) was calculated. A comparison with the ‘undoped’” NCNDs
(HOMO: -5.7 eV; LUMO: -2.3 eV) showed that the doping with
quinones does not affect the HOMO level, while it leads to a more
stabilized LUMO level suggesting that the doping modifies the
nanodots surface.

5.5.3 Photophysical characterization

The optical properties of the nanodots are affected by chemical
composition and surface functionalization. Therefore, we expect the
quinones to affect this behavior showing variations in the absorption
and emission features.

The UV-Vis absorption spectrum (Figure 5.64) of qCNDs revealed a
peak at 284 nm, similar to the one observed for the 'undoped' NCNDs,
and a new peak at 380 nm, that are related to the electron transitions
from © (or n) to ©* of C=C and C=0.
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Figure 5.64 UV-Vis absorption spectrum in water of qCNDs.

qCNDs showed the typical wavelength depending emission (Figure
5.65). qCNDs showed the optimal emission upon excitation at 300
nm, and the fluorescence peaks shift from 355 nm to 550 nm when
the excitation wavelength changes from 300 to 500 nm. Compared to
the emission spectra of NCNDs, a lower decrease in intensity when
the peak is red-shifted can be observed, as shown from the blue-green
emission visible in the fluorescence matrix scan experiment (Figure
5.66). Moreover, FL quantum yields (QYs) were measured and found
to be 15%, indicating that the quinone doping has not remarkable
effect on the nanodots optical performance.

These data revealed that, as suggested from the structural
investigations, the doping with quinone derivatives results in the
presence of different surface functional groups compared to the
NCNDs.
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Figure 5.65 FL emission spectra of qCNDs in water (298 K) at different excitation

wavelengths (300-500 nm).
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Figure 5.66 FL matrix scan experiment for qCNDs in water showing the fluorescence

mapping by exciting at different wavelengths (300-450 nm).
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5.6 Conclusions and perspectives

In summary, we have described a rational, simple and straightforward
approach for tailor-made functional carbon nanodots. We built upon
our previous work, showed in Chapter 2, in which we reported a
simple and efficient method of producing small and highly
fluorescent NCNDs via MW-assisted hydrothermal synthesis from
arginine (Arg) and ethylenediamine (EDA). Herein, we employed
commercial or easy to synthesize organic building blocks as
‘dopants’, which is highly desirable as a cost-effective and time-
saving method.

In the first two parts of the chapter, we showed that it is possible to
obtain CNDs with the desired fluorescent properties, by a careful
choice of the organic precursors. The customized emission was
achieved by adding organic chromophore precursors, based on
naphthalene  dianhydride @ (NDA) and dibromonaphthalene
dianhydride (Br,NDA) or 4,4'-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY) as ‘dopants’.

We have shown that, by using an appropriate ratio of NDA and
Br,NDA precursors, carbon nanodots emit light across the entire
visible spectrum, resulting in white-light emission. Accordingly,
current efforts in our laboratory are directed towards the preparation
of color displays and solid state lighting.

Moreover, novel BODIPY-based CNDs (BCNDs) were prepared and
characterized, and preliminary studies showed that they play an
important role in the natural killer cells maturation process and
activation. Their functional use as carrier for interesting
biomolecules, thanks to the presence of amino groups on their surface
that makes BCNDs prompt for further functionalization through
standard organic chemistry protocols, is currently under investigation
in our laboratory.
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In the third part of the chapter, the preparation of inherently chiral
CNDs has been presented. Moreover, they have been successfully
used as template for preferentially chiral porphyrin aggregates. Based
on this approach, it is possible to construct more sophisticated chiral
CNDs-based supramolecular organizations where chirality could play
an important role in practical application. Moreover, we envisage that
they may open exciting possibilities in field such as biosensing and
catalysis, that are under investigation in our laboratory.

Finally, CNDs with strong oxidizing properties have been prepared
by using a quinone derivative as ‘dopant’, in order to showcase the
potentiality of our approach for the preparation of a redox library of
nanoparticles with tunable energy levels. This is an on-going project
in our laboratories, together with their ad-hoc application in fields
such as hydrogen evolution and carbon dioxide reduction.

In conclusion, we expect our rational approach in preparing carbon
dots may open the door to a host of unforeseen opportunities, targeted
to their careful engineering, which, in turn, will guide the design of
high performance materials.
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5.7 Experimental section
5.7.1 Materials

Reagents and solvents were bought from Sigma-Aldrich, TCI, VWR
Int. and used as received, unless otherwise specified.

SEC was performed with Sephadex LH-20 (Sigma-Aldrich).

Dialysis tubes with molecular weight cut-off 1 KDa were bought from
Spectrum Labs.

Column chromatography was carried out using Merck silica gel 60 A
(particle size 40-63 um).

Thin layer chromatography (TLC) was conducted on pre-coated
aluminum sheets with 0.20 nm Merk Silica Gel F254.

Ultrapure fresh water was obtained from a Millipore water
purification system (>18MQ Milli-Q, Millipore).

5.7.2 Apparatus and characterization
The microwave syntheses were performed on a CEM Discover-SP.

UV-Vis spectra were recorded on a PerkinElmer Lambda 35 UV-Vis
spectrophotometer.

Fluorescence spectra and fluorescence matrix scan measurements
were recorded on a Varian Cary Eclipse Fluorescence
Spectrophotometer. All the spectra were recorded at room
temperature using 10 mm path-length cuvettes.

The absolute fluorescence quantum yields were measured on a
Hamamatsu Quantaurus-QY integrating sphere in air-equilibrated
condition using an empty quartz tube as a reference. The relative
quantum yield measurements were performed with quinine sulphate
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in 0.10 M H,SOq (literature quantum yield 0.54) or coumarin 153 in
ethanol (literature quantum yield 0.53) as standards.

The chromaticity coordinates were obtained using Osram Sylvania
color calculator 6.61 software (available at: https://www.osram-
americas.com/en-us/tools-and-resources/Pages/led-color-
calculator.aspx) from fluorescence emission spectra recorded upon
excitation at 350 nm.

CD spectra were recorded using Jasco J-815 at room temperature. A
quartz cuvette with a 1 cm path length was used for all CD
experiments. Conditions were as follows: scanning rate 50 nm/min,
data pitch 0.2 nm, D.I.T 2 seconds. Each CD spectrum was an average
of at least five scans.

Fourier-transform infrared spectra (KBr) were recorded on a Perkin
Elmer 2000 spectrometer.

NMR spectra were obtained on a Varian Inova spectrometer (500
MHz 'H and 125 MHz "°C). Chemical shifts are reported in ppm using
the solvent residual signal as an internal reference (Dimethyl
Sulfoxide-ds: dy= 2.50 ppm). The resonance multiplicity is described
as s (singlet), d (doublet), ¢ (triplet), ¢ (quartet), m (multiplet).

MALDI-MS were recorded using a Ultraflextreme III time-of-flight
mass spectrometer equipped with a pulsed Nd:YAG laser (355 nm) in
RP positive method. DHB was used as matrix, and diluted in
acetonitrile. Samples were dissolved in methanol and air dried, then
matrix was added and air dried for a second time.

The electrochemical characterization was carried out in DMF with
0.1M tetrabutylammonium hexafluorophosphate (TBAPF¢) as
supporting electrolyte. Oxygen was removed by purging the DMF
solution with high-purity nitrogen, and a cell CHI220 from CH.
Instruments was used. A glassy carbon electrode (GC) was employed
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as the working electrode (WE), while a platinum and a silver wires
were used as counter (CE) and quasi-reference (QRE) electrodes. It
was calibrated at the end of each experiment against the
ferrocene/ferricenium (Fc/Fc') couple, whose formal potential is
0.460 V against KCl-saturated calomel electrode (SCE). All potential
values were reported against SCE.

Atomic force microscopy (AFM) images were obtained with a
Nanoscope IIla, VEECO Instruments. As a general procedure to
perform AFM analyses, tapping mode with a HQ:NSC19/ALBS
probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of samples in
an aqueous solution (concentration of few mg/mL) on a mica
substrate was performed. The obtained AFM-images were analyzed
in Gwyddion 2.35. The statistical analysis was performed on about
one hundred nanoparticles and the average size was calculated from
the size histogram with curve fit to the data using a Gaussian model.

X-ray photoemission spectroscopy (XPS) spectra were measured on
a SPECS Sage HR 100 spectrometer using a non-monochromatized
Mg-Ka radiation of 1253.6 eV and 250 W, in an ultra-high vacuum
chamber at pressure below 8-10 " mbar. For each analysis, an aqueous
solution (c.a. 3 mg/mL) of material were deposited on a gold thin film.
The calibration was done using the 3d5/2 line of Ag. Survey and high
resolution spectra were collected with pass energy of 30 and 15 eV
and 0.5 and 0.15 eV/step, respectively. CasaXPS 2.3.17 PR1.1 and
Avantage (Thermo Fisher Scientific) software were used for data
processing and fitting. Curve fittings of the Cls and N1s spectra were
realized using a Gaussian-Lorentzian peak shape after performing a
Shirley background correction, to finally obtain the relative
percentage of each type of bond inside the analyzed sample.

Confocal Microscopy images were taken in a confocal microscope
(Ism 500 meta, Zeiss) with laser 488nm, 505 LP filter and 20X
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magnification objective with differential interference contrast for
transmitted light. C33-A cells were seeded in 96-well plates with
optical bottom (IBIDI) and cultured for 4 days. Supernatants were
replaced by 150 uL media containing 100, 50 or 10 pg/ml BNDs and
incubated for 24 h at 37 °C and 5% CO,. Supernatants were discarded,
cells were washed twice with sterile PBS prior to fixation with sterile
PBS, 4% paraformaldehyde for 15 min at room temperature. Cells
were washed twice as above and covered with mounting oil (IBIDI).

5.7.3 Synthesis of WCNDs

H
mw’mﬁ’\’\(ﬁ*mf o HENI\,N_HZ + e
Hy

WCNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg), ethylenediamine (EDA), 1,4,5,8-
naphthalenetetracarboxylic acid-1,8:4,5-dianhydride (NDA) and 2,6-
dibromonaphthalene-1,4:5,8-tetracarboxylic dianhydride (Br2NDA)
(1:0.5:0.9:0.8 mol). Typically, Arg (20.0 mg), EDA (4.0 pL), NDA
(30.0 mg), Br2NDA (43.0 mg) and Milli-Q water (260.0 puL) were
heated at 230 °C, 220 psi and 300 W for 200 seconds. In the process
of microwave heating, the color changed from yellow to brown as a

result of formation of CNDs. The reaction mixture was then diluted
with a few milliliters of water and the solution (pH 0.8) was filtered
through a 0.1 pm microporous membrane. The pH of the solution was
adjusted to pH 7.2 and then filtered through a 0.1 pm microporous
membrane separating an orange solution that was dialyzed against
pure water through a dialysis membrane for 2 days. The aqueous
solution was then lyophilized giving an orange solid (18.0 mg).

WCNDs were also separated by means of SEC (Sephadex LH-20),
and according to their elution times, five fractions were collected.
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Figure S5.1 FL emission spectra recorded upon excitation at 350 nm for different

fractions of WCNDs as separated from size-exclusion chromatography (in MeOH).

Interestingly, all of the fractions showed FL features that covered the
entire emission spectra (the profiles slightly differ from main text due
to the solvent — MeOH — used for the chromatography and recording
the fluorescence spectra). Therefore, this is evidence that the white
emission arises from WCNDs and could not be ascribed to a mixture
of different emissive components.

5.7.4 Synthesis of NDI*CNDs

H 0
mlnndbon + e+ mooaw, ()
Ha H;0

o (200 sec)

NDI-CNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg), ethylenediamine (EDA), 1,4,5,8-
naphthalenetetracarboxylic acid-1,8:4,5-dianhydride (NDA)
(1:0.5:0.9 mol). Typically, Arg (20.0 mg), EDA (4.0 uL), NDA (30.0
mg) and Milli-Q water (260.0 pL) were heated at 230 °C, 140 psi and
300 W for 200 seconds. In the process of microwave heating, the color
changed from yellow to brown as a result of formation of CNDs. The
reaction mixture was then diluted with a few milliliters of water and
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the solution (pH 8.9) was acidified (pH 1.3) and filtered through a 0.1
pum microporous membrane. The pH of the solution was adjusted to
pH 7.2 and then filtered through a 0.1 pm microporous membrane
separating a yellow solution that was dialyzed against pure water
through a dialysis membrane for 2 days. The aqueous solution was
then lyophilized giving a yellow solid (15.0 mg).

5.7.5 Synthesis of cNDI*CNDs

H
r
HgN‘m'u'\AKEQDH ar HZN’\’NHE + _EBL;O___E'OMW..

(200 sec)

cNDI*CNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg), ethylenediamine (EDA), 2,6-
dibromonaphthalene-1,4:5,8-tetracarboxylic dianhydride (Br2NDA)
(1:0.5:0.8 mol). Typically, Arg (20.0 mg), EDA (4.0 uL), Br2NDA
(43.0 mg) and Milli-Q water (260.0 pL) were heated at 230 °C, 140
psi and 300 W for 200 seconds. In the process of microwave heating,
the color changed from yellow to brown as a result of formation of
CNDs. The reaction mixture was then diluted with few milliliters of
water and the solution (pH 1.2) was filtered through a 0.1 pm
microporous membrane. The pH of the solution was adjusted to pH
7.2 and then filtered through a 0.1 um microporous membrane
separating a red solution that was dialyzed against pure water through
a dialysis membrane for 2 days. The aqueous solution was then
lyophilized giving a red solid (16.5 mg).
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5.7.6 Synthesis of BODIPY-COOH

/d 1) TFA CHClp
2 ZppQ

3) EtsN, BF;0Et,

8-(4-Carboxyphenyl)-1,3,7,9-tetramethyl-BODIPY (BODIPY-
COOH) was synthesized according to a modified literature
procedure.'” A suspension of 2,4-dimethylpyrrole (1.1 mL, 12.3
mmol) and 4-carboxybenzaldehyde (0.9 g, 6.0 mmol) in CH,Cl, (0.6
L) was purged with Ar for 2 h. One drop of TFA was added and the
solution was stirred overnight at room temperature, in dark under Ar.
At this point, a solution of DDQ (1.4 g, 6.0 mmol) in CH,Cl, (0.1 L)
was added and the reaction mixture was stirred for 30 min. Then, Et;N
(5.0 mL, 35.9 mmol) and BF;-OEt; (5.0 mL, 40.5 mmol) were added
and the mixture was stirred 30 min. more. The organic solution was
then washed with H,O (3 x 0.1 L) and then aqueous phase was
extracted with CHCl; (3 x 0.1 L). The organic phases were collected,
dried (Na,SO4) and then eliminated under reduced pressure. The
mixture was purified by successive column chromatographies (SiO,,
CHCl; — CHCI5/CH;0H 98:2) to obtain the product as dark red solid
(0.7 g, 30% yield).

"H-NMR (500 MHz, Dimethylsulfoxide-ds): & 8.09 (d, J = 8.0 Hz,
2H), 7.52 (d, J = 8.0 Hz, 2H), 6.18 (s, 2H,), 2.44 (s, 6H), 1.31 (s, 6H);
BC-NMR (125 MHz, Dimethylsulfoxide-dg): & 167.37, 155.91,
14331, 141.39, 138.45, 131.99, 130.70, 128.97, 127.36, 121.96,
14.69, 14.47.

MS (MALDI, DHB) found 368.6 [1\/I+H]Jr C20H19BF2N202 requires
368.2.
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5.7.7 Synthesis of BCNDs

BCNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg), ethylenediamine (EDA), 8-(4-
carboxyphenyl)-1,3,7,9-tetramethyl-BODIPY  (BODIPY-COOH)
(1:0.5:0.25 mol). Typically, Arg (40.0 mg), EDA (8.0 uL), BODIPY
(22.0 mg), and Milli-Q water (70.0 uL) were heated at 200 °C, 5 psi
and 200 W for 180 seconds. In the process of microwave heating, the
color changed from yellow to red as a result of formation of CNDs.
The reaction mixture was then diluted with a few milliliters of water
and the solution was filtered through a 0.1 pm microporous
membrane. The pH of the solution was adjusted to pH 7.2 and then
filtered through a 0.1 um microporous membrane separating a deep
orange solution that was dialyzed against pure water through a
dialysis membrane for 2 days. The aqueous solution was then
lyophilized giving a red solid (20.0 mg).

5.7.8 Synthesis of (—)- and (+)-CNDs

Chiral CNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg) and (RR)-(—)-cyclohexanediamine or
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(8S)-(+)-cyclohexanediamine (1:1 mol). Typically, Arg (87.0 mg),
(RR)-(—)-cyclohexanediamine or (SS)-(+)-cyclohexanediamine
(57.0 mg) and Milli-Q water (100.0 puL) were heated at 240 °C, 60 psi
and 200 W for 180 seconds. In the process of microwave heating, the
color changed from yellow to dark brown as a result of formation of
CNDs. The reaction mixture was then diluted with a few milliliters of
water and the solution was filtered through a 0.1 pm microporous
membrane separating a deep yellow solution that was dialyzed against
pure water through a dialysis membrane for 2 days. The aqueous
solution was then lyophilized giving a brownish solid ((—)-CNDs:
20.5 mg; (+)-CNDs: 22.0 mg).

5.7.9 Synthesis of qCNDs

| WWO'S N
5 P 240°C, MW 0
HN H + Hyi L MmO

NHy

qCNDs were obtained via microwave irradiation of an aqueous
solution of L-Arginine (Arg), ethylenediamine (EDA), 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) (1:1:0.5 mol). Tipically, Arg
(87.0 mg), EDA (33.0 uL), DDQ (56.7 mg) and Milli-Q water (100.0
pL) were heated at 240 °C, 26 bar and 200 W for 180 seconds. In the
process of microwave heating, the solution changed color from
transparent to brown as a result of formation of CNDs. The solution
was diluted with water and was filtered through a 0.1 pm microporous
membrane separating a deep yellow solution that was dialyzed against
pure water through a dialysis membrane for 2 days. The aqueous
solution of NCNDs was lyophilized giving a brownish solid (QqCNDs:
19.0 mg).
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5.7.10 Chiral supramolecular assembly

Chiral CNDs stock solutions were prepared by dissolving 1.9 mg in
2.5 mL of ultrapure water (obtained from Elga Purelab Flex system
by Veolia). The stock solution of meso-tetrakis(4-
sulfonatophenyl)porphyrin (H,TPPS*) was prepared by dissolving a
small amount of solid in ultrapure water at pH 7 in order to obtain
concentration about 2-10* M, checked by the UV-Vis
spectrophotometer using = 4.8 10°M 'cm™ at A= 413 nm.

The sample solution was prepared mixing CNDs and H,TPPS*
solutions at pH = 6.5. After 30 minutes, the pH was decrease at 2.5 in
order to induce the formation of J-aggregates.

5.7.11 Supporting figures
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Figure S5.2 Dependence of FL intensity on UV excitation time for WCNDs. Emission

spectra recorded upon excitation at 350 nm over 5 hours of UV irradiation (left) and

normalized fluorescence intensity over time (right).
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Figure S5.3 FT-IR spectrum of cNDI*CNDs.
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Figure S5.4 FT-IR spectrum of NDI*CNDs.
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Figure S5.5 XPS survey of NDI*CNDs.
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Figure S5.6 FT-IR spectra of BCNDs (black line) and BODIPY-COOH (red line).
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Figure S5.7 Dependence of FL intensity on UV excitation time for BCNDs.
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Figure S5.8 FT-IR spectrum of (—)-CNDs.
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Figure S5.9 XPS survey of (—)-CNDs.
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Figure S5.10 Deconvoluted Cls spectrum of (—)-CNDs.
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Figure S5.11 Deconvoluted N1s spectrum of (—)-CNDs.
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Figure S5.12 a) Tapping mode AFM image of (—)-CNDs (4.4 x 4.4 um) drop-casted
on a mica substrate; b) height profile of (—)-CNDs; c) size histogram of (—)-CNDs
with curve fit to the data using a Gaussian model (2.64 £ 0.89 nm. FWHM: 2.090).
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Figure S5.13 FL emission spectra of (—)-CNDs in water (298 K) at different excitation

wavelengths (320-440 nm).
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6 Experimental techniques

This chapter briefly describes the major instrumental methods
employed in this doctoral thesis. The conditions used for all the
experimental techniques are reported in the experimental sections of
each chapters.

6.1 Absorption spectroscopy

In order to avoid influences exerted by other phenomena (mainly
related to short-term changes in source intensity), a double-beam UV-
Vis spectrophotometer is usually used.' A schematic diagram of a
double-beam UV-Vis spectrophotometer is shown in Figure 6.1. The
monochromator selects a particular wavelength from the light source,
which is split into two separate beams. These two beams are guided
through the sample and through the pure solvent (reference) using
optically transparent cells (generally quartz cuvettes). The intensity
of the two beams is compared to give the respective absorbances.

Reference
Py

A.=log (/1)
Lamp —§»Monochromato Detector A(%) = As-A; = log (li/ls)

A; = log (I/I:)

Figure 6.1 Schematic illustration of a double beam spectrophotometer.

Considering a thin slab of solution of thickness dx, that contains n
light-absorbing molecules/cm® (Figure 6.1): if o is the effective
cross-section for absorption in cm’, the light intensity o7 absorbed per
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thickness dx is proportional to the intensity of the incident light /, ¢
and the number of molecules per cm’:

ﬂ =lon

dx
Rearrangements and integrations, subject to the boundary condition /
= Iy at x = 0, yields the Beer-Lambert equation, which is generally

used in the following alternative form:
1
log-% =gcd
8 1

where ¢ is the molar extinction coefficient (in M ' cm™') and ¢ is the
concentration in moles/liter. Also the transmittance (T) is frequently
used and it is defined as the ratio between the intensity of light that
passes through a medium (transmitted light, /) and the intensity of the
incident light (/y), i.e. as the negative logarithm of the absorbance.
Beer's Law predicts that the optical density is directly proportional to
the concentration of the absorbing species. However, deviations from
Beer's law (positive or negative) can result from both instrumental
and intrinsic causes. For instance, biological and/or supramolecular
systems that contain macromolecules or other large aggregates, can
lead to turbid samples that scatter light. The optical density resulting
from scatter will be proportional to 1/A* (Rayleigh scattering), and
may thus be easily recognized as a background absorption that
increases rapidly with decreasing wavelength.

6.2 Fluorescence spectroscopy

Fluorescence is one of the possible process following light absorption
and generally results from the lowest energy vibrational state.”> While
an emission spectrum is the wavelength distribution of an emission
measured at a single constant excitation wavelength, an excitation
spectrum is the dependence of emission intensity, measured at a
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single emission wavelength, upon scanning the excitation
wavelength. Such spectra can be presented on either a wavelength
scale or a wavenumber scale. Light of a given energy can be described
in terms of its wavelength or wavenumber.

A simple and schematic representation of a spectrofluorometer is
reported in Figure 6.2. It basically consists on a light source,
excitation/emission monochromators and photomultiplier tubes that
collect the emission of the sample at 90°.

Different detectors need to be used depending on the considered
region of the light spectrum. The excitation spectra have to be
corrected for source intensity (lamp and excitation grating), for
detector spectral response and emission grating by standard
correction curves. Optical filters are used to remove unwanted
wavelengths in the excitation beam, or to remove scattered light from
the emission channel. Polarizers (that can be present in both the
excitation and emission light paths) require an accurate angular
positioning for the measurement of fluorescence anisotropies.

DUAL GRATING
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MONOCHROMATOR LIGHT SOURCE

XENON ARC
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N o
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- SHUTTER
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Figure 6.2 Schematic diagram of a spectrofluorometer.
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Contrary to absorption spectroscopy in which a double-beam
configuration can avoid many artefacts, there is no an ideal
spectrofluorometer. The available instruments do not yield true
excitation or emission spectra. This is because of the spectral output
of the light sources and the wavelength-dependent efficiency of the
monochromators and detector tubes are not uniform. The polarization
or anisotropy of the emitted light can also affect the measured
fluorescence intensities because the efficiency of gratings depends on
polarization. Therefore, emission spectra recorded on different
instruments can be different because of the wavelength-dependent
sensitivities of the instruments.

6.3 Luminescence quantum yield

The photoluminescence quantum yield (PLQY) of a molecule in
solution varies depending on the experimental conditions, including
the type of solvent, the concentrations of the sample, dissolved
oxygen in the solution, temperature, and excitation wavelength.>*
When the physical conditions are fully specified, the quantum yield
can, in principle, be precisely determined. However, a number of
pitfalls exist and must be considered to determine reliable quantum
yields. These include polarization effects, refractive index effects, re-
absorption/ re-emission effects, internal reflection effects, and the
spectral sensitivity of the detection system.

Luminesce quantum yields methods can be classified into absolute (or
primary) methods and relative (or secondary) methods.

In secondary methods, the quantum yield of a sample solution is
determined by comparing the integrated fluorescence intensity with a
standard solution under identical conditions of incident irradiance.
Thus, it is necessary to correct for the spectral sensitivity of the
instrument and the measured quantum yield is as accurate as the
certainty of the quantum yield of the fluorescence standard.
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The absorption factors fof the standard and the sample are calculated
from the measured absorbance values (4) at the excitation wavelength
using the following equation:

f=1— 10"4exc

The fluorescence quantum yields are calculated according to the
equation:
Iy fst n%
D, = =2
x st Ist  fx U?t
where / is the measured integrated fluorescence emission intensity, f
is the absorption factor, 1 is the refractive index of the solvent, @ is
the quantum yield and the index x denotes the sample, while the index
st denotes the standard. In this expression it is assumed that sample
and reference are excited at the same wavelength.

The absolute methods require performing various complex
corrections to obtain accurate quantum yields. Many different
absolute (or primary) methods for determining PLQY have been
developed such as the Weber and Teale methods (using scattering
solutions as standard).” Another approach consists in the use of an
integrating sphere (Figure 6.3), which collects all the emitted photons
with a calibrated photodiode and sets them into relation with the
number of absorbed photons. In this way the effects of polarization,
scattering and refractive index are eliminated from the measurements.
Light from a xenon lamp is monochromatized at the selected
wavelength and guided by an optical fiber into the integrating sphere.
The emitted light from the sample is collected by a detector, after
passing through another optical fiber and a second monochromator.

358



6 Experimental techniques

Integrating sphere

Intensity / arb. unit

y -

Wavelength / nm

Figure 6.3 Schematic representation of an integrating sphere for measuring absolute
luminescence quantum yields. MC stands for monochromator, and BT-CCD is a back
thinned CCD. The number of photons absorbed is proportional to the difference of the
integrated excitation light profiles, while the number of photons emitted is proportional

to the area under the fluorescence spectrum.

The PLQY is then calculated from the number of photons absorbed
(difference of the integrated excitation light profiles) and the number
of photons emitted (integrated fluorescence spectrum), according to
the equation:

enemy | %[Cﬁmm(ﬂ)—l;ff”’“"“ (2)]dz
PN(Abs) J'hi[[;-:[mnce (i)_lxmple (ﬂ‘):l da
C

where PN(Abs) is the number of photons absorbed by the sample and
PN(Em) is the number of photons emitted from the sample, A is the

. . . . y
wavelength, / is Planck constant, ¢ is the velocity of light, / :fcmp ¢

I reference
exc

and are the integrated intensities of the excitation light with

. . y .
and without the sample respectively; [ :;mp “and [ e'fnf N are the

photoluminescence intensities with and without the sample,
respectively. In this thesis, it was used a Hamamatsu Photonics
absolute PL quantum yield measurement system (C9920-02)
equipped with a L9799-01 CW Xenon light source (150 W),
monochromator, C7473 photonic multichannel analyzer, integrating
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sphere and employing U6039-05 PLQY measurement software
(Hamamatsu Photonics, Ltd., Shizuoka, Japan).

6.4 Lifetime measurement

Time-resolved experiments, such as the excited state lifetime
determination, can be carried out by time-correlated single-photon
counting (TCSPC).? The schematic diagram of the setup is shown in
Figure 6.4. The experiment starts with the excitation pulse (either a
flash lamp or a laser), which excites the sample and sends a signal to
the electronics. This signal is passed through a constant function
discriminator (CFD), which accurately measures the arrival time of

the pulse.
\ £ |
Ex— CFD Time (ns)
offset gain T
A TAC
vt~ F—{PcaA LU e
A

Em —|CFD -
o If\ res
A

Figure 6.4 Electronic schematic for TCSPC.

The signal (START) is passed to a time-to-amplitude converter
(TAC), which starts the charging of the capacitor by generating a
voltage ramp. The voltage increases linearly with the time on the
nanosecond timescale. A second channel detects the pulse from the
single detected photon (STOP). The arrival time of the signal is also
accurately determined using a CFD, which sends a signal to stop the
voltage ramp. TAC now contains a voltage proportional to the time
delay and it is stored in a histogram in which the x-axis in the
histogram is the time difference between START and STOP signal
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and the y-axis is the number of photons detected for this time
difference. The voltage is amplified by a programmable gain
amplifier (PGA) and converted to a numerical value by the analog-to-
digital converter (ADC). To minimize false readings the signal is
restricted to given range of voltages. If the signal is not within this
range the event is suppressed by a window discriminator (WD). The
voltage is converted to a digital value that is stored as a single event
with the measured time delay. By repetitive measurements, a
statistical time distribution of the emitted photons is obtained.

The multichannel analyzer consists of a multichannel card. The light
input is discriminated for its intensity and if the input pulse amplitude
falls within the threshold of the lower level and the upper level
discriminators, the control and logic circuit are enabled and the peak
amplitude is stored. Generally, the signal intensities are collected in
different channels and the collected total light intensities are counted
and correlated to the time frame of each channel giving an intensity-
time profile.

In this thesis, time-resolved measurements up to ~10 ps were
performed using the TCSPC option (PicoHarp) of a FluoTime 300
“EasyTau” apparatus (PicoQuant) equipped with subnanosecond
LDH sources (375, 405, 440, 510 and 640 nm, with 50-100 ps pulse-
width) powered by a PicoQuant PDL 820 variable (0.2-80 MHz)
pulsed power supply. A PMA-C was employed for the detection in
the UV-visible (200-900 nm). For excited state lifetimes >10 ps,
NanoHarp 250 MCS (Multi Channel scaler Card) histogram
accumulating real-time processor was employed. The decays were
analyzed by means of PicoQuant FluoFit Global Fluorescence Decay
Analysis Software (PicoQuant GmbH, Germany). The quality of the
fit was assessed by minimizing the reduced y* function and by visual
inspection of the weighted residuals. For multi-exponential decays,
the intensity, namely /(z), has been assumed to decay as the sum of
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t
the individual single exponential decays: 1(t) = z ae © where T ; are

i=1

the decay times and @; are the amplitudes of the component at t = 0.
The percentages to the pre-exponential factors, @;, are listed upon

normalization.

6.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a powerful surface analysis
technique.’ It provides qualitative and quantitative information on the
elements present on the surface of the sample, as well as on their
electronic structure and chemical state/bonding. When a sample is
irradiated by low energy X-rays (200~2000 eV) mono-energetic
photons knock out surface atom core electrons. These electrons have
a certain kinetic energy and are referred to as photoelectrons (Figure
6.5). The energy spectrum of the emitted photoelectrons is
determined by means of a high-resolution electron spectrometer,
which sees the surface in the area of a circle with 40 pm of diameter.
A typical XPS spectrum is a plot of the number of electrons detected
versus their kinetic energy. All elements with order number 3 and
above can be measured. Counting and measuring kinetic energy of
the emitted photoelectrons enables determination of their binding
energy, since the energy of X-rays photons is known. Each element
has a unique set of binding energies, therefore it is possible to clearly
identify the elements at the surface and their chemical composition.
Semi-quantitative analysis of the element concentration can also be
performed, since it is correlated to the intensity of the peak weighted
by the sensitivity factor. Therefore, the atomic concentrations of the
elements can be calculated from the peak areas of elemental peaks.
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Figure 6.5 Schematic diagram of the XPS process.

6.6 Atomic force microscopy

Atomic Force Microscopy (AFM) is a scanning probe microscopy
(SPM).”® 1t is a state-of-the-art instrument to image, measure and
manipulate matter at the nano-level. It provides a 3D profile of the
surface by measuring forces between a sharp probe (<10 nm) and the
surface at very short distance (0.2-10 nm probe-sample separation).
The probe is supported on a flexible cantilever. The AFM tip “gently”
touches the surface and records the small force between the probe and
the surface. The amount of force between the probe and the sample is
dependent on the spring constant (stiffness) of the cantilever and the
distance between the probe and the sample surface. This force can be
described by using Hooke’s Law. If the spring constant of cantilever
(typically ~ 0.1-1 N/m) is less than surface, the cantilever bends and
the deflection is monitored. The resulting forces range from nN to uN
in open air. The motion of the probe across the surface is controlled
by using a feedback loop and a piezoelectronic scanner. The
deflection of the probe is typically measured by a “beam bounce”
method. A photodiode detector measures the bending of the cantilever
during the scan of the tip over the sample. The measured cantilever
deflections are used to generate a map of the surface topography.
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Figure 6.6 Schematic representation of an AFM instrument.

The dominant interactions at short probe-sample distances are Van
der Waals (VdW) interactions. During the contact with the sample,
the probe predominately experiences repulsive VAW forces (contact
mode) leading to the tip deflection. As the tip moves further away
from the surface, attractive VAW forces are dominant (non-contact
mode).

Repulsive _
Force Intermittent
Contadt

—

Contact

Distance
(tip-to-sample separation)

Attractive

Fored Non-Contact

Figure 6.7 Plot of the force as a function of probe-sample separation.

There are three primary imaging modes in AFM: contact (<0.5 nm
probe-surface separation), intermittent contact (or tapping mode)
(0.5-2 nm probe-surface separation) and non-contact (0.1-10 nm
probe-surface separation). The principle of contact AFM is detecting
the force exerted between the tip and the sample surface. When the
spring constant of the cantilever is less than surface, the cantilever
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bends. The force on the tip is repulsive and, maintaining a constant
cantilever deflection (using the feedback loops), the force between the
probe and the sample remains constant and an image of the surface is
obtained. It can be used for fast scanning and for rough samples, but
soft samples could be damaged.

In tapping mode, the imaging is similar to contact, but the cantilever
is oscillated at its resonant frequency. The probe lightly “taps” on the
sample surface during scanning, contacting the surface at the bottom
of its swing. By maintaining a constant oscillation amplitude, a
constant tip-sample interaction is maintained and an image of the
surface is obtained. It allows high resolution of samples without any
damages, but need slow scan speeds.

In non-contact mode the probe does not contact the sample surface,
but is forced to oscillate near its resonant frequency. Using a feedback
loop to monitor changes in the amplitude due to the attractive VdW
forces, the surface topography can be measured. The main advantage
is that a low force is exerted on the sample (107% N)), but compared to
other imaging modes, generally, provides lower resolution and needs
ultra-high vacuum condition to provide the best imaging.

6.7 Electrochemistry
6.7.1 Cyeclic voltammetry

Cyclic voltammetry is the most used electroanalytical technique. It is
performed by connecting a potentiostat to an electrochemical cell.”
The cell contains the sample solution and three electrodes: working
electrode (WE), reference electrode (RE) and counter electrode (CE).
A cyclic voltammogram is obtained by applying the working
electrode potential swept linearly between two voltages at a fixed rate.
Figure 6.8 shows an example of a cyclic voltammogram. As the
potential is swept back and forth, it crosses the formal potential, £,
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of an analyte and a current flows through the electrode, that either
oxidizes or reduces the analyte.

Current Intensity

Figure 6.8 Example of a cyclic voltammogram.

As shown in Figure 6.8, when the potential sweep back and forth two
peaks are obtained: the peak potential for the anodic sweep, E,,, and
the peak potential for the cathodic peak, E,.. The difference between
the two, 4E, if the redox couple is reversible, satisfy the relationship
nAE = 59n mV, where n is the number of electrons involved in the
redox couple. Moreover, the anodic peak current, i,,, is equal to the
cathodic peak current, i,., so that the relationship (i,./i,.) = 1 also
holds true for the reversible redox couple. Besides, if 59 mV< AE
<100 mV the redox couple is described as quasi-reversible, and if AE
>100 mV the redox couple is described as irreversible. The formal
potential E, for a reversible redox couple is determined as the average
of the two peak potentials as follows:

_ (Epa + Epc)
=T

6.7.2 Potentiostatic techniques

In a potential step experiment, two responses can be recorded,
whereby the potential of a working electrode is changed

366



6 Experimental techniques

instantaneously and the current time (galvanostatic) or the charge
time (potentiostatic) is found.” In chronoamperometry, the potential
is stepped so as to drive a Faradaic reaction. This potential is held
while the current with time is monitored at the electrode (Figure 6.9).
At the initial potential, no significant current flows. At the final
potential, the analyte is consumed at the electrode surface. There is a
depletion of the concentration of the analyte near the electrode. The
current response is shown by a rapid increase followed by decay as
the analyte is exhausted and equilibrium is reached. In this case, the
charge for reduction is calculated by integrating the area under the
current versus time curve, within the limits of the initial to final
deposition time.

INPUT RESPONSE

Potential
Current

e,

.
t=0 time t=0 time

Figure 6.9 Variation of the current in potentiostatic method.
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