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Abstract

Carbon dots (CDs) are a novel carbon-based nanomaterial that draws a great attention in the last
decade. The easy way of synthesis and the cheapest nature of the precursors used, stimulated a lot
of scientist to propose new way of synthesis and applications. Notwithstanding the number of paper
published, a systematic and reproducible way of synthesis is not yet been achieved, as well as a
common definition of the resulting nanomaterials and their properties. In this thesis, the synthetic
protocols and the characterization procedures used for the CDs will be deeply investigated in order
to apply the nanomaterials in different applications. In particular, carbon dots synthesized from fully
biocompatible precursors such as glucose, fructose and ascorbic acid, are characterized and
employed for drug loading applications. The study reveals that the choice of the precursors is a crucial
step because it affects the structural properties of the nanomaterials and the biological properties,
revealing an unexpected toxicity for the fructose derived CDs, ascribable to its thermal degradation
pathway. Furthermore, the drug loading capabilities were found to be correlated to the morphology
of the nanoparticles, revealing the crucial role of the -1t interactions in achieving a loading up to 28
%wt for the glucose-based CDs. A second study was carried out on citric acid based CDs, in order to
determine the best synthetic approach for photocatalytic applications. The nanoparticles synthesized
both by hydrothermal and pyrolysis treatment, from sole citric acid and in combination with a
nitrogen doping agent, were deeply characterized. The analysis reveals the difference in chemical,
structural, and optical properties between the two synthetic methods. The photoreduction of
methylviologen (MV) was used as model reaction to study the photocatalytic ability of the CDs, and
the results reveal a relationship between the synthetic methods employed, the structural and optical
properties of the CDs and their ability to act as a sensitizer. The amorphous nitrogen doped CDs
reveals to be the best choice for this application with an initial rate conversion comparable to other
reported in literature. The same CDs were also tested for the photocatalytic cleavage of C-O bonds
in activated esters without the use of metals. The study reveals that CDs can successfully catalyze the
reaction, with complete conversion and almost total selectivity. In addition, the CDs employed, shows
different reactivity depending on the precursors and synthetic methods employed for their synthesis,
with the same trend displayed for the MV photoreduction. This study highlights the ability of CDs to
act as photosensitizer, without the addition of metals, in an organic reaction, opening a new scenario

in the use of this nanomaterial in photocatalytic applications.



Sommario

| Carbon Dots (CDs) sono una nuova classe di nanomateriali a base di carbonio che hanno attratto
una grande attenzione nell’ultimo decennio. La facilita di sintesi e il basso costo dei materiali di
partenza hanno stimolato molti scienziati a proporre nuove vie di sintesi e applicazioni ma, una
procedura di sintesi sistematica e riproducibile non & ancora stata individuata, come anche una
precisa definizione delle sue proprieta. In questa tesi, le procedure di sintesi e le tecniche di
caratterizzazione usate, verranno indagate per progettare il miglior nanomateriale da usare per
specifiche applicazioni. Un primo set di CDs sintetizzati da risorse biocompatibili quali glucosio,
fruttosio e acido ascorbico, e stato caratterizzato e poi studiato per il caricamento con un farmaco.
Lo studio ha rivelato che la scelta del precursore € una fase cruciale nella progettazione di un sistema
basato sui CDs, in quanto essa porta a cambiamenti nella struttura del nanomateriale e differenze
nelle proprieta biologiche dei rispettivi CDs, infatti i campioni derivanti dal fruttosio sono risultati
essere estremamente tossici a causa delle molecole formate durante la sua termolisi. La morfologia
delle nanoparticelle inoltre influenza la capacita di caricare il farmaco, in particolare le interazioni -
TLsono risultate essere molto importanti per questo scopo nei CDs derivanti dal glucosio. Una seconda
famiglia di CDs sono stati sintetizzati e caratterizzati per studiare quale approccio sintetico sia il
migliore per creare un sistema fotocatalitico. Le nanoparticelle sono state ottenute sia per via
idrotermale che pirolitica dal solo acido citrico e anche in combinazione con dopante a base di azoto.
Dalle caratterizzazioni € emerso che i 4 campioni hanno diverse proprieta chimiche, strutturali e
ottiche. Per verificare |'abilita dei CDs di agire come fotocatalizzatori, sono stati impiegati nella
riduzione del metilviologeno (MV), i risultati hanno evidenziato una correlazione tra il metodo di
sintesi, le proprieta dei CDs e la loro efficienza nel ridurre il MV. | CDs amorfi dopati azoto, mai studiati
con i migliori riportati finora in letteratura. Gli stessi CDs sono stati poi utilizzati nella foto scissione
del legame C-O di esteri picolinici senza I'impiego di metalli. Lo studio ha dimostrato come i CDs
catalizzino, con buone conversioni e selettivita totale, la rottura del legame. | diversi CDs testati hanno
dimostrato una diversa reattivita che rispecchia quella evidenziata nella riduzione del MV. Inoltre,
mediante studi di voltammetria ciclica € stato possibile spiegare la diversa reattivita dei CDs e degli

esteri. La possibilita di eseguire semplice reazioni organiche impiegando solo un materiale a basso



costo e prodotto da precursori facilmente reperibili pud aprire un nuovo scenario nell’lambito della

fotocatalisi.
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1. Introduction: Carbon Dots

1.1. Nanomaterials

The term nanotechnology is relatively new in the field of chemistry research, but the use of
nanomaterials and the exploitation of their properties is known for centuries. Indeed, Au NPs were
used in China as an inorganic dye to introduce red color into their ceramic porcelains more than
thousand years ago!. Or simply we can just think of the colloidal dispersion of gold prepared by
Faraday in 1857.2 What changed from these case to the modern nanotechnology is the learned ability
to manipulate, investigate and create nanomaterials as we want in order to obtain desired properties
for new application. The first time that the term nanomaterials was mentioned, as we know it today,
date back in the 1959 during the famous lecture of the Nobel Prize Richard P. Feynman “There’s
Plenty of Room at the Bottom”3. The key point of the lecture is that the nanoscale is small enough
for the extreme minimization but larger enough to arrange sufficient atoms and obtain a structural
complexity that can give raise at new and interestingly properties. Since then a lot of effort and
discovery were made in this fields and new family of nanomaterials were synthesize and
characterized. As an example the evolution of the electronic devices has seen a decrease year by year
of their dimension following a law presented by Moore back in the 1965* which predicts the halving
of the dimension every 18 years (Figure 1). To date, anyway, the definition of nanomaterials is an
open debate but, in general for a material in order to be called in such way, it needs to possess at
least one dimension lower than 100 nm that is defined as nanoscale.> The choice of this dimension
lies in the observation that, in general, under these value new properties can arise from the materials®
such as new optical properties like fluorescence’, physical properties such as decreasing of melting
point in crystal® or semiconductor that become insulator when they reach the nanometer scale®.
During the years different class of nanomaterials were defined on the base of how many dimensions
are in the nanoscale such as nanoparticles, with all the three dimensions under 100 nm, or nano-fiber
with two dimensions in the nanoscale and then nano-plate with only one dimension under 100 nm
. Due to the great number of nanomaterials synthesized in the last years a classification was

introduced in order to better distinguish the materials to research on.
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Figure 1. Moore's Law plot of transistor dimensions

The main difference in which the nanomaterials can be divided is based on their composition and on
the choice of starting material: metals or carbon-based materials. Metal nanoparticles was the first
family that received attention, and several applications have been developed with these materials.
As example, the previously mentioned gold nanoparticles are well known for their versatility and wide
use in the modern life; in particular as sensor for different compounds like alkali and alkaline earth
metal ions, heavy metal ions and also small organic molecules! or in drug delivery system?? (DDS). A
plethora of other metal-based nanoparticles and nanomaterials were developed and studied in the
recent years. The most successful and worldwide diffuse nanomaterial is for sure the titanium dioxide
nanoparticles. It finds application in several fields, from food industry to personal care use'?, and
more over in photocatalytic application* and in electronic device®. Despite, their outstanding
property and unique features, the use of metal nanoparticles in human application give raise to many
question related to their toxicity and to the possible accumulation of metals in the cells. Many studies
were conducted to assess the healthy of this nanoparticle but up to date a clear answer is yet to be
reached!®. Anyway, some studies highlight the possible toxicity of silver nanoparticles, Handrup et al.
analyze the effect of the accumulation of ions due to the use of silver nanoparticles. They found out
that the silver seems to be distributed with the highest levels in the intestine and stomach and to
induce a blue—grey discoloration termed argyria to the skin. This and other effects induced by
particulate silver are suggested to be mediated via silver ions that are released from the particle
surface. In order to reduce or avoid the use of metals both in nanomedicine and in the
nanotechnologies in general, a new class of nanomaterials were emerged, the carbon-based
nanoparticles (CNPs). In this fields, the first to be discovered was the monolayer graphene.

Monolayer graphene is an sp? hybridized hexagonal carbon network discovered by H. P. Boehm in
2
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1962 vV, indeed at that time the research wasn’t focused on this nanomaterial but more on 3D
graphite structures. In the years after, the progression in surface science, led to the studies of carbon
cluster and to the discovery of cluster composed only by even number of carbon atoms, especially
60 or 70. The reason of this occurrence was soon explained by Kroto, Smalley, and Curl in the 1985
that proposed the formation of large highly symmetrical molecules called fullerenes, with 60 carbons
at the vertices of a regular truncated icosahedron similar to the structure of a soccer ball*®. Following
the great success of the discovery of this nanomaterial, many other types of fullerenes were
synthesized and characterized changing the number of carbon atoms and starting to derivatize the
surface of the fullerenes'® (Figure 2). Many applications were developed with this class of CNPs; one
of the major properties exploited in the fullerenes is their high superconducibility, especially if doped

with alkali metals.

C70 (Dsn) Crs (D7)

C73:3 (C2y) Csgo:1 (Dsq)

Cs2:3 (Cy) Cg4:22 (D) Cg4:23 (D24)
Figure 2. Different type of fullerenes

Up to date the fullerenes found a great number of applications in many branches of chemistry, and
the study on this material is far from be over?®?1. As example, derivatized fullerenes were recently
employed as inhibitors towards the infection of cell by virus Ebola, as reported by Martin et al.?
Other carbon-based materials were then discovered and among the others, carbon nanotubes, gave

the best results and find more applications. This nanomaterial was first discovered in the 1991, and
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since then they have been the focus of considerable research. The material has incredible properties
such as thermal conductivity higher than diamond?3, high thermal stability?* and resilience?. This
material derives from the fullerene but presents a dimension, the length, longer than 100nm and the
walls could be formed by one-atom-thick sheets of carbon, called graphene or also by a multilayer of
graphene sheets as illustrated in Figure 3. Accordely, they can be classified in single-wall nanotubes
(SWNTs) and multi-wall nanotubes (MWNTSs). These nanomaterials are used in a great number of
application regarding different fields. As example the nanotubes are used in solar cells?® and in many

electronic devices.?’28

A
v

2 - 100nm

Figure 3. Schematic representation of single walled nanotubes (A) and multiwalled nanotubes (B).

From one of the numerous experiments regarding the nanotubes in 2004 a new class of
nanomaterials was discovered, the carbon dots (CDs). The authors found out that after the
purification of the single walled nanotubes one fraction results to be very fluorescent. Analyzing the
fraction, they were able to detect small nanoparticles with spherical shapes and ascribed to these
nanoparticles the origin of the fluorescence. From this paper the research on the CDs gain an
impressive attention and more details on their composition and characteristic were discovered and
a great number of ways of synthesis were developed. In general, CDs are considered as nanoparticles
with a diameter lower than 10 nm, a spherical shape and a highly functionalized surface. This
nanomaterial, presents some unique properties that make it very attractive for the scientific
community, such as tunable fluorescence with high quantum yield, high water solubility, excellent
chemical stability, non-toxicity, good biocompatibility and ease of modification. These excellent
properties could be employed in many applications including bioimaging 2°3%3132 drug delivery333%
sensors3>3637 optoelectronics3® and photocatalysis.>® Moreover, researchers recently found out that

CDs exhibit strong luminescence upon two-photon excitation in the NIR region, which further

4



Introduction: Carbon Dots

expands their applications in bioimaging. *° Along with this properties CDs could be prepared from a
wide range of precursors, including cheap and abundant materials and with low cost techniques,

making them very appealing for replacing other more expensive materials.
1.2. Methods of synthesis

In the last decade many synthetic pathways were developed in order to synthesize CDs from different
substrates. The strategies for the synthesis of the CDs can be divided in two classes depending on the
choice of precursors. The Top-Down approaches involve the use of techniques like arc-discharge,
laser ablation and electrochemical oxidation to break large carbogenic structure such as graphite or
graphene layers. On contrary, with the bottom up approach, small organic molecules are carbonized

in order to obtain the small nanoparticles employing solvothermal techniques or pyrolysis methods.

1.2.1. Top Down syntheses

Arc-Discharge

Historically the top-down methods were the first to be developed for the synthesis of the CDs.
Indeed, when the laser ablation technique was employed to purify single walled nanotubes, the
obtained suspension was then separated by gel-electrophoresis revealing the presence of a
fluorescent fraction. That was investigated by TEM techniques revealing the presence of small
spherical nanoparticles*’. Howethwe, only few examples of CDs obtained from arc-discharge
treatment were reported until now, as example Bottini et al. produce small nanoparticles with this
technique employing as substrate pristine and acid oxide carbon nanotubes.*? This technique was

then dismissed due to the high amount of impurity formed during the synthesis.
Laser Ablation

More widely used for the top-down synthesis of CDs is the laser ablation technique that can
guarantee a more controllable morphology and size. Koshizaki et al. prepared CDs with tunable
fluorescence starting from nanocarbon materials. In more details the precursor was dispersed in an
organic solvent and then the mixture was irradiated with a laser, the supernatant, analyzed by TEM
reveals the presence of smaller nanomaterials with a core displaying a graphitic structure. The PL
behavior of the synthesized nanomaterial reveals an emission in the visible region that can be tuned
varying the excitation wavelength.*® The authors demonstrate also that the PL behavior was also
correlated with the solvent used for the irradiation treatment, since the use of water in place of other

organic solvent results in no appreciable PL. The ability of controlling the size of such nanoparticles

5
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employing this approach was demonstrated by Hu et al. using graphite as precursor. The authors
synthesized three types of CDs with different dimensions by treating the sample of graphite with
different pulsed laser width. 4 The samples result to be highly fluorescent with an emission band
centered at 430 nm, otherwise their dimensions is dependent on the width of the laser pulse, higher

is the laser pulse width and greater is the average dimension of the CDs.
Electrochemical oxidation synthesis

The electrochemical oxidation synthesis of CDs is another widely used top-down approach that
involves the treatments of large carbogenic structure supported on electrode to obtain small
nanoparticles. This method has several advantages such as high purity, low cost, high yield, easy
manipulation of size and good reproducibility, for these reasons is the most used top-down approach.
The method was firstly reported by Zhou et al. that grew MWCNTSs from scrolled graphene layers on
carbon paper by chemical vapor deposition (CVD). These nanotubes were used as working electrode
in an electrochemical cell consisting of a platinum (Pt) wire counter electrode and an Ag/AgClO4
reference electrode in a degassed acetonitrile solution containing 0.1M tetrabutylammonium
perchlorate (TBACIO47) as the electrolyte.*> Applying a sufficiently high potential at the working
electrode that the solution turned from colorless to yellow to dark brown, and also presents a blue
fluorescence under UV-Light. The obtained nanoparticles present an average diameter of 3 nm and
show an excitation dependent PL behavior. Another example in this context was reported by Liu et
al., were able to produce CDs with an average diameter of 4 nm by electrochemical oxidation of a
graphite electrode in alkaline alcohols.*® More in details the synthesis was carried out applying a
potential of 5V to the working electrode for 3 h under the nitrogen ambient obtaining a colorless
CQDs dispersion. The nanoparticles present a high crystallinity structure and a bright blue
fluorescence with an emission maximum centered at 436 nm and independent respect to the
excitation wavelength. More recently, Ma et al. reported the synthesis of CDs through the
electrochemical oxidation of two graphite electrode for 120 hours. The treatment results in a
corrosion of the anode graphite rod and in a consequent yellow-black solution that was then filtered
and centrifuged in order to recover the CDs fraction with a diameter <10 nm and with a graphitic
structure. The as produced CDs result to be highly fluorescent and present hydroxyl group on the
surface making them water soluble, furthermore their properties were exploited in developing a CDs

doped semiconductor.

1.2.2. Bottom Up syntheses
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The bottom-up approaches are the most used for the synthesis of the CDs since the procedures are
very simple and it is possible to choose a wide range of precursors to tune the final properties of the
nanomaterials. Furthermore, changing the reaction conditions it is also possible to obtain amorphous
or graphitic materials, allowing to achieve different properties in terms of fluorescence and reactivity
as will be discussed in the next chapter. With these methods the initial carbon precursor, in general
small organic molecules, are treated at high temperature and for long time, and can undergo

dehydration and decarboxylation reaction to generate an aromatic network.
Combustion/Acid oxidation method

Liu et al. first reported that fluorescent CDs can be obtained from the combustion soot of candles
after refluxing with oxidating acid.*” In more details, a glass plate was used to collect the hydrophobic
soot produced by the candle, and by treatment with HNOs it could be turned to hydrophilic. After a
purification with gel electrophoresis, the mixture was separated into three bands and the first one
consisted of nine fast-moving fluorescent smaller bands, showing different emission spectra although
they were excited at the same wavelength. This study indicated that the fluorescent emission of CDs
is size-dependent and/or charge-dependent. Furthermore, different precursors were employed to
obtain high luminescent CDs. As an example, very recently Zhang et al compared CDs obtained by
combustion of ethanol, n-butanol, domestic candle and benzene. The recovered soot was analyzed
by TEM, IR, UV-Vis and fluorescence spectroscopy revealing in all the cases the presence of CDs with
a graphitic structure. Interestingly the choice of precursors, does not affect the final results with these
methods as their properties results to be very similar to each other. All the synthesized CDs presents
an emission wavelength centered at 430 nm with an excitation dependent behavior and their

fluorescence results to be very stable over time.*®

Another similar bottom up technique is the acid oxidation method, involving a strong acid treatment
of carbon precursors conducted at high temperature. In this context, a recent example was provided
by Bayda et al. synthesized CDs from black tea. This synthesis is simple and economical due to the
inexpensive nature of the carbon source. The as synthesized nanoparticles present a narrow size
distribution, tunable optical properties covering visible to deep red absorption and proved to be non-
toxic. Furthermore, Wang et al. synthesized P-doped CDs using glacial acetic acid and P,0s ina 5
minutes synthesis (Figure 4).*° The nanoparticles were then characterized revealing a hollow

structure and a green fluorescence with an excitation dependent fluorescence, furthermore the
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study revealed the autocatalytic nature of this reaction that can self-generate enough heat to

produce CDs from the selected precursors.

Acetic acid
+

Water

! et
Dissolved
in water
——r—

© Hollow fluorescent carbon nanoparticle

Figure 4. Schematic representation of acid oxidation synthesis of CDs.*

Microwave

Another very common and affordable method to synthesis CDs is through the microwave synthesis.
This approach simply implies the microwave irradiation of a solution of the precursor. The advantage
of this method relies on the short reaction time, the uniform size of the as synthesized nanoparticles
and also high yields. One of the mostly used carbon precursors in this processes is the citric acid, due
to its cheap nature and to the three carboxylic groups that can easily undergo dehydration reaction
and polymerization with other reagents. An example of the potentiality of the molecule was
highlighted by Huang et al. that produces nitrogen CDs from the microwave treatment of citric acid
and ethylenediamine.”® Such nanoparticles exhibit a very high QY and also a good biocompatibility,
the emission is centered at 450 nm. Furthermore, the nanoparticles were used for a biocimaging
application demonstrating a good photostability and also could successfully been used to sensitively
detect Fe(lll), Hg(ll), and chlorite ions with satisfying results. In the years innumerable amounts of
CDs were produced with this technique employing a wide range of starting materials to dope the
nanomaterials and induce new properties and characteristics. ®* Another recent example of CDs
produced from a microwave irradiation treatment was furnished by Wang et al. employing thiourea
and citric acid as sulfur and carbon sources respectively.>® The study reveals that such nanomaterial
was produced with high yields and exhibits a QY of 56% with a green emission that is affected by an
excitation dependent PL phenomenon. The CDs present also an absorption peaks in the visible region
that make them very promising in bioimaging application, in addition the toxicity test performed on
these nanoparticles reveals that this nanomaterial is nontoxic and could be employed in biomedical
application. Besides the use of simple organic molecules also polymers, like the polyethylene glycol>?

or ionic liquid®* could be used in this approach to obtain high luminescent CDs. Very recently, Prato
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Introduction: Carbon Dots

and co-workers starting from commercially available quinones, arginine and ethylene diamine by
means of the microwave irradiation technique prepared and characterized a redox library of amino
doped CDs with tunable oxidation/reduction properties highlighting their potential applicability as
photocatalysts (Figure 5).>> In all cases, after the hydrothermal treatment, the colour of the reaction

mixture turned dark brown as a result of the formation of CDs.
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Figure 5. a) Bottom-up synthesis of quinones derived amino doped CDs. b) Redox potentials of the CDs.>®

By extending the as developed microwave assisted multi-component synthetic approach, the Prato
group prepared the first example of chiral CDs (CNDs-R or CNDs-S) by using arginine, as the core
precursor, and (R,R)- or (S,5)-1,2-cyclohexanediamine (CHDA) as the chiral surface precursor. The
nanoparticles were completely soluble in water and by electronic and vibrational circular dichroism,
a mirror image profile in both UV-Vis and IR region was detected. The origin of chirality has been
ascribed to the presence of numerous cyclohexane diamine moieties around the carbon-based
amorphous core. The authors used the as formed chiral nanodots as templates for the preparation
of porphyrins based supramolecular assemblies thus opening the way for developing a variety of new

chiral composite materials and applications. *®

Thermal/Hydrothermal/Solvothermal Methods
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These approaches are most widely used to date for the synthesis of carbon dots, due to their low
cost, easy feasibility, environmental friendliness and applicability with various renewables carbon
sources. The thermal approach involves the direct carbonization of the selected precursors without
the presence of a solvent, the reaction is normally carried out at high temperature (200-400 °C) and
for long time (24-100 h). The resulting black viscous materials is normally treated with a basic solution
and then dialyzed in order to recover the pure carbon nanomaterials. One of the first example of
thermal synthesis of CDs was reported by Giannelis’s group in 2008.>” The authors demonstrate the
applicability of the synthetic procedure by heating at 300 °C for 2 h in air different ammonium citrate
salts or 4-aminoantipyrine leading to the formation of both hydrophilic or lipophilic surface-
functionalized carbogenic nanoparticles. These nanoparticles possess an average size of less than 10
nm, are highly dispersible in organic or agueous solvents (depending on their surface
functionalization) and emit light in the visible when stimulated with different excitation wavelengths.
When extending the procedure by using neat citric acid a completely insoluble carbogenic solid was
obtained. Later on, Guo’s groups successfully reported the synthesis of CDs from sole citric acid by a
thermal treatment at 180 °C for 2,5 hours and subsequent basification of the carboxylic surface
groups (Figure 6).°® The latter steps result of be if fundamental importance for the water solubility of
the nanoparticles. Reisner’s group improved this synthesis in order to produce large scale CDs from
solely citric acid by a pyrolysis treatment. The procedure involves the carbonization of the reagent at
200 °C for 48 hours followed by a basification with a solution of NaOH and a purification with
dialysis.>® The recovered materials results to be highly graphitic and demonstrate also good
performance in photocatalytic water splitting reaction. Furthermore, the group extend the protocols
to the nitrogen doped CDs replacing the citric acid with aspartic acid.®® The synthesis affords the
obtainment of a great amount of CDs with an enhanced light harvesting properties that results to be

a crucial parameter in boosting the photocatalytic properties of such nanomaterial.

Citric acid
Carbon quantum dots Sodium-functionalized
(CQDs) CQDs(Na_CQDs)

Figure 6. Thermal synthesis of CDs from citric acid.*®
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Besides the use of citric acid or analogous molecules the pyrolysis treatment could be employed to
produce CDs from a wide range of carbon precursors. Among the others also natural materials such

as wool®!, goose feathers®? and flour®® were used for producing doped CDs.

The solvothermal/hydrothermal approach instead involves the carbonization of the carbon precursor
dissolved in an organic solvent or water in an autoclave. Unlike the previous case, with this method
the temperature cannot be very high (140-200°C) due the pressure restriction of the autoclave. In
general, from an initial clear solution, after the treatment a yellow-dark drown solution is obtained
and after the evaporation of the solvent the CDs can be recovered and used without any further
purification. This procedure is very simple and allows to use a wider range of precursors, as long as
they are soluble in the selected solvent. In particular this procedure permits to easy dope the CDs by
employing a multicomponent approach or employing molecules containing the desired heteroatom.
Also in this case the main carbon precursors employed is the citric acid, especially in combination
with amine or poly amine®. As an example, Zhu et al. produced nitrogen-doped citric acid derived
CDs by a hydrothermal method employing ethylenediamine as co-reagent. The quantum vyield of N-
doped CDs reached up to 80.6 % at the excitation wavelength of 360 nm, nearly equal to most
semiconductor QDs and fluorescent dyes.®> In this context, Chandra et al. fabricated N,P doped CDs
by employing citric acid and ammonium hydrogen phosphate as precursors. The reaction conducted
at 180 °C for 4 hours afforded the synthesis of CDs with a QY of 59% with an emission at 420 nm.
Such materials demonstrate to be a great tool for the selective detection of Fe(lll) ions with a
detection limits of 20 um.%® In recent years, more works have been carried out to find other bio-
based precursors (glucose®’, sucrose®®, polyols®®, polymers’, amino acids’?, proteins’?, natural
products’3, and some wastes’*) to synthesize CDs. In this context, Yang et al. synthesized CDs from
glucose and monopotassium phosphate by a hydrothermal treatment in autoclave at 200°C for 12
hours.” The authors found out that increasing the amount of KH2PO4in the initial mixture results in
different outcoming properties of the CDs. In more details, with a ratio glucose/ KH,PO4 of 1:26 blue
emitting nanoparticles are produced, while increasing the ratio to 1:36 results in a green emission
photoluminescence. The role of the phosphate is to act as dehydrating agent instead of the common
diamine, furthermore this work highlighted the ease of tuning the properties of CDs by simple varying
the ratio of the initial precursors. Besides the use of water, also organic solvent could be employed
for the solvothermal treatment, in particular, ethanol is one of the most common used organic
solvent. A clear example in this context was reported by Jiang et al., who synthesized color-tunable

CDs.”® Phenyldiamines were chosen as carbon and nitrogen precursors and were solvothermally
11
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heated in ethanol at 180 °C for 12 h (Figure 7). Interestingly, depending on the configuration of the
relative substituent position in the precursor (from ortho, to meta and para) the emission color of

the resulting CDs changed from green, to blue and red.
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Figure 7. Preparation of the red, green and blue PL CDs from three different phenylenediamine isomers. 7

1.3. Structure of the CDs

The CDs are mainly composed by C, H and O in various ratio depending on the precursors employed
and the synthetic method adopted. Other atoms could be incorporated inside the structure,
conferring new properties to the nanomaterials, such as an enhanced fluorescence, tune the
fluorescence emission band and more other. The main doping atom is the nitrogen, that is known to
enhance the QY of the CDs’””8, the presence of the sulfur atom instead has the effect of widen the
band-gap between the valence and conduction band’®, while doping the CDs with phosphorous could
results in a green fluorescence that is of crucial importance for the bioimaging applications®®. Besides
the chemical composition, another important factor to take into account working with these
nanomaterials is their morphology. It has been demonstrated that the CDs could possess a graphitic
or amorphous core depending on the synthetic approach employed and also the reaction condition.
Generally, the top-down synthesis, as expected, led to the obtainment of a highly crystalline material,
with well-defined graphitic layer. Tian et al. were able to confirm the presence of sp? carbon with
signals in the §=90-180 ppm range.8! Furthermore, FT-IR measurements also confirmed the presence
of C=C aromatic ring stretches. Therefore, the authors concluded that these CDs consisted of a
nanocrystalline core of graphitic sp? carbon atoms functionalized with carboxylic/carbonyl moieties
(Figure 8).

12
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Figure 8. HR-TEM images of CDs obtained from natural gas soot.

While the morphology of the CDs obtained from the top-down methods, are of unquestionable
nature, the ones of the CDs obtained from the bottom-up methods are still an open issue.
Contextually, in the last year, several studies were conducted, in order to have a better
comprehension of the morphology of this system and how this aspect is affected by the synthetic
procedure employed. In general, CDs obtained with such method are constituted by a graphitic-like
carbogenic core, amorphous polymeric-like compounds, and even of small molecular-like
fluorophores. In order to distinguish between the different materials the term “degree of
carbonization” that quantifies the efficiency in converting the molecular precursors in graphitic-like
carbonaceous CDs was introduced. A study conducts by Wang et al. on the decomposition of citric
acid explained how the synthetic conditions used affect the morphology.8? The authors carried out
the pyrolysis treatment at different time and temperature and reveal the intrinsic differences
between the obtained CDs. For those experiment conduct at relatively low temperatures (180 and
200 °C) and shorter reaction times, sufficient quantities of highly luminescent uniformly-sized CDs
were formed exhibiting a strong excitation-independent photo-luminescence. The authors suggest
that in first instance the reaction proceeds towards the nucleation of some molecules of citric acid
producing high fluorescence materials which further evolve through crosslinking and stacking

forming extend amorphous and crystalline carbon domains (Figure 9).
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Figure 9.Schematic representation of the thermal decomposition process of CA. &

Furthermore, for the synthesis of heteroatom doped CDs a structural diversity was put in light
depending on the conditions employed.®? Specifically, the reaction between citric acid and ethanol
amine was performed at different temperatures of 180, 230 300 and 400 °C. For the lower
temperature no CDs were detected notwithstanding the highly fluorescence nature of the final
solution. NMR and ESI-MS analyses reveal the presence of citric acid derived molecular fluorophores.
Increasing the reaction temperature has as results the formation of small spherical nanoparticle and
progressive decreasing of the QY (Figure 10). The data suggest that the fluorophores produced at low

temperature are used as building blocks for the synthesis of the CDs at higher temperature.
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180°C 230°C 300°C  400°C

Figure 10.Schematic representation of the emission characteristics of three photoactive species produced
from the thermal treatment of mixture of CA and EA.

14



Introduction: Carbon Dots

Also the hydrothermal procedures was employed to study the morphology of the CDs. As an example
Song et al. investigated the properties of the CDs obtained from the hydrothermal treatment of citric
acid and ethylenediamine at low temperature.®* The authors identify a specific bright blue
fluorophores named IPCA (imidazo[1,2-a]pyridine-7-carboxylicacid, 1,2,3,5-tetrahydro-5-oxo)
fluorophore (Figure 10, a), which was found to exist individually or attached to the carbon core and
thus to strongly affect the luminescence properties of the synthetized nanoparticles. At higher
temperature higher degree of carbonization was observed in the obtained nanoparticles, while a
lower amount of fluorophores was detected. From these experimental evidences, the authors
hypothesised the presence of a chemical equilibrium between IPCA and carbon cores with polymer
clusters acting as a transition state. According to that, the synthetic outcomes could be affected by
many factors such as by reagents ratio, initial pH value and temperature. Since then, many
fluorophore molecules have been detected in solution during the synthesis of CA-derived CDs. TPCA
and TPDCA (Figure 11, b and c) were the organic fluorophores main obtained from the N,S-CDs
synthesized by hydrothermal treatment of CA with L-cysteine or cysteamine at low temperatures

(200 °C) for 3h. 8>86
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Figure 11. Molecular fluorophores identified in the synthesis of CA-based CDs using different amino-
containing precursors.

From all this observation, it could be concluded that hydrothermal procedures produce a more
amorphous material with also the formation of organic fluorophore, that guarantee a high QY and an
easy tunable fluorescence. On the other hand, employing harsher conditions like in the pyrolysis
method, the material obtained shows a more graphitic structure, with surface defects that can give
rise to photoluminescent emission. Regarding the top-down methods, the materials produced

presents always a graphitic structure, since the precursors are themselves graphitic-like.

1.4. Photoluminescence

One the most fascinating and intriguing properties of the CDs is their photoluminescence, but,
notwithstanding the many effort made, its mechanism remains unclear. The most reasonable
explanation of this phenomenon is to attribute the origin of the fluorescence to the different
components of the CDs such as: the graphitic-like carbogenic core, the surface states and the

molecular fluorophores. These three components can generate emission in three different ways:
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i) The quantum confinement effect, which is determined by the degrees of i conjugation
and so by the presence and the size of the graphitic core. This type of PL, which arises
from a band-edge recombination process, commonly observed also in the homologous
"metal based" Quantum Dots, confers to the here discussed carbon-based nanoparticles

a size-dependent, excitation-independent, and a very narrow emission band.

ii) The second type of emission is generated by the surface states, which are determined by
surface defects, functional groups, and surface passivation of the carbogenic core. In this
case the superficial defects entrap the photoexcited electrons and/or holes in the
bandgap thus generating PL with lower energy. The resulting PL exhibits a not well-

defined behavior and strongly dependent on the synthetic procedure used.

fii) The third is the molecular state type which is associated to the presence of fluorophores
on the CDs composition. In this case, neither quantum confinement or surface defect
effects exist, and the luminescence is solely a consequence of the superposition of

|Il

several “molecular” type emissions. PL is therefore size and excitation-dependent and

exhibits a very broad emission band.

A great number of study was focused the origin of the fluorescence and what type of mechanism was
involved. Li et al. investigated the quantum-confinement effects and size-dependent optical
properties of CDs prepared by alkali-assisted electrochemical method starting from graphite
honeycomb®’. Depending on the reaction time they obtained CDs with different dimensions that
shows different emission behavior. The smaller CDs (1.2 nm, center) giving UV light emission,
medium-sized CDs (1.5-3 nm) visible light emission (400—700 nm), and large CDs (3.8 nm, center) NIR
emission (Figure 12a, b). The bright blue, green, yellow, and red PL of CDs is strong enough to be seen
by the naked eye. A series of control experiments showed no obvious change in the PL spectra of CDs
before and after hydrogen plasma treatment that remove the superficial adsorbed oxygen. Figure
12c and d show the dependence of HOMO-LUMO gap on the size of the graphene fragments. As the
size of the fragment increases, the gap decreases gradually, and the gap energy in the visible spectral
range is obtained from graphene fragments with a diameter of 14-22 A, which is in agreement with
the visible emission of CDs with diameters of <3 nm. Thus, they deduced that the strong emission of

CDs comes from the quantum-sized graphite structure instead from the carbon—oxygen surface.
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Figure 12. Emission properties of CDs with different size.®’

An additional extensive analysis of the contribution on the PL of the carbon core of the CDs was
reported by Zhu et al. which demonstrated the role of the aromatic carbon domain in achieving the
blue fluorescence of the carbon nanoparticles. 8 In more details, in a perfect graphene core and few
surface groups, the bandgap between the conjugated n-domains is the intrinsic PL center. Another
important contribution to the photoluminescence of the carbon nanoparticles may derive from their
surface states. Concisely, the surface chemical groups and the hybridization structure of the edge
groups. Carboxyl and amide groups are responsible for the green emission of the carbon
nanoparticles, while the hydroxyl groups guarantee a blue photoluminescence. These results were
proved by different factors; first of all, a long exposure to the UV light results in an enhanced PL due
to the oxidation of the hydroxyl groups to carboxyl groups. Converting the carboxyl groups in amide
groups results in an enhanced PL and if these CDs are reduced a strong blue luminescence. These
results confirmed the great complexity of the photoluminescence origin of the CDs and that different

factor may contribute to it.

Regarding the effect on the PL of the surface states of the CDs, many studies have appeared in the
last years. Sun et al., passivated CDs formed by laser ablation of graphite powder and cement with
PEG1500N, this procedure produces nanoparticles with an emission spectrum spanning from purple
to red which further spreads to the NIR region.®? Interestingly, the multicolor fluorescence behavior
was expressed only after the surface passivation with organic or polymeric materials since the
unpassivated nanoparticles exhibits no observable fluorescence emission. It should be noted that the

surface passivation agents used were not emissive in the visible and NIR regions, thus any
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fluorescence emissions observed must have originated from the surface passivated CDs.
Furthermore, the surface states PL emission could be detected by varying the pH of the CDs solution.
A study on this topic was performed by Qu et al.?° Functional groups such as N—H and O—H on the
surface of CDs can form intramolecular and intermolecular hydrogen bonds, which endows the CDs
with different surface states. When pH increases or decreases, deprotonation or protonation of
functional groups can lead to the variation of surface states and fluorescence. The third and last
mechanism envisaged for the PL of the CDs is the one correlated to the molecular fluorescence. This
behavior is strictly correlated to the presence in the mixture of the CDs of molecular fluorophores,
and so it is correlated to the bottom-up solvothermal procedure. This effect was first highlighted by
the already mentioned work of Song et al. which was able to isolate and to characterize the molecular
fluorophore IPCA demonstrating that its absorption and emission spectra were identical to the one
of the synthetized CDs 8. The fluorophore resulted to be the main emitting species in the as
synthetized CDs. Depending on the precursor employed for the synthesis, a great number of
molecular fluorophores were identified, in particular a study conducted by Schneider et al. on CDs
derived from the soft hydrothermal treatment of citric acid in presence of three different amino
compounds highlighted this concept.?® In the solutions of CDs obtained from the reactions a and b
schematized in Figure 13, molecular fluorophores were detected, and their PL and absorption spectra
resemble the one of a pure solution of the fluorophore. In addition, the authors demonstrated that
the structure of the precursors is a key factor in determining the formation of the fluorophores, since
the reaction c in Figure 13 did not produce any detectable fluorescent compounds, having a different
PL spectrum with a redshifted emission peaks and significantly lower PL lifetime and QY. This is due
to the tertiary amine in the reaction mixture that cannot undergo decomposition to ammonia and
further react with citric acid to form citrazinic acid like compound. In the described case instead is
more likely that the carboxylic functionalities from citric acid may react with the terminal alcohols
from triethanolamine under hydrothermal conditions, resulting in the formation of networks linked

by ester bonds.
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Figure 13. Synthesis conditions of citric acid-based CDs using three different nitrogen-containing precursors.

A very recent hypothesis on the origin of the PL behavior of the CDs and the specific role played by
the different component was made by Fang et al. °* They suggested that the PL of CDs is the result of
a cooperative effects between the graphitic carbon core, the defect states and the molecular
fluorophore. For this aim, citric acid and amino group-containing molecules were employed as
precursors to prepare CDs having luminescent pyridine-derivatives along with a carbogenic core that
were separated by a dialysis treatment. The PL behavior of the molecules agree with the one of the
original CDs solution with, however, a higher QY and a less evident excitation-dependent behavior.
Combining these outcomes with an accurate optical study, the authors proposed a hypothetical PL
mechanism in which fluorophores, defect states and carbon core play a different role. As illustrated
in Figure 14, under the irradiation of UV light the fluorophores generate excited electrons from the t
orbitals to the m* orbitals (Process a). Some of the excited electrons in the m* orbitals may recombine
with the holes in the m orbitals directly, emitting the PL signal centred at 420-440 nm (Process b),
which can be referred as the intrinsic emission like the band-edge emission observed in QDs. The
other excited electrons in the 1 orbitals may be trapped by the defect states of energies lower than
in the m* orbitals (Process c) before they are finally recombining with the holes in the m orbitals.
Meanwhile, some electrons may be excited and trapped directly by the defect states (Process d) and
relax through either radiative (Process e) or non-radiative (Process f) ways. Therefore, when the
excitation wavelength is in the range of 280-380 nm, the CD produces both intrinsic and defect PL

signal. When the excitation wavelength is longer than 380 nm, the energy of which is less than that
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needed for the m-mt* transition, the electrons can only be excited to the defect states. The graphitic
core, in this hypothesis, acts as a quencher of the radiative relaxation pathway of both defect states
and intrinsically through a fluorescence resonance energy transfer (FRET) effect thus lowering the
QY. In conclusion, while the PL spectra depends on both molecular fluorophores and defect states,

the magnitude of QY is mainly affected by the graphitic core of the CDs.
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Figure 14. Proposed photoluminescence mechanism in CDs.>

Overall, even if this latter PL mechanism is satisfactory from an intuitive level, many other issues (such
as role of the carbon core size and the structural morphologies of the CD, i.e. amorphous or
crystalline) were not effectively addressed. Therefore, a real understanding on the mechanisms of

fluorescence of these nano-systems remain unresolved to date.
1.5. Applications

In this last decade CDs were employed in many different applications exploiting their unique
properties. They were used for a plethora of chemical, medicinal and optoelectronic applications,>!
and for the fabrication of many CDs-incorporated nano-devices.?> One of the most studied and

investigated field on this topic is biomedicine, due to the complete water solubility of the CDs and
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also their biocompatibility. In this context, many efforts were made in order to synthesize CDs that
could be used for applications like bioimaging and biosensing. Two of the most fascinating
applications in which CDs could bring new perspectives are the drug delivery system (DDS) and the

photocatalysis. In the next paragraph the more recent discoveries are reported and discussed.

1.5.1. Drug delivery

The field of the nanomedicine is an important topic, in particular the development of drug delivery
system. This approach, could give the possibility to vehiculate the drug directly on the targeted cell,
without attacking the normal ones. Correlated to this mechanism is the fact that a minor amount of
drug could be employed due to the reduction of the unspecific contact of the drug with healthy cells
and permit also to increase the local concentration, in the desired site, and consequentially the
anticancer efficacy. CDs could be used as a carrier in the DDS since they can load the drug onto the
surface and release it in particular condition. Sun et al. synthesized a theragnostic nanomedicine
(CDs-Oxa) by condensation reaction between the amino groups on the surface of fluorescent CDs
and the carboxyl group of the oxaliplatin derivative Oxa(IV)-COOH (Figure 15).°® The CDs-Oxa were
taken up by cancer cells through endocytosis and the drug was released upon the reduction of
Oxa(lV)— COOH to oxaliplatin(ll) because of the highly reducing environment in cancer cells. It was
also demonstrated that the distribution of the CDs-Oxa can be closely tracked by monitoring the
fluorescence signal of the CDs, thereby offering great help in the customization of the injection time

and dosage of the medicine.
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Figure 15.Synthetic scheme for CDs-Oxa (CD-Oxa) and its applications in bioimaging and theragnostic. *3

This approach was also employed for the control release of an ACE enzymes inhibitors such as the

Lisinopril as highlighted by Vaibhavkumar et al. in a recent study.®® The authors synthesized CDs from

22



Introduction: Carbon Dots

milk and then after the purification with dialysis, they modified the surface by attaching the Lisinopril
molecule. UV and FT-IR spectroscopic investigation confirmed the successful derivation of the
nanoparticles. The as synthesized CDs were easily internalized into the cells and accumulated in the
acidic endosomal/lysosomal compartments and could efficiently target Hela cells. These results
pointed out that Lis-loaded CDs could be used to develop novel targeted therapeutic modalities for

either anticancer or antihypertensive drug delivery system.

A lot of attention was focused on developing DDSs employing the Doxorubicin (DOX) as drug due to
its fluorescent behaviors that allows an easily detection and quantification. It has been demonstrated
that many different CDs could be used for loading this drug, and, depending on the structure of the
nanomaterials, various interactions could arise between the two-species guaranteeing a high loading
capability.’> One example was reported by Kim et al., employing zwitterionic carbon dots for
obtaining an efficient drug delivery system that attack the cell nucleus.®® In more details the authors
produce CDs starting from citric acid and B-alanine under microwave procedure (Figure 16). The
obtained nanoparticles have a high QY (21%) and a lifetime of 4.3 ns. Furthermore, they exhibit an
almost neutral (-potential, due to the zwitterionic nature of the B-alanine. The authors than
demonstrate by Bio-TEM analysis that this type of CDs can be successfully internalized in the nuclei
of Hela cell after 24 hours of incubation. They proposed that the positive charge on the surface can
interact with the negatively charged cell membranes to enter the cytoplasm and then the negative
surface groups caused the expulsion from the endoplasm towards the nuclei that have a pH slightly
above that of the cytosol. Finally, the DOX was loaded on the nanoparticles by exploiting the m-mt
staking interactions between the sp?-carbon network of CDs and the aromatic structure of DOX, with
a loading of 14 %w: DOX in the CDs. The DOX-CDs conjugates considerably improve therapeutic
efficacy by 9.7-fold in cancer cells by 4.2-fold enhanced nuclear transport of DOX and inhibit tumor

growth by prolonging the accumulation of DOX/CDs in tumor tissues, as compared to free DOX.
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Figure 16. Schematic illustration of the synthesis of zwitterionic carbon dots and the fabrication of
doxorubicin (DOX)-loaded CD (DOX-CDs) and simultaneous cell imaging and efficient DOX delivery.®®

The electrostatic interaction between the CDs and the drug was exploited to obtain high loading
capability by Tan et al. by synthesizing CDs.?” Through a solvothermal approach dissolving citric acid
and o-phenylenediamine in dimethylformamide (DMF) and heating the mixture in an autoclave at
200 °C for 5 hours. After evaporation of the solvent and purification CDs were obtained in an
amorphous structure and with a high QY (>40%). The negative surface charge of the nanoparticles
was then exploited to attach the positively charged DOX and a loading capacity of 15 % was achieved.
Interestingly the conjugation of the CDs and DOX results in an almost total quenching of the
fluorescence of the system. The authors took advantage from this effect to measure the drug release
inside the cells, since in the initial stage of the incubation no fluorescence is observed but after 8
hours a bright luminescence of both CDs and DOX was displayed. This turn “on” effect is due to the
released of the DOX from the surface of the nanoparticles and allow to understand where the CDs
and the DOX are located. In this specific case the DOX was successfully release inside the Hela cell to
induce the apoptosis. For all these reasons this DDS holds great promise for personal drug delivery

with maximal pharmaceutical effects and minimal side effects during cancer therapy.

As all these studies, and more others, demonstrate that CDs are an effective tool in the biomedical
fields, and exploiting their unique properties such as the biocompatibility, fluorescence and water

solubility.

1.5.2. Photocatalysis
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Due to their great light harvesting properties, the CDs could be exploited in photocatalytic
applications. Sun et al. first proposed that photoexcited CQDs can be quenched efficiently by either
electron acceptors or electron donors, and so it could be concluded that the CQDs are both excellent
electron donors and electron acceptors.?® Despite this consideration, only in the last few years this
field was explored, and the first photocatalytic applications of CDs were reported. Most of the
applications regard the use of the CDs as photosensitizer in combination with another species that
could be a metal, enzymes or also organic dyes. One of the first application in this topic was reported
again by Sun et al. which produced CDs from a carbon powder employing an acid oxidation
methodology.?® The as synthesized nanoparticles were then derivatized with oligomeric
poly(ethylene glycol) diamine (PEG1500N) and then were coated with gold or platinum by simple
solution-phase photolysis. The authors then tested this nanocomposite in the photoreduction of the
COz under solar light irradiation reporting the formation of formic acid along with other products.
The same nanocomposite material demonstrates also to successfully generate H, under the same
conditions. The photocatalytic H, evolution catalyzed by CDs were also studied by Yu et al. which
prepared a CQDs/P25 composite with efficient activity via a facile one-step hydrothermal approach.®®
The CDs were produced by an electrochemical method starting from graphite rod. The nanomaterial
was then treated with TiO, (P25) in autoclave at 140°C for 4 hours achieving the formation of the
nanomaterial with a UV-Vis absorption. This material was used in the production of H, from methanol
agueous solution at room temperature under UV-Vis and visible light (I > 450 nm) irradiation. Under
UV-Vis light irradiation, the nanocomposite triggered the H; evolution with an optimized rate of 9.1
mmol h™* that is 4 times higher than that of pure P25. Furthermore, CQDs/P25 also exhibited efficient
visible-light-driven photocatalytic H,. The authors hypothesized that the system act as a
photosensitizer, like organic dyes, in which the photoinduced electrons are transfered from the
excited CQDs to P25 via electronic coupling between the LUMO orbitals of CQDs and the conduction

band states of TiO2, and then react with protons for H, production as represented in Figure 17.
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Figure 17. Hypothetical mechanism of electron transfer and photocatalytic H, production. %

In the years many other metals were employed in order to achieve better results. Some examples
regards the use of Cu,0 for the degradation of methyl blue under near-IR light irradiation'® and also
the photodegradation of benzene employing CQDs/Fe;0'°t or CQDs/Zn0%? composites and also
many other applications.1% Similar materials were also employed in performing organic reactions. An
example is the oxidation of cyclohexane to cyclohexanone with Au-CDs composite together with
H,0, as oxidant and without any solvents under visible light irradiation at room temperature.'®* The
authors were able to perform the reaction with a total selectivity towards the desired products, and
they also demonstrated that the material could be recycled for more than 10 cycles without a loss in
activity and selectivity. The use of metals in combination with CDs is an essential feature to perform
this kind of reactions, as already stated the metal could be deposit on the surface of the CDs or, on
the contrary, the CDs could be attached to a bigger particle of metals. A further improvement of this
system based on the use of sole CDs, was implemented by Reisner’s group which employed as co-
catalyst along with CDs a Ni-organic complex for achieving high hydrogen production.>® Employing
the same methodologies but using a nitrogen doped CDs they were able to achieve even better
results due to the higher light harvesting capabilities of the new nanomaterial. ® Surprisingly only
few works report the use of sole CDs as photosensitizer, one of these regards the oxidation of benzyl
alcohol to the corresponding benzaldehyde.!®> The study employed CDs prepared from an alkali-
assisted electrochemical method from graphite rods. The reactions with the benzyl alcohol were
conduct on the grams scale employing H,0; as oxidant and under NIR light irradiation. The reactions
were accomplished with high conversion and an almost total selectivity. The authors speculate that
the H,02 molecules adsorbed on CDs could be decomposed into hydroxyl radicals which have strong
oxidation ability and could oxidize benzyl alcohol to benzaldehyde or benzoic acid (Figure 18).

Furthermore, they hypothesized that n— interaction could exists between CDs and benzyl alcohol or
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benzaldehyde, facilitating the electron transfer and also protecting the aldehyde from further

oxidation.

NIR Light
HO OH
"@ Hy0 10, @J

A
mc-@ @—cuo

@_( EC.'I H:g::-s @_/“" O::(insE @_

NIR Light

Figure 18. Schematic representation of the oxidation mechanism of benzyl alcohol to benzaldehyde triggered
by CDs. 1%

Few more example could be find, on this topic and are mainly related to the photodegradation of
organic dyes like the methyl orange'®® or to water-splitting reaction®’. Since to date, no example of
sole CDs as photosensitizer in organic reaction are reported, leaving space for innovations and
applications in this field. Furthermore, a clear and complete understanding on the properties and
characteristics fundamental for achieving efficient process is yet to be fulfilled, due to the highly

complexity of the CDs.
1.6. Aim and structure of the thesis

The aim of this thesis is to propose a new approach towards a rational design of CDs-based systemes,
tuning the synthetic procedure, the structure of the final material and its properties to achieve the
desired results in medical and photocatalytic applications. In particular, it will be investigated how
the choice of the initial precursors and the synthetic method employed could affect the morphology
and the structure of the obtained nanomaterials. Furthermore, also the properties arising from the
different structure such as fluorescence, surface charge, cytotoxicity, redox potential and many
others were investigated. For this aim, a series of CDs were synthesized from low cost and
commercially available precursors, such as monosaccharides and citric acid. The nanoparticles were
synthesized employing two different approaches, the hydrothermal treatment, and a harsher one
such as pyrolysis, for investigate the structural diversity arising from the different synthesis.
Furthermore, the effect on the structural properties of the addition of a nitrogen doping compound

was investigated adding diethylenetriamine in the synthetic protocols. The nanoparticles were then
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characterized and employed in two different fields, such as a drug delivery system and for
photocatalytic applications.  For the medical application, the nanoparticles obtained from
monosaccharides are characterized and tested for the loading of a common anticancer drug. The
major achievement of this study was the ability to properly tune the CDs morphologies to achieve
biocompatible nanoparticles with efficient drug loading capabilities. Glucose derived CDs result to be
the best one, demonstrating both a high biocompatibility and excellent drug loading capabilities,
while the fructose derived CDs shows an unexpected high toxicity. In chapter 4 the CDs synthesized
from citric acid by hydrothermal or pyrolytic treatments and with or without a doping agent were
tested in the photoreduction of the methyl viologen. The study revealed that the photoreactivity of
the nanoparticles depends on various parameters, in particular, an inversion in the reactivity trend
was observed in the presence of the doping agent. For the non-doped CDs, the presence of a
graphitic core is essential to achieve a high reactivity, while for the doped samples, the graphitic core
acted as a quencher of the photoelectron transfer. One of the most interestingly results obtained by
this study was the great reactivity of the amorphous doped CDs that had never been used before in
this context. In the final chapter, taking advantage of the knowledge acquired on the photocatalytic
performance of the CDs, the CDs catalyzed photodeprotection of the N-Methyl picolinium esters was
investigated. The study demonstrates for the first time that CDs can successfully be used as the only
sensitizer, without any addition of oxidant or metal complex, to perform an organic reaction. In
particular, the deprotections were accomplished with a total selectivity towards the desired products
and can also be done without the sacrificial donor. Furthermore, the photocatalytic performance of
the different CDs and the reactivity trend of the substrates were explained by their redox potential,

calculate by cyclovoltammetric measurements.
2. Synthesis of CDs

2.1. Monosaccharides and Ascorbic acid derived CDs

A first set of CDs was prepared by using fructose, glucose and ascorbic acid as carbon precursors,
either by via a “single source” synthesis and or by combining a nitrogen doping agent such as
diethylenetriamine (DETA). To achieve the formation of different types of CDs, two synthetic
pathways were tested, a soft hydrothermal treatment (HTT) and a harsher pyrolytic (PYR) one. The
nanoparticles obtained were characterized by 'H-, 3C-NMR, and DOSY-NMR techniques to monitor

the progress of the reaction.
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2.1.1. Hydrothermal syntheses

The hydrothermal syntheses of CDs from fructose, glucose and ascorbic acid were carried out in an
autoclave using milliQ water as solvent. The precursor was first dissolved in 20 mL of milliQ water to
form a clear solution. Next, the solution was transferred into a glass reactor and placed inside a
stainless-steel autoclave. The latter was then heated at 200 °C with an aluminum heater for 24 h and
then allowed to cool to room temperature. The solution inside the reactor turned from clear colorless
to dark yellow, indicative of the formation of the carbon nanoparticles. The mixture was then filtered
through a 0.22 um filter, water was removed by rotary evaporation, and then freeze dried to recover
the CDs as a dark brown—black powder. Glucose CDs (G-CDs), fructose CDs (F-CDs) and ascorbic acid
CDs (A-CDs) were obtained in 34, 29 and 56 %w: yield respectively. The reaction products were
investigated by NMR and the nanoparticles were characterized by DOSY-NMR to determine size. With
these techniques it is not possible to investigate directly the CDs because only the species present in
solution could be analyzed. Nevertheless, this technique allows to acquire information about the
formation of small organic molecules, polymeric cluster and other species from the carbonization

reaction of the precursors.

The G-CDs, F-CDs and A-CDs were characterized chemically by NMR spectroscopy. In a first instance
the TH-NMR and 3C{*H} NMR of the three samples were recorded and compared to the spectrum of
the original precursors (Figure 19). For all the three samples, furthermore, the signals of the initial
precursors completely disappeared as shown in Figure 19 and Figure 20. The *H-NMR spectrum of
the G-CDs and A-CDs reveals the presence of different groups of signals in the region from 2 to 4 ppm.
The F-CDs, show the same set of signals of the other CDs also along with signals at higher ppm,
tentatively assigned to the presence of small organic molecules or polymeric clusters formed during

the synthesis of the nanoparticles.
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Figure 19. *HNMR spectra of G-CDs, F-CDs and A-CDs and their respective precursors in D,0 at pD=7.

The 3C{*H} NMR spectra of the CDs revealed differences: G-CDs show low intensity signals at low
ppm. F-CDs and A-CDs revealed the presence of various signals at high ppm suggesting the presence
of carbonyl/carboxylic carbon atoms that could be present on the surface of the nanoparticles or due

to small organic molecules formed during the reaction.

F-CDs
G-CDs
Glucose " “ ” ‘ Fructose ‘ l ﬂ
2o WO MO U MO D MO 1M 10 19 N8 W W M W W@ »» W e W 1% M 1% M 10 MO D L0 10 N W W M ® W @ » 2 ®
A-CDs
Ascorbic Acid

I

FO 1 10 10 M0 1% 10 10 1O 18 W0 W O ® M W W 9 X N » »

30



Synthesis of CDs

Figure 20. “*C{*H} NMR spectra of G-CDs, F-CDs and A-CDs and their respective precursors in D,0 at pD=7

Notwithstanding extensive NMR characterization, many signals remain unassigned. In order to
understand whether they were correlated to the presence of other molecules in solution or to larger
species, DOSY-NMR spectroscopy was used. This technique allows to measure the diffusion
coefficients (8) of the NMR-active species and it provides a weighted average of the mass of the H-
NMR active species, and thus it provides an indication on size. While it is usually employed to study
well-defined molecular-like compounds, 108109110 in the present case instead, the samples contain
highly complex systems, therefore, the data obtained from such "non-ideal" samples must be
considered indicative and used for an educated guess of the average molecular weight of the CDs.
The three samples exhibit different behavior, specifically: the G-CDs have the lowest diffusion
coefficient i.e. higher MW, the F-CDs demonstrate an intermediate value of 3, while the highest one
was revealed for the A-CDs as shown in Figure 21.
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Figure 21. DOSY-NMR of G-CDs, F-CDs and A-CDs in D,0 at pD=7.

By applying the Stoke-Einstein equation and the Graham’s law as explained in the experimental
section and by using the initial precursors as internal references, it was possible to determine the
ratios between volume, mass and radius of the synthesized CDs, as summarized in Table 1. The G-
CDs appear to be 60 time larger and 15 times heavier respect to the precursor glucose. F-CDs appear
25 times larger and 9 times heavier respect to the precursor fructose, in agreement with the presence
of carbon nanoparticles in solution. Finally A-CDs showed smaller sizes indicative of a lower degree
of carbonization. Furthermore, by using the precursors as references, an average MW of the

compounds was estimated, and the results are reported in Table 1.
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Table 1. Diffusion coefficient (8), average volume (&), mass ratios (M), and estimated molecular mass (MW)

of the CDs
Entry Sample 5 (*1019) g M MW
(m?/s) (Da)

1 G-CDs 1.51 55.7 14.6 2600120
2 Glucose 5.37
3 F-CDs 2.74 22.0 7.8 1400%160
4 Fructose 5.50
5 A-CDs 5.37 134 56 990470
6 Ascorbic Acid 5.62

2.1.2. Pyrolytic synthesis

Four new CDs were synthesized starting from glucose and fructose by employing a harsher pyrolytic
method aimed at obtaining more graphitic nanoparticles as well as to introduce a nitrogen doping
atom. Pyrolysis involves thermal treatment of the neat precursors in air and in the absence of solvent.
In detail, 20 g of glucose/fructose were heated at 200 °C in a conical flask: the solid slowly turned into
a viscous material that changed from white to orange and finally black. Next, the mixture was
neutralized with NaOH 5M in order to make the CDs water-soluble. g-Glu-CDs and g-Fru-CDs were
obtained in 65 and 48 %t yield after removal of water by evaporation and freeze-drying. A similar
procedure was adopted for the synthesis of nitrogen doped CDs. In this case, the precursors (glucose
and fructose) were pyrolyzed in combination with diethylenetriamine (DETA) as doping agent. The g-
N-Glu-CDs and g-N-Fru-CDs were recovered in 53 and 42%w: yields with the same procedure
described for the non-doped ones. Extensive characterization of their structure and chemical

properties was carried out.

The evolution of all the four reactions was monitored by 'HNMR and 3CNMR spectroscopy. For the
non-doped CDs, after 48 hours of heating the signals attributed to the precursor almost disappeared.
For the glucose-derived materials new signals appeared in the proton spectra in the region 1 -3 ppm

tentatively ascribed to protons of chemical groups on the surface of the carbon nanoparticles, along
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with a singlet at 8.5 ppm. For the fructose derivatives a similar pattern revealed, with the same signal

at 8.5 ppm and a group of three signals in the region 1 - 3 ppm.
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Figure 22. 'HNMR spectra of g-Glu-CDs and g-Fru-CDs and their precursors in D,0 at pD = 7.

The 3C-NMR spectra of both samples showed hardly any resonances, implying a low concentration
of organic molecules in the solutions (Figure 23). For the g-Glu-CDs only a signal at 70 ppm and two

signals lower around 20 ppm were detected while for the fructose derivative only a signala 170 ppm

was noticed.
g-Glu-CDs g-Fru-CDs
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Figure 23. *C{*H} NMR spectra of g-CDs and g-Fru-CDs and their precursors in D,0 at pD = 7.

DOSY-NMR was used to assess an approximate size, i.e. a hypothetical molecular weight of the CDs,
and also to evaluate if species of different sizes were present in the mixture. The analyses revealed
that the two samples showed different § (10°%82 and 10°°® m?st, respectively), suggestive of

nanoparticles with different sizes and MWs (Figure 24).

33



Synthesis of CDs

_ g-Fru-CDs _

"""""""" Wt hE i ¥
7 S YV - 7

n 0 [

qi 1 A ] q‘

. R R 4-mmm oo
o VC!
3 3
|
}

wmn wn

uj 0

8 6 4 2 0 F2[ppm] ry e a2 0 r2ppm

Figure 24. DOSY-NMR of g-Glu-CDs and g-Fru-CDs in D0 at pD=7

Using the DOSY signal of the starting material as internal reference for size and normalizing the 6
values with that of the solvent, the average volume (V), mass ratio (Mrel) and a hypothetical MW were
calculated, and the results are showed in Table 2. The g-Glu-CDs samples showed species with the
highest MW (ca. 3000 Da) and a volume 70 times larger than glucose, indicative of the formation of
large carbogenic structures. For g-Fru-CDs instead, the values were lower, suggesting a less extended
graphitic structure. Furthermore, in this sample, a second series of signals was identified, and its 6
value led to an estimated MW of 130 Da, confirming the presence of small organic molecules in the
mixture.

Table 2. Diffusion coefficients (8) and calculated average volume (V), mass ratio (M) and MW for g-Glu-CDs
and g-Fru-CDs.

Entry Compounds ) Vrel Mrel Estimated MW
(m?*s1) x 10%° (Da)

1 g-Glu-CDs 151 70 17 3000

2 Glucose 5.37

3 g-Fru-CDs 2.74 7.5 3.8 690

4 Fructose 5.50

The g-N-Glu-CDs and g-N-Fru-CDs were analyzed by NMR spectroscopy as well, and the resulting
spectra were compared with those of the corresponding carbon precursor and of DETA. The *H-NMR
spectra after the 48 hours of thermal treatment revealed Figure 25 complete conversion of the
starting materials and the formation of new signals similar to the ones obtained for the non-doped
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CDs. In more detail, a signal at ~ 8.5 ppm was detected in both the spectra, and new proton signals
were detected in the region 1 — 4 ppm. All these signals were attributed to protons of surface

chemical groups of the carbon nanoparticles.
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Figure 25. 'HNMR spectra of g-N-Glu-CDs and g-N-Fru-CDs and their precursors in D;0 at pD = 7.

The BC{*H}NMR spectra (Figure 26) of g-N-Glu-CDs and g-N-Fru-CDs exhibited showed hardly any
resonances implying the presence of few organic molecules in solution and more carbonaceous

materials that are NMR-inactive due to their colloidal nature.
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Figure 26. *C{*H} NMR spectra of g-N-Glu-CDs and g-N-Fru-CDs and their precursors in D0 at pD = 7.

More information on the g-N-G-CDs and g-N-F-CDs nanoparticles was gained by performing DOSY-
NMR experiments. The diffusion coefficients of the nanoparticles were compared to the one of the
molecular precursors in order to estimate an average MW. The DOSY-NMR experiments revealed
different diffusion coefficients for the g-N-G-CDs and g-N-F-CDs (6 = 10°%° and 10°°? m?s?,
respectively), in particular, the fructose derived sample showed a lower diffusion coefficient as

reported in Figure 27.
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Figure 27. DOSY-NMR of g-N-Glu-CDs and g-N-Fru-CDs in D0 at pD=7

The calculation led to an estimated MW for the g-Fru-CDs of 830 Da, while lighter compounds with a

MW of 580 Da were detected for g-Glu-CDs (Table 3).

Table 3.Diffusion coefficients and calculated parameter for g-N-Glu-CDs and g-N-Fru-CDs.

Entry Compounds o) Vrel Mrel Estimated MW
(m?*s1) x 10%° (Da)

1 g-N-Glu-CDs 3.00 5.7 3.2 580

2 Glucose 5.37

3 g-N-Fru-CDs 2.50 10 4.6 830

4 Fructose 5.50

2.2. Citric Acid derived CDs

Another group of CDs was synthesized employing a different carbon precursor, citric acid (CA). Citric

acid is a common substrate for the synthesis of CDs and is widely used in combination with other

reagents and doping agents. 828384:8586,91, 111,112,113, 114,115 | the present case, four CDs were obtained

using two sets of reagents: sole citric acid or citric acid in combination with DETA, and by two different

synthetic pathways: HTT (a-CDs and a-N-CDs) and PYR (g-CDs and g-N-CDs).

2.2.1. Non-doped CDs

The a-CDs and the g-CDs were obtained by using citric acid as sole carbon precursor by HTT and PYR,

respectively. The reactions were monitored, and the products characterized by NMR.
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For the amorphous-like a-CDs, 2 g of CA were dissolved in 20 mL of MilliQ water in a glass vessel to
form a clear solution, that was then inserted in an autoclave and heated at 180 °C. The reaction time

was optimized by monitoring CA conversion over time by *H NMR (Figure 28).
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Figure 28. 'HNMR spectra of the reaction at 6, 12 and 24 hours in D,0 at pD =7.

The crude products obtained at 6 and 12 hours still revealed the presence of the reagent while full
conversion was observed after 24 hours, thereafter chosen as the optimal time for a-CDs synthesis.
The crude mixture was neutralized to pH 7 with agueous NaOH and evaporated to dryness leading to
a dark yellow luminescent oil (0.4 g, 25 %w: yield). The disappearance of CA was further confirmed by
comparing the *H and *C{*H} NMR of final a-CDs with the reagent at pD =7 (Figure 29). Dialysis of the
mixture with a 1-kDa membrane to separate the large carbogenic structures from the lighter

aggregates and volatile organic molecules, resulted unnecessary as the a-CDs freely permeated this

membrane.
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Figure 29. H (left) and “*C{*H} NMR (right) spectra comparison of CA and a-CDs in D,0 at pD =7.

The presence of light molecules and more extended structures was revealed by DOSY-NMR (Figure
30). Two groups of signals one at low diffusion coefficient (10°°2 m?s?) and the other at higher 6 (10°
918 m2s1) allowed to calculate an approximate value of MW. The one with the higher diffusion
coefficient resulted in a MW of 118 Da, compatible with small organic molecules, while a value of
710 Da was calculated for the other group of signals, highlighting the presence of oligomers and/or

extend carbogenic structures.
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Figure 30. DOSY NMR of the a-CDs in DO at pD =7.

For the PYR synthesis of the g-CDs a different approach was employed, the citric acid (100 g) was
heated without solvent under air in a conical flask at 220 °C for 48 hours. The white solid, as the
reaction proceed, turned from a colorless liquid to yellow, brown, and finally a black viscous liquid.
Sampling at time intervals and *H NMR analysis allowed to monitor the reaction and the formation
of carbogenic structures. The evolution of the reaction is reported in Figure 31. After the first two

hours almost all the signals of the precursors completely disappeared, and after 48 hours a silent

38



Synthesis of CDs

spectrum was obtained, a clear indication of the absence of small organic molecules and of the

formation of extended carbogenic structures.
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Figure 31. 'H NMR spectra of the reaction of g-CDs at different time compared to the citric acid neutralized

at pD=7in DO

The final crude reaction mixture was neutralized with aqueous NaOH 5M in order to dissolve the black solid

and then freeze dried in order to obtain the solid g-CDs in 40%., yield. Dialysis with a 1-kDa membrane to purify

the nanoparticles from the small molecules was carried out by suspending 600 mg of crude CDs in 10 mL of

milliQ water for 24 hours and changing the external water every 12 hours. The pure g-CDs were obtained in

20%w: yield by evaporation of the water inside the membrane followed by freeze-drying. 'H and *C{*H} NMR

spectroscopy of the g-CDs showed complete absence of resonances as seen in Figure 32.
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Figure 32. *H and *C{*H} NMR of crude, neutralized, and purified g-CDs.
2.2.2. N-doped CDs

Applying the same HTT and PYR methodologies, two other different CDs were synthesized starting
from CA and DETA as doping agent. For HTT, 2g of CA and 0.675 mL of DETA were dissolved in 20 mL
of milliQ water to form a clear solution. The mixture was then transferred to a glass vessel and placed
in a stainless-steel autoclave and heated at 180 °C for 6 hours. The solution was allowed to cool to
room temperature, then the dark brown solution was analyzed by 'H and 3C{*H} NMR revealing the
complete conversion of the reagents and the appearance of new signals as reported in Figure 33.
Dialysis of the mixture with a 1-kDa membrane to separate the large carbogenic structures from the
lighter aggregates and volatile organic molecules, resulted unnecessary as the a-N-CDs freely

permeated this membrane.
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Figure 33. *H and 3C{*H} spectra of CA, DETA and crude products of the reaction in D,0 at pD=7

The presence of light molecules and more extended structures was revealed by DOSY-NMR. As
shown in Figure 34 two different groups of peaks were identified in the 2D spectra, a lower line,
corresponding to a 6 of 0.25 x 10%° (m?s?) and an upper one with a § of 0.11 x 10'° (m?st). Appling

Graham’s law and the Stoke-Einstein equation, approximate MWs were calculated for both lines, a
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value of 258 Da was obtained for the lower one, while the heavier compound results to have a MW

of ca. 1200 Da.
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Figure 34. DOSY-NMR of a-N-CDs in D,0 at pD=7

The g-N-CDs were synthesized by PYR of CA and DETA in a conical flask equipped with a distillation
setup: 100 g of CA and 25 mL of DETA were heated at 220 °C for 48 hours. The mixture turned from
a colorless to a dark brown very viscous liquid. The reaction was monitored by *H NMR as shown in
Figure 35: the signals of the reagents disappeared after 20 hours and new signal appeared in the

region 2 - 4 ppm and around 6 ppm.
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Figure 35. 'HNMR spectra of CA, DETA and evolution of the reaction at different time in D20 at pD=7.

The evolution of the reaction was monitored by DOSY NMR, revealing increasing MW of the

compounds formed during the reaction, as indicated by the spot at lower & (Figure 36).
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Figure 36. DOSY NMR evolution of the reaction in DO at pD=7
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The crude mixture was then neutralized with NaOH 5M and then freeze-dried in order to obtain the
crude g-N-CDs in 70%uw: yield. Dialysis with a 1k-Da MWCO membrane of 600 mg of CDs dissolved in
10 mL of milliQ water, followed by freeze-drying led to the recovery of pure g-N-CDs in 18% w: yield.
The sample was characterized by *H and '3C{*H} NMR, as shown in Figure 37. The dialyzed materials
afforded silent spectra confirming the successful separation of the small organic molecules from the

carbonaceous nanoparticles.
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Figure 37. 'H and *C{*H} NMR spectra of the crude, neutralized and purify g-N-CDs in D,0 at pD=7.

2.3. Experimental

2.3.1. Material and instrumentation
Fructose, glucose, ascorbic acid and diethylenetriamine were purchased from Sigma Aldrich and used
as received. For the NMR study a Bruker Magnet System spectrometer 400'54 Ascend (*H: 400 MHz;
13C: 100.6 MHz). The chemical shifts (8) of the *H and 3C NMR spectra have been reported in parts

per million (ppm).

2.3.2. DOSY-NMR
A DOSY NMR study was performed highlighting the presence of various signal in the *H NMR spectra
of a-CDs and a-N-CDs related to the distinct compounds with different diffusion coefficient (A). By
assuming ideal spherical structures for the CDs and by comparing with a known reference (the
solvent), the Stokes-Einstein equation (1) allow to correlate the Diffusion coefficients of the
compounds with their hydrodynamic radius.'%®

kB * T
1) A=
67TT]rH

43



Results: Carbon dots for drug delivery

Comparing the A values, normalized to the solvent, of the CDs and the one of a known reference
(citric acid), it is possible to correlate the ratio of the diffusion coefficient to the ratio of the radius

(Rret) and consequently to calculate the relative volume (Vrel) and mass (Mrer) 102110,

v 9% - )
)2~ r )\a) = V.
By applying the Graham’s law (4), it is possible to correlate the diffusion coefficient to the mass of
the analysed compound and their relative mass (Mrel) is given by 5

wask-(Ey 9 =

C

Finally using the equation 6 it is possible to estimate their MW . 116,117,118,

2

om = ()

Respect to the well-defined molecular compounds that are typically investigated with this technique,
the present solutions are complex systems formed by a mixture of different carbogenic frameworks
that are far from ideal and spherical. This fact and the fact that the diffusion coefficient measured by
DOSY is a weighted average of all the contributions of the *H-NMR active species, prompts prudence

in assigning the volumes, mass and MW of these CDs.

3. Results: Carbon dots for drug delivery

3.1. Introduction

The use of nanomaterials is currently one of the challenges in biomedical applications.'*® The use of
nanotechnology and in particular of fluorescent nanoparticles in this field introduce new approaches
for fluorescence imaging and sensing as well as for in vitro and in vivo labeling in cells, tissues, and
organisms. 29 The use of nanoparticles in the medical field offers new opportunities for detecting
ions, protein and DNA and drug delivery applications. In the years several types of nanoparticles have

been synthesized and used with this aim polymeric nanocomposites, magnetic nanomaterials*??,

122 3nd noble metals nanomaterials (Au'?3, Ag'?*). In order to use these

semiconductor nanocrystals
nanomaterials for medical applications, two main characteristics must be met: the first is

biocompatibility, the second is the possibility of being functionalized for recognition of specific target
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sites in the body after systemic administration. An additional unique characteristic that makes certain
nanoparticles so attractive in these applications is photoluminescence. By exploiting these
properties, many different applications can be envisaged such as the use of nanomaterials for
bioimaging, or to create sensors for specific targets inside the body'?>. However, the use of metal
nanoparticles in medicine raises questions relating to their potential toxicity and issues over the
lifecycle of inorganic nanoparticles!?®. In order to avoid the use of metals in medicine, carbon-based

nanoparticle have been proposed as an alternative.

Carbon dots in particular have elicited a lot of interest in the biomedical field since their discovery,
due to their biological and chemical properties.>"*?’. Specifically, their high solubility in water, good
cell permeability, low photobleaching, the absence of metals and their low toxicity make CDs very
appealing substrates in this field. CDs were already proposed as nano-theragnostic agents for
combined cancer therapy and diagnostics®. One of the most promising applications is the use of CDs
in bioimaging!?® to monitor drug release inside the cell. The first examples of CDs in bioimaging were
described by Sun et al. who produced a series of CDs by laser ablation of graphite powder followed
by surface passivation with different organic compounds like poly(propionylethyleneimine-co-
ethyleneimine) and PEG1s00. They were able to achieve nanoparticles with different color emissions

and to label the cell membrane and the cytoplasm of MCF-7 cells.40.8°

The interest was then directed towards the use of CDs as nanocarriers for drug delivery systems
(DDSs). DDSs are one of the most important and researched approaches in nanomedicine, where the
aim is to design a nanosystem that can load a drug and release it under specific conditions in a precise
spot!?® 130 The possibility to easily tune the chemical characteristics of the CDs and to change the
surface chemical properties of the carbon nanoparticles, combined with the low toxicity and the
cheap starting materials, make CDs very suitable for this application. 13! Song et al. proposed a folic
acid derivatized CDs obtained from the microwave treatment of glucose and trioxytridecadiamine for
DDS. This nanosystem proved to be efficient for selective detection of cancer cells vs. normal cells,
providing an effective route for cell screening and disease diagnosis. 2 The ability of CDs to act as
drug loading and delivery systems was also highlighted by Bayda et al. who produced biocompatible
CDs starting from tea leaves. They also proved the ability of such nanoparticles in loading the drug
Doxorubicin (DOX) and the possibility of controlled release at acidic pH typical of cancer cells'®3 The
in vivo tests on mice proved the effectiveness of this system and the low toxicity of the nanoparticles:

during a 2-month clinical study, no symptoms of stress or clinical illness were observed.
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Figure 38. Chemical structure of Doxorubicin (DOX).

DOX, represented in Figure 38 and isolated for the first time from the fungus Streptomyces
peucetius'3¥, is a chemotherapeutic agent with strong activity against a wide range of human
malignant neoplasms including acute leukemia, non-Hodgkin lymphomas, breast cancer, Hodgkin's
disease and sarcomas. 1> DOX is able to kill cancer cells by stabilizing a key enzyme (topoisomerase
Il complex) that prevents the DNA helix from resealing during the replication process. 3¢ 13/ The use
of DOX in anticancer treatment suffers from a range of problems, such as a systemic toxicity, rapid
drug resistance and congestive heart failure. These issues are correlated to the non-selective
metabolism of DOX that can interact with healthy as well as cancerous cells. To overcome these
problems, a series of CDs-based DDSs were developed to reduce the unnecessary contact of DOX
with healthy cells and to permit controlled release of the drug in the desired site, increasing the local
concentration, thereby promoting anticancer efficacy.® CDs obtained from a wide range of carbon
precursors were tested for drug delivery. For example, Zeng et al. reported the synthesis of CDs from
urea and citric acid, showing that they can function as trackable drug delivery agents with controlled
drug release at pH 5.4. Another study conducted by Mewada et al. tested DOX-carrying and folic
acid-mediated delivering capacity of highly fluorescent CDs. 138 Drug loading was estimated to be
86%wt and the release of DOX from the system CDs-DOX followed first order release kinetics at
physiological pH, an ideal drug release profile. Moreover, the combined drug-nanoparticles system
showed a higher killing rate of cancer cells respect to the free DOX and also lower toxicity for healthy

cells.

Notwithstanding the large number of publications and results obtained in this field there is the need
for reproducible, simple, high-yielding synthetic protocols aimed at obtaining carbon dots with
tunable fluorescence, photothermal and photochemical behavior, surface properties,
biocompatibility, tumor targeting ability, drug absorption biodistribution, and tumor uptake. In order
to achieve this aim in this study we investigated the synthesis three types of CDs starting from a single

precursor. The synthetic methods adopted for this work involve bottom-up hydrothermal treatment.
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Glucose, fructose and ascorbic acid were chosen as carbon precursors for their low toxicity and
because they are cheap, abundant and biocompatible. Furthermore, the chemical structures of the
selected starting materials ensure the presence of a high number of hydroxyl groups on the CDs
surface, a feature that was found to be very important in the bonding of DOX. Non-covalent
interactions such as electrostatic, hydrogen bonding, and rn-it* stacking, were found to be mainly

responsible for the interaction of the DOX with the nanoparticles.*3?

Monosaccharide-derived CDs were already published in the last decades, mainly in conjunction with
passivating or doping agent. As an example, Yang et al. described the synthesis of CDs starting from
glucose and using PEG-200 as passivating agent to obtain materials with high QYs of 6.3%.4° Instead
the addition of sulfuric acid'*! or monopotassium phosphate’> in the synthesis allowed to obtain CDs

doped respectively with S or P that with good QY (10-12 %).

In this work CDs three types of CDs were synthesized from fructose, glucose and ascorbic acid without
any addition of doping agent for avoid the presence of harmful elements that can affect the final
toxicity of the system. The obtained nanoparticle was then deeply characterized in chemical, optical
and toxicological point of view, revealing that despite the similarity of the starting precursors the final
structures of the nanoparticles results to be very different and also their outcoming properties.
Furthermore, the loading capability of such CDs with DOX were accomplished revealing that the
affinity of these species is correlated to the structure of the nanoparticle more than their surface
chemical composition. The results of this study were published in the paper “Carbon Dots from Sugars

and Ascorbic Acid: Role of the Precursors on Morphology, Properties, Toxicity, and Drug Uptake.” 142
3.2. Synthesis and Characterization

Fructose, glucose and ascorbic acid were the three precursors used to prepare the corresponding
three CDs abbreviated respectively as: F-CDs, G-CDs and A-CDs. The synthetic method of choice
involved hydrothermal treatment. The detailed conditions used, and the work-up procedure are
described in the “Synthesis of CDs”. The three different classes of CDs were characterized by 'HNMR
and 3C{'H} NMR spectroscopy, revealing the complete conversion of the starting materials.
Nevertheless, the spectra presented a series of new signals, especially in the region 2 - 4 ppm,
reasonably ascribed to the olefinic protons in the graphitic domains of the carbon nanoparticles. The

F-CDs samples showed also signals at higher ppm, both in the proton and carbon spectra (Figure 39).
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Figure 39. 'HNMR and *C{*H} NMR of F-CDs in D,O pD=7

In order to better understand the composition of the materials, a more detailed analysis of their
chemical composition was performed by GC-MS. Solutions of the three CDs dissolved in water and
acetonitrile were analysed. The G-CDs and A-CDs analysis reveal the absence of any molecular
compounds, while for the F-CDs two molecules were detected, hydroxymethylfurfural (HMF) and 2,5-

furandicarbaldehyde (FDCA), whose gaschromatogam and mass fragmentation patterns are shown

in Figure 40.
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Figure 40. GC chromatogram of F-CDs and MS spectra of the identified compounds.

After detecting these molecules, the signals of HMF were identified and assigned in both the THNMR
and 3C{*H} NMR spectra of the F-CDs as shown in Figure 41.
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Figure 41. HMF signal assignation in *HNMR and *C{*H} NMR spectra of F-CDs.

The formation of furan compounds such as HMF and FDCA by thermal dehydration of fructose is well
known, and follows the mechanism shown in Figure 42. As reported by Fan et al. the pH and the
temperature are key factors in the formation of furanics, in particular at acidic pH fructose and
ascorbic acid produce a considerable amount of furans. While, at neutral pH furanics are detected
only when starting from fructose. Furthermore, as expected, increasing the heating temperature
promote extensive formation of furanics!*3. A similar study conducted by the same author confirmed
the pH effect on furanics formation starting from sugars and ascorbic acid. As expected based the
different conformation of the ring structure and the more reducing properties of the fructose respect
to the glucose the hydrothermal treatment of the latter in the same conditions yielded negligible
amounts of furanics. 1** This behavior can be explained by the different conformation of the ring

structure and the more reducing properties of the fructose respect to the glucose. 14
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Figure 42. Formation mechanism of HMF from fructose.

Employing DOSY-NMR we attempted to estimate the dimensions and the MW of the nanoparticles.
Figure 43 shows that the three samples have different size and masses. In particular, G-CDs have the
lowest §, and consequently the higher MW and volume. Intermediate values were observed for the
F-CDs, with an average MW of 1200 Da, while for A-CDs the 6 value was similar to the one of the

initial ascorbic acid, suggesting a low degree of carbonization and a low MW.
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Figure 43. DOSY NMR of G-CDs, F-CDs and A-CDs in D20 at pD=7.

In order to establish what kind of functional groups were presents on the surface of the CDs, the FT-

IR spectra in KBr were registered and are shown in Figure 44. The spectra revealed the presence of
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hydroxyl groups in the region 3440-3375 cm™ for all the three samples, as well as the band related
to the presence of the C=C conjugated aromatic system centered at 1586 cm™, 1585 cm™*and 1635
cmfor G-CDs, F-CDs and A-CDs respectively*®. The presence of C=0 bonds was also apparent from
the presence of the band at 1658 cm™ for G-CDs, 1645 cm™ for F-CDs and 1707 cm™ for A-CDs
respectively. Another moiety that was identified was the C-O-C bond highlighted by the presence of
the band in the region 1200-1180 cm™, and finally the absorption peak in the region from 2934-2920

cm™ are indicative of the presence of C-H bonds**’.
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Figure 44. FT-IR spectra of G-CDs, F-CDs and A-CDs.

For a better knowledge on the surface chemical features of the carbon nanoparticles synthesized and
of the possible interactions that can take place with the drug a quantification of the surface hydroxyl
groups was accomplished. The methodology for the calculation of the hydroxyl value (HV) are
explained in the experimental section. The titration results are summarized in Figure 45, revealing
that G-CDs and F-CDs possess a comparable number of OH moieties on the surface = 1500
corresponding to 26.8 mol(OH)/g(CD); this was not surprising since the two precursors are very
similar and the resulting nanomaterials show similar characterization data. For the A-CDs, instead the
values extrapolated from the analysis results to be almost three times higher respect to the other
CDs. The lower HV obtained for the fructose and glucose derivatives can be explained by the
observation that during hydrothermal synthesis, the thermolysis produced large amounts of COz and
H,0 along with the F-CDs and G-CDs in 34% and 29% yield, respectively, implying a large loss of oxygen
and higher degree of carbonization. Instead, higher mass yields and less carbogenic structure were

observed for A-CDs in the NMR characterization, explaining the higher residual hydroxyl groups in the

sample.
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Figure 45. HV of G-CDs, F-CDS and A-CDs.

A picture of the physical structure of the CDs was obtained by collecting their TEM images. As shown
in Figure 46, TEM revealed a graphitic structure for the G-CDs and F-CDS while the A-CDs appeared
amorphous suggesting an incomplete carbonization of the material. The average dimensions were
evaluated by measuring the diameter of 100 nanoparticles: for both G-CDs and F-CDs an average
value of 10 nm was calculated while no clear size could be calculated for the A-CDs due to their
amorphous nature. For the glucose and fructose derivatives the graphitic planes of the nanoparticles

were also noticed with an interlayer spacing of 2.4 A in the HR-TEM, corresponding to the d space of

148

the graphene, confirming their highly crystalline graphene structure.
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Figure 46. HR-TEM images of G-CDs, F-CDs (with a size distribution histogram), and A-CDs.
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Another key parameter that was evaluated was the surface charge of the CDs, that is necessary in
order to predict a good electrostatic interaction with the desired drug. The surface charge of the
nanoparticles was investigated by electrophoresis. The specifics of this technique were described in
chapter 1.7. In summary, the analyses were carried out using a running buffer at different pH (4, 6, 8
and 10). The resulting images, collected after a run of 30 minutes are shown in Figure 47. It is evident
that all the three CDs migrate towards the positive pole, meaning an overall negative surface charge.
These results are not surprising, since the nanoparticles contain a high number of hydroxyl group as
shown by their HV and IR analysis. Interestingly the distances run by the samples seem to be related
to the amount of hydroxyl groups on the surface of the nanoparticles. For example, the OH rich A-
CDs show the longest electrophoresis run. G-CDs and F-CDs behave similarly in this analysis as well:

fewer hydroxyl groups lead to a shorter run compared to the ascorbic acid derivatives.

pH 10

Figure 47. Electrophoresis experiment performed at different pH’s on G-CDs, F-CDs and A-CDs.

The optical properties of the three nanomaterials were first investigated by UV-Vis spectroscopy.
Figure 48 shows the UV-Vis spectra of the three samples and highlights the different behavior of the
CDs. G-CDs show only one absorption peak centered at 265 nm, and reasonably ascribed to the n-rt*
transitions of the carbonyl groups on the surface of the nanoparticles'#’. The same band is detected
in the F-CDs sample. Moreover, all the CDs exhibit an absorption band in the region between 225-
235 nm ascribed to the m-mt* transition of the sp? C=C conjugated system. An additional band was
also detected for the fructose derivatives at 360 nm correlated to the transition associated to

trapping of the excited-state energy by the surface state. **°
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Figure 48. UV spectra of G-CDs, F-CDs, A-CDs.

The photoluminescence (PL) emission peaks registered at different excitation wavelengths (330-380
nm) revealed different behaviors of the CDs despite the similarity of the precursors. In particular, the
G-CDs and A-CDs showed an excitation-dependent photoluminescence with the maximum of the
emission peak red-shifted by 15 and 20 nm respectively. This phenomenon is very common in CDs,
although it’s origin is still not clear. One possible explanations is related to the intrinsic defect states
present on the nanoparticles as postulated by Pan et al. using a single-particle spectroscopy
measurement.>* With the same technique, van Dam et al. demonstrated the presence of multiple
active and independently excitable emission sites within a single-carbon dot. *> The PL emission
peaks of the F-CDs instead, did not show any dependence on the excitation wavelength as shown in

Figure 49.

The QYs of the CDs, calculated using quinine sulfate as standard, were 1.8%, 0.3%, and 1.5% for the
G-CDs, F-CDs, and A-CDs, respectively. As expected, low QY were measured in all cases due to the
absence of doping atoms (e.g. N or P) and of passivating agents, as well as to the presence of defects

and conjugated carbon core domains, which favor nonradiative electron —hole recombination

pathways.
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Figure 49. Emission spectra at different excitation wavelengths for G-CDs, F-CDs and A-CDs

3.3. Toxicity of the CDs
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In order to create a biocompatible nanocarrier based on CDs, it is necessary to evaluate the toxicity
of the sole nanoparticles. The toxicity measurement was carried out by the Experimental and Clinical
Pharmacology Unit at C.R.O. National Cancer Institute of Aviano. All the experiments were performed
in triplicate. The results obtained are shown in Figure 50. The G-CDs showed no evidence of toxicity
up to a concentration of CDs of 1 mg/mL, as indicated by the viability which is similar to the one
measured for the control solution. The ascorbic acid derived CDs demonstrated a measurable toxicity
in high concentration (> 0.25 mg/mL) with the viability decreasing of 50% respect to the control
experiment. Finally, the F-CDs showed significant toxicity even at low concentrations. Once more, the
similarity of the precursors glucose and fructose still does not imply similar properties of the resulting
CDs. The toxicity displayed by the F-CDs was explained by the presence of the furanics, such as HMF
and furfural, detected by NMR and formed by dehydration of the carbohydrates.1>31>4
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Figure 50. Cytotoxicity of G-CDs, F-CDs and A-CDs

An intriguing aspect revealed by this study is the possibility to synthesized toxic CDs starting from a
fully biocompatible precursor. As herein demonstrated, the possible toxicity of the final CDs may arise
from the formation of toxic molecules in the thermal degradation of the precursor. It is therefore of
fundamental importance to have a complete knowledge of the possible degradation pathway that
may take place for the chosen precursor. As consequence, the choice of the starting material is a key

factor to successfully achieve the desired properties for the CDs.
3.4. Drug uptake experiments

After the investigation of the toxicity of the CDs, further study was focalized on the drug uptake
properties of the CDs. For this aim, Doxorubicin (DOX) was chosen as a model drug. This compound
is widely use as drug model for anticancer studies to evaluate its absorption and release in drug
delivery systems. One of the main reasons why DOX is commonly used in this field is its
photoluminescent and absorption properties. The molecule shows an absorption spectrum with a
strong absorption peak at 500 nm and two emission peaks centered at 550 and 600 nm respectively.

These features allow to employ simple spectrofluorometry technique to measure drug loading and
55
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delivery, a technique used in this study as well. In more detail, the quenching of the emission peak of
the CDs was evaluated at different concentrations of DOX. For this purpose, two 0.25 mg/mL water
solutions of CDs of were prepared, one without and one with 0.20 mg/mL of DOX. Next, the intensity
of the emission peaks of the CDs solution was monitored at different addition of the DOX-containing
solution, in a concentration range from 0 to 5.5 x 10 M. The CDs solutions were excited at 340 nm

and the results are shown in Figure 51.
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Figure 51. Emission spectra of CDs recorded at different addition of DOX.

For all the three CDs it is possible to notice that the gradual addition of DOX results in a progressive
quenching of the luminescence and in a blue-shift of the emission maximum. The quenching of the
luminescence takes place when the fluorophore (CDs) and the quencher (DOX) are in contact with
each other either statically or dynamically.*>> 1°¢ In addition, the shift at lower wavelength of the
emission peak, indicates a strong interaction between the drug and the nanoparticles. This
phenomenon was previously observed by Sun et al. with CDs obtained from glucose and glutamic
acid. After the titration of the DOX with CDs these authors noticed the quenching and the shift of the
emission maximum and ascribed these effects to a strong electronical communication between the

two species.?>’

In order to evaluate the affinity constant between the CDs and the DOX, a Stern-Volmer plot was
employed. The concentration of DOX was plotted versus the ratio between the intensity at that
addition and the intensity without DOX measured at 441 nm. For the three CDs it was possible to

obtain a linear trend as shown in Figure 52.
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Figure 52. Stern-Volmer plots of the titration of G-CDs, F-CDs and A-CDs with DOX.

From the linear trend it is possible to extrapolate the Stern-Volmer constant. The Stern-Volmer
constant is correlated to the association constant of the complex CDs-DOX. As reported in Figure 52
the association constants of F-CDs and G-CDs with DOX are very similar to each other, confirming
once more the similarity of the two samples in terms of structural e chemical properties. Instead the
A-CDs demonstrated a lower Ksy meaning a weaker interaction between the nanoparticles and the
drug. From these results some deductions were made. First, the nanoparticles with fewer hydroxyl
groups, have higher affinity with the drug. This suggests that the electrostatic interaction between
the hydroxyl groups on the nanoparticles and the amino groups of DOX play a secondary role. Second,
the interaction between the CDs and the drug are correlated to the morphology of the nanomaterial,
with the amorphous materials like the A-CDs having a lower association constant respect to the
graphitic F-CDs and G-CDs. These observations led to assume that the interactions between the two
species are non-covalent rather than electrostatic. In particular, a crucial role may be played by non-
covalent m-mt interactions between the graphitic planes of the nanoparticles and the aromatic
moieties of the drug. This hypothesis appears to be confirmed by other studies that report this type
of interaction between the carbon nanoparticles and DOX, such as the one by Jung et al. on CDs

derived from citric acid and B-alanine.®®

To estimate the amount of DOX that the CDs can load, another spectrofluorimetric approach was
employed. A Job plot was used to determine the ratio of DOX and CDs in the complex as explained in
the experimental section. The results are summarized in Figure 53. Two linear sections can be
observed in the Job plot, indicating two different behaviors. In particular, the intersection of these

two segments represents the stoichiometry of the CDs-DOX complex. This point corresponds to a
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mass fraction of 0.72 that corresponds to a CDs-DOX binding-stoichiometry of 3.5:1. From this value
it is also possible to calculate the mass percentage of DOX loaded on the CDs, that corresponds to a
drug loading capability of the CDs, equal to 28%w:. A comparison of the drug loading ability with other
results for CDs obtained from similar precursors, was carried out. For example, by starting from
glucose, ethylenediamine and phosphoric acid, Gong et al. synthesized hollow N,P-doped CDs. By a
UV-Vis technique the authors calculated a DOX loading of 35 %w: that is the highest reported to date
for glucose-based CDs. 1°8 Another study on the drug loading capabilities of glucose-based CDs was
conduct by Wang et al. employing glucose as the source for the synthesis of the nanoparticles and a
PEG-chitosan polymer for the surface derivatization. DOX was used for the drug loading test, and the
measurements were accomplished by a spectrofluorimetric approach. The results showed a drug
loading efficacy of 3%wt for the PEG-Chitosan@CDs hybrid system. 1°° These results confirm that the
system herein developed has a high efficiency in the loading of DOX, comparable to the best ones

already published.
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Figure 53. Job plot of the fluorescence decay of G-CDs with DOX.
The next step will be the investigation of controlled release of the drug under defined conditions,
especially at acidic pH.

3.5. Conclusions

In conclusion, in this work three different CDs were synthesized from the biocompatible precursors
glucose, fructose, and ascorbic acid. Hydrothermal treatment yielded CDs that were characterized

from the structural, morphological, chemical, and optical standpoints. The analyses revealed that the
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structure of the nanoparticles is related to the starting precursor, with glucose and fructose leading
to graphitic CDs while ascorbic acid to amorphous materials. An extensive NMR characterization was
performed, revealing the presence of furanics in the F-CDs sample. Furthermore, the surface
chemical groups were demonstrated to depend on the precursor and its thermal degradation
pathway. The amount of hydroxyl groups on the surface was quantified by a titration technique,
revealing a similar content for F-CDs and G-CDs while a higher value was obtained for the A-CDs. The
hydroxyl content determines also the surface charge of the nanoparticles, with the highly -OH rich
sample having the more negative surface charge, as observed by electrophoresis. The optical
properties were also investigated revealing an excitation dependent photoluminescence for G-CDs
and A-CDs while for the F-CDs this effect was not noticed. The toxicity of the nanoparticles was
evaluated on Hela cells, and the experiments revealed that G-CDs are non-toxic, A-CDs are slightly
toxic at high concentration, while F-CDs are more toxic due to the presence of furanics observed by
NMR. The interactions with DOX, were studied by spectrofluorimetric techniques, revealing the
importance of the graphitic core in achieving a good binding, and by showing that the mt-rtinteractions
with the drug are dominant. The capabilities of the CDs to bind the DOX was quantified for the G-CDs
with a Job-plot revealing 28 %w: of drug loading. These results highlight the importance of the starting
materials and of control of the synthetic conditions in order to achieve CDs with the desired

properties.

3.6. Experimental

Glucose, fructose, ascorbic acid, acetic anhydride and phenolphthalein were purchased from Sigma—
Aldrich and used as received. Doxorubicin (2mg/mL in water) was purchased from Accord Healthcare
ltalia. The UV=VIS spectra were collected with an Agilent 8456 spectrophotometer and the PL & PLE
spectra were obtained with a Perkin EImer LS 55 fluorescence spectrophotometer. A BIO-RAD Sub-
Cell GT agarose gel electrophoresis system was used for the electrophoresis experiment. The running
buffer was composed by 1% of agarose gel and the run for 1 h at constant power (10 W). The H, 13C
{*H} NMR and DOSY spectra were collected with a Bruker 400 MHz. (HR)-TEM images were obtained
using a Jem2200fs instrument. The Quantum Yields (QY) were determined using an Infinite
M1000Pro, Tecan; excitation wavelength 360nm; emission wavelength range 370—-650nm, using
Quinine Sulfate as reference. Cytotoxicity was measured by CellTiter-Glo® Luminescence assay

(Promega, Madison, Wisconsin, US) after 96 hours with the Infinite 200 PRO instrument (Tecan).
3.6.1. Hydroxyl Value
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The hydroxyl value (HV) is defined as the grams of KOH required to neutralize 1 g of CDs sample, and
it is calculated using the following procedure. A small amount of CDs sample (50—-100 mg) was placed
in a flask and then 5 mL of acetic anhydride and 20 mL of pyridine were added. The mixture was
heated at 95 °C for 1 h, 10 mL of water were added to hydrolyze the unreacted anhydride and then
the mixture was reheated at 95 °C for 10 min. The resulting solution was titrated with KOH 0.1 N using
phenolphthalein as indicator. As a reference, a blank test was carried out under the same condition
but without CDs. The HV was calculated using the following equation.®®

V= (mL blank — ml sample) * N(KOH) « PM(KOH)
B g sample

3.6.2. Electrophoresis
A BIO-RAD Sub-Cell GT Agarose gel Electrophoresis system was used for the electrophoresis
experiment. The running buffer was composed by 1% of agarose gel and the run for 1 h at constant

power (10 W).

3.6.3. Cytotoxicity
The cytotoxicity tests were performed on Hela cell lines and cytotoxicity were evaluated by the
CellTiter-Glo® luminescence assay using an Infinite 200 PRO instrument. Cells were seeded in 96-well
plates (Falcon BD, San Jose, CA, US) at a density of 103 cells/well and incubated for 24 h to allow for
cell attachment. Apoptosis was evaluated after 24 hours by fluorescence-activated cell sorting,

utilizing the PE Annexin V Apoptosis Detection Kit I. All the experiments were performed in triplicate.

3.6.4. Stern-Volmer method

CDs-DOX interaction was investigated by a steady-state absorption titration by simple mixing aqueous
DOX (0.2 mg/mL) to a CDs (0.25 mg/mL) water solution at r.t. and pH 7. The fluorescent spectra of
the resulting solutions were collected by exciting at 340 nm. The decrease of the CDs luminescence

(at 440 nm) was correlated to the rise of the quencher concentration with the Stern-Volmer equation:

Iy
7=1+st*[Q]

where lp and | are the respectively fluorescence intensity of the fluorophore before and after the

addition of the quencher, and Ksy is the association constant of the fluorophore-quencher interaction.

3.6.5. Job’s plot method
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Different solutions with increasing mass fraction of DOX was prepared, keeping constant the sum of
Mcos+Mpox to 0.6 mg. The fluorescence emission intensity at 441 nm of the as prepared solutions was

evaluated at by exciting the sample at 340 nm
4. Results: Carbon dots for photocatalytic applications

4.1. Introduction

In the last decade, a large amount of research has been carried out in the world of the CDs. By
focusing attention on their unique properties, a great amount of applications has been developed:
from the use in the biomedical field as nanocarriers or as biosensors, to the electronic field as
supercapacitators or in photovoltaic cells. One of the emerging fields where CDs may have a strong
impact is photocatalysis. The ability of CDs to act as photosensitizers for photochemical reactions has
not yet been deeply investigated, despite having all the necessary characteristics. In fact, CDs are an
optimal light harvesting material and can generate photoexcited photons if irradiated b at the
appropriate wavelength. Furthermore, it was also recently demonstrated that CDs may also generate
excited electrons with long life time, very useful for photoredox reactions.'®! All these features make
these nanoparticles very appealing for the development of a new photocatalytic system without the
need for additional redox mediators, such as metal complexes for example. The first publication on
the use of CDs in a photochemical reaction was conduct by Reisner’s group. They proved that CDs
can be used as photosensitizers to donate electrons to succinate reductase and perform the
reduction of fumarate to succinate'?. The CDs were prepared by pyrolysis of citric acid and the
surface-derivatized with amino compounds. The nanoparticles, under solar light irradiation,
demonstrated to behave as electron transfer agents towards the enzymes, and to efficiently catalyze
the reduction of fumarate. The surface derivatization resulted to be an important characteristic in
order to achieve a desirable conversion of the substrate due to the different surface charges, positive
for amino derivatives and negative for the carboxylic ones, that influence the interactions between
the enzymes and the nanoparticles. The study highlights how the surface functionalities and their
effects on the CDs can modify the properties and reactivity of the CDs. The same group, analyzed also
the effect of doping the carbon core of the CDs with nitrogen, on the photoreactivity of the system.
60 The authors compared three types of CDs, both amorphous and graphitic, obtained by the
treatment of citric acid and an amino doped CDs synthesized from the pyrolysis of aspartic acid. The
study demonstrated that all the tested CDs act, in combination with a molecular nickel catalyst, as

photosensitizers via photo-induced electron transfer process for hydrogen evolution (Figure 54),
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albeit with different reaction rates. The most promising class of CDs was found to be the graphitic
doped nanoparticles, and the reason was ascribed to the enhanced light harvesting properties
deriving from the presence of the nitrogen in the carbon core. Nonetheless, due to the different
carbon sources employed for the CDs synthesis, and to the lack of comparison with amorphous
nitrogen-doped nanoparticles, a clear and precise rationalization of the effect of the graphitization

and nitrogen doping on the photocatalytic ability of the nanoparticles could not be drawn.
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Figure 54. Solar hydrogen production using CDs-NiP hybrid system.

Another interesting study on the photocatalytic properties of the CDs was accomplished in Prato’s
group>>. The authors synthesized different CDs starting from ethylenediamine, arginine and different
quinones. The authors explored the electrochemical properties of these nanomaterials employing
cyclic voltammetry (CV). With this technique they were able to determine the anodic and cathodic
potential for all the nanoparticles and correlate these values with the HOMO and LUMO energy and
therefore AE. The data showed that all the CDs have an oxidation and reduction potential thatisin a
suitable range for many applications. In particular, the authors found that the oxidation potential of
the nanomaterials was correlated to the presence of amino groups on the surface of the

nanomaterials. Their investigation on the ability of their CDs to reduce methylviologen (MV) revealed
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that the materials prepared starting from quinine and with the highest absorption in the visible region
displayed the best activity, highlighting the importance of the quinone in increasing the photo-activity

of the nanomaterials.

These studies revealed that CDs could be excellent photosensitizers for chemical reactions and that
the surface properties, functional groups, and core composition play a crucial role on determining
their reactivity. Nevertheless, a rationalization on how the synthetic methods and the precursors

affect the reactivity of the resulting nanomaterials has not yet been accomplished.

In the present study, our work was focused on the synthesis and complete characterization of four
type of CDs prepared from sole citric acid and in combination with diethylenetriamine (DETA) as
nitrogen dopant. The CDs were then compared in their morphology, optical and chemical properties
highlighting the difference arising from the diverse synthetic protocols employed. Next, the study on
the reduction of MV) revealed that the morphological and optical properties of the CDs play a crucial
role in determining the photoredox activity of the CDs. This study paves the road towards the rational
design of carbon-nanoparticles for efficient photocatalytic organic transformations, as alternative to

the currently used precious-metal inorganic dyes.

The results of this study were recently published in the paper “Design of Carbon Dots for Metal-free

Photoredox Catalysis”.164
4.2. Characterization

In order to understand and tune the photocatalytic potential of the CDs, control over the synthetic
procedure, the morphology and the photophysical properties as a function of the carbonaceous
precursors and of the reaction conditions is crucial. With this in mind, two synthetic methods were
employed in this work: thermolysis and hydrothermal, expected to yield graphitic and amorphous
CDs, respectively. Furthermore, nitrogen doping an important parameter that is known to affect the
photocatalytic properties of the materials, was also considered. The carbon source employed for this
work was the citric acid, one of most commonly used materials for the synthesis of carbon dots. As
doping agent instead, diethylenetriamine was employed. By the combination of two different
reaction conditions and the presence or absence of the N-doping agent, four different types of CDs

were obtained:

e a-CDs, amorphous non-doped CDs,

e g-CDs, graphitic non-doped CDs,
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e a-N-CDs, amorphous doped CDs,
e g-N-CDs, graphitic doped CDs.

A summary of the reaction conditions, and of the products obtained is shown in Figure 55 while the

detailed reaction conditions and the workup procedure are described in the Chapter “Synthesis of

CDs”.
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Figure 55. Schematic representations of the four CDs studied in this work: purely carbogenic (a-CDs, g-CDs)
or N-doped (a-N-CDs, g-N-CDs) obtained by hydrothermal (180°C, 24 hours, water) or thermolysis (220 °C,

days, neat) of citric acid with or without diethylenetriamine as doping agent.

4.2.1. a-CDs and g-CDs
The a-CDs were obtained by hydrothermal treatment of citric acid for 24 h at 180 °C as a yellow solid

in 25%uwt yield. The thermolysis of citric acid at 220°C for 48 h followed by dialysis afforded g-CDs with

an overall 20%,, yield.

The undoped CDs were first characterized by NMR spectroscopy. The a-CDs, after work-up, show H-
NMR and 13C{*H} NMR spectra with different signals, ascribed to the presence of small organic
molecules in the mixture due to incomplete carbonization of the starting material. In order to have a
more detailed understanding of the composition of this mixture, a dilute solution of the sample was
further analyzed by GC-MS. The analysis shows the presence of at least two molecules in the mixture,
citraconic anhydride and itaconic anhydride. The gas-chromatogram and the mass fragmentation of

the two detected molecules are shown in Figure 56.
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Figure 56. GC chromatogram of a-CDs and MS spectra of citraconic anhydride and itaconic anhydride
The presence of these molecules after the hydrothermal treatment of citric acid is not a complete
surprise, since they are a common thermal degradation product of the precursor carbon source as
already demonstrated in literature.'®> The proton and carbon resonances of citraconic and itaconic

anhydride are highlighted in Figure 57.
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Figure 57. 'HNMR and *C{*H} NMR interpretation.

DOSY NMR was employed to estimate the average sizes of the nanoparticles in the mixture. The
analysis reveals a heterogeneous composition of the sample, with one set of signals with lower &
(green line), ascribable to heavier molecules, with an estimated MW of 600 — 700 Da. A second series
of signals in correspondence to the one of the anhydrides was then identified with a higher , and
with a calculated MW of 118 Da, very close to the effective MW of the anhydrides (112 Da). Support
of the DOSY experiments was provided by the ESI analysis that reveal the presence of species with a

MW of 800-900 Da for the sample as shown in Figure 58.
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Figure 58. ESI(+/-)-MS spectra of a-CDs in H,O. A) Positive mode. B) Negative mode.

The g-CDs obtained by thermolysis of citric acid at 220 °C for 48, after workup and dialysis, were
recovered with an overall yield of 20%wt. The nanoparticles were then characterized by *H-NMR and
B3C{*H} NMR spectroscopy revealing a blank spectrum, indicative of the complete absence of small

organic molecules in the solution and a complete carbonization of the starting material.

The morphologies of a-CDs and g-CDs were investigated by HR-TEM and the images obtained are
reported in Figure 59. A dependence of the structure on the synthetic methods employed was
observed. The softer hydrothermal conditions led to the formation of an amorphous material with

an ill-defined shape, while the harsher pyrolysis conditions yielded graphitic spherical structures.
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Figure 59. TEM images of a-CDs and g-CDs.

Another consideration that can be made looking at the TEM images, regards the average dimensions
of the nanoparticles. Looking at the histogram, obtained by averaging the measurements of 100
particles, it is clear that the g-CDs have an average size (3 nm) that is far smaller than the a-CDs (12
nm). These results demonstrate that the synthetic method employed has a strong influence on the
morphological structure of the CDs: the softer hydrothermal conditions and the closed environment
of the autoclave does not allow complete graphitization of the carbon precursor. The high definition
images also revealed that only for the g-CDs, it was possible to observe the lattice fringes with an
interlayer spacing of 2.4 A, confirming their crystallinity.**8 The surface chemical compositions of the
CDs were evaluated employing FT-IR. The collected IR spectra of a-CDs and g-CDs are shown in Figure

60.
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Figure 60. FT-IR of a-CDs and g-CDs.

As shown above both the samples presents similar features in their surface chemical composition.
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Both the samples present a high content of hydroxyl groups, as reveal by the broad band at 3486-
3265 cm™. The C-H bonds were also revealed by the band at 2966-2628 cm™ furthermore the CDs
present also carbonyl groups at 1722-1738 cm™ and the aromatic C=C bonds were detected at 1626-
1633 cm™. To further investigate the chemical composition an XPS spectra of the CDs were registered
and interpreted. XPS of the a-CDs and g-CDs showed that the CDs herein synthesized are composed
by C and O in the ratios 45/55 and 65/35, respectively. The lower oxygen content of the g-CDs was
attributed to the higher degree of carbonization reached by thermolysis. Analyzing the C1s band, the
presence of C=C, C-O and C=0 functional groups was revealed by the presence of three strong peaks

centered around 284.6, 286.2 and 288.6 eV ®, respectively as shown in Figure 61.
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Figure 61. C1s XPS spectra of a-CDs (left) and g-CDs (right).

The optical properties of the nanomaterials were investigated by UV-Vis and fluorescence
spectroscopy. The UV-Vis absorption spectra displayed in of a-CDs and g-CDs reveal a broad and
largely featureless absorption across the near-UV tailing into the visible region as shown in Figure 62.
This behavior is very common for CDs obtained without surface passivation or derivatization. This
weak and asymmetric absorption band it is supposed to be generate by the various surface traps and
defects states present on the surface which possess different energy levels below HOMO, which

introduce multiple transition modes.
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Figure 62. UV-Vis spectra of a-CDs (on the right) and g-CDs (on the left).

As shown in Figure 63 both the nanomaterials showed an excitation-dependent emission band whose
maximum ranged between 420 and 500 nm. While no other contribution was visible for the a-CDs, a
second sharp band was noticed for the g-CDs, whose intensity maximum at 385 nm seemed to be
only slightly influenced by the excitation wavelength. The relatively simple emission spectrum of the
a-CDs was tentatively attributed to the presence of multiple defects on the nanoparticle surface. The
additional high energy transition of the emission spectra of the g-CDs could be instead ascribed to

the crystalline core.1®’
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Figure 63. PL spectra of a-CDs (on the right) and g-CDs (on the left).

4.2.2. a-N-CDs and g-N-CDs
The nitrogen-doped a-N-CDs were synthetized by a procedure similar to the one described for the
non-doped a-CDs. Hydrothermal treatment of citric acid in the presence of DETA at 180 °C for 6 h
yielded the a-N-CDs as a brown solid in 72%uw: yield (See Chapter 2 for more details). Interestingly, the

IH and 13C{*H} NMR spectra (Figure 65) of the as-synthesized a-N-CDs showed a series of singlets and
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triplets between 6 - 5 ppm and 4.8 - 2.8 ppm together with carbonyl (170-160 ppm), sp? (150-80
ppm) and aliphatic sp® (50-30 ppm) carbon environments that were assigned to molecular
fluorophores with structures analogous to that of IPCA e.g. 3 (Figure 65) that is also responsible for
the most abundant peak observed in the ESI-(+/-)MS (Figure 64; m/z = 224.1 [3 + H+]). In addition to
the identified IPCA-like molecular compounds, the a-N-CDs samples contained also a series of un-
defined oligomers with MW ranging from the signal at 270 Da assigned to 3, up to 1000-1200 Da as
revealed by both DOSY and ESI-MS.
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Figure 64. ESI(+/-)-MS spectra of a-N-CDs in H,0. A) Positive mode. B) Negative mode.
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Figure 65. 'THNMR and *C{*H} NMR interpretation.
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The graphitic g-N-CDs were prepared by thermolysis followed by dialysis to selectively recover the
doped carbogenic structures as a dark-brown solid in 18%w: yield. The NMR analysis conduct on the
g-N-CDs did not show significant resonances, while ESI-MS of the purified g-N-CDs led to detect the
fluorophore 3 and a series of low-intensity signals spanning 200 - 2000 Da (upper instrumental
detection limit). These data were consistent with the presence of complex mixtures formed by the
coexistence of small fluorophores (probably non-covalently bonded to the dot), oligomers and/or
extended carbonaceous cores.

HR-TEM of a-N-CDs yielded amorphous and poorly defined structures, while HR-TEM of the g-N-CDs,
(Figure 66a) revealed the presence of a homogeneous and well-dispersed population of small
nanoparticles with a quasi-spherical shape. Furthermore, as expected, only the g-N-CDs sample
showed the presence of lattice fringes with an interlayer spacing of 2.4 A, confirming their graphitic
nature. In analogy to the above reported non-doped CDs, the size of the a-N-CDs and g-N-CDs was
affected by the synthetic method: the harsher conditions led to the formation of smaller
nanoparticles. However, N-doping increased their average dimensions from 3 to 17 nm g-CDs/g-N-

CDs.
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Figure 66. TEM and HR-TEM images of a-N-CDs and g-N-CDs.

The FT-IR spectra of the a-N-CDs and g-N-CDs in KBr are shown in Figure 67. along with the broad
absorption bands around 3400 cm™ corresponding to the O-H vibrations, new peaks due to the N-H
stretching of amines/amide were detected around 3300-3000 cm™. The presence of the doping
reagent is also responsible for the additional very broad signals revealed around 3000-2800 cm™
reasonably due to ammonium (RNHs*; R;NH>*) groups. The strong absorption bands around 1773-

1600 cm™ reflected the presence of acids, ketones and amide groups. Furthermore, the multiple
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signals at 1600-1400 cm™ were assigned to both C-C stretching of aromatic or conjugated double
bonds, and N-H bending of the above discussed N containing groups. Interestingly, only for the a-N-
CDs sample uncommon signals were revealed at 2025 and 2015 cm™ which were tentatively assigned

to the presence of molecules containing -C=N or -C=N- groups.
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Figure 67. FT-IR spectra in KBr of a-N-CDs and g-N-CDs.

More specific details on the chemical composition of the as synthesized nitrogen doped CDs were
extrapolated by the XPS spectra shown in Figure 68. The analysis reveal a composition dependent
on the synthetic protocols employed, with a less amount of nitrogen detected for the pyrolysis (C,O,N
ratio of 65/30/5 for g-N-CDs) respect to the hydrothermal (C,O,N ratio of 70/20/10 for a-N-CDs). The
high resolution XPS spectra also confirmed the FTIR assignments, with a Cl1s region exhibiting C=C
(around 284.7 eV), C-O and/or C-N (around 286.3 eV), C=0 and/or C=N (around 288.6 eV) signals.
The N1s peak shows two bands, related to both pyridinic environments or -NH; groups (around 399.1
eV),'> and to the C-N-C groups'®® (around 400.4 eV); this last band was absent in the g-N-CDs,

consistent with the formation of an N-doped graphitic core, due to the harsh synthetic protocol.
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Figure 68. C1s (up) and Ns1 (down) XPS spectra of a-N-CDs (left panel) and g-N-CDs (right panel).

The optical characterization of the doped CDs was carried out with the UV-Vis and fluorescence
spectroscopy. The absorption spectra of the two samples result to be very similar, showing two
absorption bands centered at 240 and 350 nm. The presence of the detected fluorophore 3, strictly
affect the optical behavior of the a-N-CDs, since the transition observed could be easily ascribed to
the m-mt* transition and to the n-t* in the molecule as already demonstrate for similar compound.
The absorption spectra of the graphitic sample confirm the presence of 3 in the mixture, reasonably
absorbed or attached on the dots, as results the absorption spectra is dominate by the transition of

the fluorophore molecule as illustrated in Figure 69.
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Figure 69. UV-Vis absorption spectra of a-N-CDs and g-N-CDs.

The molecular fluorophore affected also the PL spectrum of the a-N-CDs and g-N-CDs which resulted
in a similar excitation independent wavelength behavior with an emission peak centered at 450 nm
(Figure 70).8° The results herein showed are consistent with other already published for similar

fluorophore molecules.
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Figure 70. PL spectra of a-N-CDs and g-N-CDs at different excitation wavelength.
4.3. Quenching measurement

The as synthesized and characterized CDs were then employed as photosensitizer, and the
photoreduction chosen as a model is the one of the MV?*. This reaction due its simple and easy way
of monitoring is often chosen as a model reaction to study the photocatalytic properties of various
system. In order to correlate the photoinduced electron transfer process whereby an electron is
transferred from the photoexcited state of the CDs to an acceptor molecule of the as synthesized

CDs with their morphology, chemical structure and optical properties some preliminary tests were
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conducts to evaluate other important parameters that could affect the photocatalytic behavior. In
first instance the Quantum Yield (QY), the lifetime of the excited states (t) and the mass absorption
coefficient was evaluated. The QY was calculated based on the quinine sulfate, the results obtained
were reported in Table 4. As reported the QY of the undoped CDs, results to be relatively low (Entry
1 and 2), these data are no surprising since the absence of any doping atom is known to led to the
values of QY.”! The addition of a nitrogen compound in the synthesis has as consequence an
enhancing of the QY as highlighted by the entry 3 of the Table 4, due to the formation of the
fluorophore 3. Interestingly, despite the addition of the doping agent the g-N-CDs shows a much
lower QY compared to the amorphous counterpart. This observation confirms that the synthetic
pathways employed combined with the dialysis purification led to the obtainment of a sample
fluorophore-free. The atypical behavior of the graphitic nitrogen doped CDs could be explained by
the mechanism of photoluminescence proposed by Fang et al. in which the graphitic core of the CDs

could act as a quencher of the photoluminescence resulting in lower QY.*

Table 4. QY, €, and T calculated for a -CDs, g-CDs, a-N-CDs and g-N-CDs.

Entry CDs Qy € T
1 a-CDs 1.0% 1.16 3.6
2 g-CDs 1.2% 4.68 4.3
3 a-N-CDs 17.3% 13.93 13
4 g-N-CDs 2.4% 11.62 6

Another important parameter that has to been taken in account for deeper understand the
characteristic of the nanomaterials and their photocatalytic ability, is the mass absorption coefficient
(). This parameter allows to determine the light harvesting capability of the synthesized
nanomaterials. The absorbance measured for different concentration at 365 nm for a-CDs, g-CDs, a-
N-CDs and g-N-CDs along with the calculated linear regression are displayed in Figure 71 (See

experimental section for more details).
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Figure 71. Calibration curve for mass absorbance coefficient (€) of a-CDs, g-CDs, a-N-CDs and g-N-CDs at 365
nm.

The results obtained confirmed, once again, how the introduction of the nitrogen atom in the
structure of the nanoparticles led to an enhancement of their optical properties. In this specific case,
both g-N-CDs and a-N-CDs demonstrate an € much higher respect to the similar undoped CDs. These
results suggest that the nitrogen doped CDs could absorb a greater amount of photon and respect to
the a,g-CDs consequently they could generate more exciton electron that could be used in the

photocatalytic reaction.

Furthermore, in order to perform an efficient photo-reaction the excited electron generate upon
irradiation should possess a sufficient lifetime to perform the PET. The lifetimes of the excited states
for all the four CDs were calculated by time-resolved photoluminescence measurements and the PL

decays are shown in Figure 72.
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Figure 72.Time-resolved photoluminescent (PL) measurements of a,g-CDs and the a,g-N-CDs.

The decay showed in the figure is singly-exponential only for the a-N-CDs, while the other samples
follow a multi exponential decay. Therefore, they were fitted by using a triple-exponential curve and
the resulting parameters are reported in Table 5, the final lifetime was calculated as the weighted
average of the lifetime of three contribution. The a-N-CDs results to possess the higher lifetime and
its more linear character was consistent with a molecular-like emission,*>> explained by the presence
in its structure of fluorophores such as 3 and other IPCA-like derivatives. Lower values were observed
for the other CDs especially for the undoped CDs with a T of 3.6 and 4.3 ns for a-CDs and g-CDs

respectively.

Table 5. Fitting parameters of photoluminescence decays displayed in Figure 72.

Sample T/ ns Al T /ns A2 i3/ns A3 (1) / ns
a-CDs 0.35 311 2.06 496 6.69 153 3.6
g-CDs 0.64 1034 2.87 643 11.63 59 4.3
a-N-CDs  2.47 55 8.20 265 15.01 607 13.0
g-N-CDs  0.89 578 4.17 410 13.41 151 8.1

Finally, in order to evaluate the existence of a Photo Electron Transfer (PET) between the CDs and
MV?2* a steady state fluorescence quenching approach was employed. In fact, in presence of an
acceptor molecule in solution the CDs could donate their electron to such molecules, having as results
a quenching of their luminescence. Measuring the fluorescence emission of a solutions with constant
CDs concentration at a fixed wavelength with increasing amount of MV?* led to understand the

mutual interaction between the two species. In other words, more the two species are attracted to
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each other, and more pronounced is the quenching of the fluorescence emission. The detailed
procedure for measuring the quenching of the fluorescence is illustrated in the experimental section
and the results of the as described studies for a-CDs, g-CDs, a-N-CDs and g-N-CDs are displayed in
Figure 73. It is apparent that for all the CDs tested a quenching of the photoluminescence emission

occur, confirming the feasibility of PET process between the species.
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Figure 73. Emission spectra of CDs at different addition of MV?*, starting from the black (no additions) to the
red curve.

In order to evaluate the rate of the quenching, and consequently the strength of the interaction
between the different CDs and the MV?*, the Stern-Volmer plot of the above-mentioned emission
spectra should be extrapolated. Furthermore, also the quenching of lifetimes of the excited states

of the CDs in the same conditions was evaluate. The results obtained by the linearization are shown

in Figure 74.
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Figure 74. Variation of photoluminescence intensity and lifetime (A exc =405 nm) for isoabsorbing CDs
solutions upon addition of increasing concentration of MV?* in solution up to 6x10™ M.

For all the CDs synthesized except g-CDs a linear trend was observed for the quenching of the
photoluminescence, and the Stern-Volmer constant Kq (1) can be easily extrapolated from the plots,
nevertheless for the graphitic undoped CDs two linear trends were noticed. This different behavior
could be associated to the absorption of a first layer of MV2* (for the first linear trend) and successive
layer for the second trend. A similar procedure was employed for determine the constant of
qguenching of the lifetime of the excited states Kg(t) and the results are summarized in Table 6.

The kq values reveal high CDs-MV?* interaction for both doped and non-doped CDs. The behavior of
the N-doped a-N-Cd and g-N-CD was ascribed to a diffusion-limited dynamic quenching process,®®
170 since the kq values obtained from the intensity and lifetime decay fittings are close to each other
and to the diffusion limit. > On the contrary, for the non-doped samples the large discrepancy
between the lifetime quenching rate and the photoluminescence quenching rate highlights a more
complex situation. Indeed, the photoluminescence intensity quenching constant is far larger than the

one obtained from the lifetime decay interpolation, whose value is close to 0 in the a-CDs sample. In
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addition, the kq (I) for these samples is larger than the expected diffusion limit, suggesting the
occurrence of a static quenching process deriving from the ground-state interaction between CDs

and MVZ*,

Table 6. Quenching constants of the CDs with MV, calculated on the fluorescence intensity and lifetime

Entry kq (1) kq (T)®
(x 1019 M*s1) (x 1019 M*s1)
a-CDs 19 0
g-CDs 59 1.6
a-N-CDs 1.6 0.78
g-N-CDs 4.1 1.8

@ Calculated on the average lifetime

The higher affinity revealed for the undoped CDs find a good explanation in the C-potential
measurement (see experimental section for details and appendix). The analyses were carried out on
the graphitic sample and highlighted the higher negative charge of -50 mV for the g-CDs respect to
the g-N-CDs (ca. -15 mV). This difference can be easily explained by the different surface groups
present on the nanoparticles, in particular the protonate amino groups of the doped sample could
be the cause of the more positive potential. Furthermore, from these data it is intuitively that the
CDs with the more negative (-potential can favors the ground state CDs-MV physical encounter,
through strong coulombic interactions, while the less negative value of the N-doped g-N-CDs results
in @ more dynamic interaction between the g-N-CDs excited state and the MV quencher. Along with
the rationalization of the nature of the MV-CDs supramolecular interactions, the luminescence
guenching experiments pointed out a surface-dependent photoexcitation behavior of the CDs which

is bound to affect also their photocatalytic behavior.
4.4, MV reduction

The photocatalytic activity of the prepared CDs was tested in the photoreduction of the MV?* (-0.45V

vs NHE). This reaction is widely use as model-reaction due to its easy way of monitoring, in fact the

reduced species MV* presents a characteristic blue coloration with an absorption maximum centered
at 605 nm. Despite this great advantage the reaction presents some side effect, first of all the reduced
specie could be instantly be quenched by the oxygen, consequently the reaction need to be
performed under inert conditions. Furthermore, the radical cation specie formed after the irradiation
can react with another to generate the diradical species the is colorless'’t. Due to these problematics
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the photoreduction of MV?* will be evaluated in term of initial rate more than its conversion. In order
to compare the photoreactivity of the CDs towards the reduction of the MV isoabsorsorbing solution
at 365 nm of the four CDs were prepared using different CDs concentrations. The reaction was
performed in water solutions of CDs, using EDTA as sacrificial electron donor with a MV concentration
of 60 UM and under LED irradiation (365 nm). The reaction profile obtained are shown in Figure 75

and in Table 7 and clearly highlight that the morphology and the composition of the CDs influence
the PET reactivity.
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Figure 75. Reaction kinetics of formation of MV-* using a,g-CDs (a) and a,g-N-CDs (b).

In detail, the a-N-CDs (red points) exhibited high initial photoreduction rate (vo = 7.83 x 10® Ms™?),
high TOF (195 g*CDs*s) and the highest MV?* conversion (27%), this results are comparable to the
initial rate ca. 8 x 10 Ms* measured by Reisner and Prato.®% >> The second-best performance was
shown by the g-CDs (vo =5.06 x 108 Ms™%; TOF = 72 g*CDs**s1), while poorer initial rates were instead
observed for the a-CDs and g-N-CDs, the latter exhibiting also an induction time of 6 min. The latter
was deeply investigated in order to evaluate if some chemical transformation occur and could affect
the photoreaction. For this aim 3 repeated runs with the same CDs were carried out and the results
shows that the induction time persist and that it is an intrinsic property of g-N-CDs not associated to

an “irreversible” structural/morphological/chemical transformations (Figure 76).
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Figure 76. Subsequent MV photoreduction runs with g-N-CDs.

Looking at the MV photoreduction results an opposite structure/reactivity trends for the two families
of CDs was noticed, specifically: the graphitic domains proved to be essential when using non-N
doped systems (g-CDs > a-CDs); instead, for the N-doped nanostructures (a-N-CDs > g-N-CDs) the
presence of molecular-like fluorophores, rather than the carbogenic core, is of crucial importance.
As a control, all the experiments performed without CDs and without light gave no conversion of MV
confirming that both a light source and the sensitizers were needed for the evolution of the reaction.
These results help to understand the structure-activity relationship of CDs for photocatalysis, in
particular the amorphous a-N-CDs for the first time were tested in this context and results to be the
more active respect to both the non-doped a-CDs and g-CDs as well as the N-doped graphitic-like
homologues (g-N-CDs), the latter considered the most promising class of nanoparticles for solar

hydrogen production-°

Furthermore, for a deeper understanding of the structure-reactivity relationships the data obtained
from the photocatalytic test were compared to the one obtained by the Stern-Volmer plots. The
trend observed in the reaction of the non-doped samples (g-CDs > a-CDs) could be explained by the
higher ground interaction observed for graphitic sample compared to the amorphous. This
deduction, however cannot explain the photocatalytic result because the a-N-CDs showed higher
performance notwithstanding their Kg values are more than one order of magnitude lower. An
explanation on the higher reactivity exhibited by the a-N-CDs could be extrapolated comparing all the
data obtained from the characterization previously performed which results are summarized in Table

7.
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Table 7. Photocatalytic performance, average lifetime (1), quantum yield (QY) and mass absorption coefficients
(€) of the synthesized CDs.

Entry vo-10® TOF QY ¢ T

(M-s1) molMV-gCDstst (%) (Lglcm?) (ns)

a-CDs 3.45 9 1.0 1.16 3.6
g-CDs 5.06 72 1.2 4.68 4.3
a-N-CDs 7.83 195 17.3 13.93 13
g-N-CDs 1.95 65 2.4 11.62 6

One of the main requirements to perform a photocatalytic reactivity is that the photosensitizer
absorbs a great amount of energy and this can be evaluated by the €. Furthermore, the excited
electron should possess a sufficient lifetime to perform the reaction. From these considerations it is
possible to understand why the a-N-CDs results to be the best choice for photocatalysis. The values
of € and T are the responsible for the higher TOF calculated for this sample that is more than 3 time
higher than that of the g-N-CDs, demonstrating that the presence of free molecular-like fluorophores
and the absence of N-doped graphitic domains are among the key morphological features needed to

ensure a high PET efficiency of the carbon dots in a fully dynamic MV-CDs interaction system.

4.5. Conclusion

In this work four new CDs were synthesized and characterized from either chemical, morphology and
optical point of view, revealing how the different synthetic condition such as, pyrolysis or
hydrothermal, and doped and non-doped, could affect the final properties of the nanomaterials. The
softer condition employed in the hydrothermal synthesis led to the obtainment of amorphous
materials, while the harsher condition of the pyrolysis afford the synthesis of graphitic materials. The
presence of the nitrogen results in an enhancement of the optical properties of the nanomaterials
with the formation of molecular-like fluorophores. All these effects result also to affect the
photocatalytic properties of the materials towards the single-electron reduction of methyl viologen.
First, the structure and morphology of the CDs act in opposite way with or without the doping agent,
in promoting photoredox activity of the CDs. The sample obtained from the solely citric work best in
the photoreduction of methyl viologen when their structure is graphitic rather than amorphous;
while for nitrogen-doped CDs it is clear that graphitic particles are far less active compared to their

amorphous counterpart. From these data emerged that the presence of molecular-like fluorophores
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promotes the photoreduction of MV as showed by the a-N-CDs, but the presence at the same time
of graphitic domains results in a poor reactivity due to the internal FRET that quench the excited
electrons.  Conversely, the non-doped graphitic particles are more photoredox-active of their
amorphous analogous due to the lack in the latter of any photoactive molecules as well as to the
absence of graphitic defect-states able to promote the excitation of an electron.

The results obtained are also supported by the electrostatic interactions between the surface of the
CDs and the reactant methyl viologen that can determine whether the supramolecular attraction is
static or dynamic. {-potential for the non-doped CDs results to be very negative and determines a
static quenching favored by strong ground state interactions; while the behavior of the nitrogen-
doped CDs was ascribed to a diffusion-limited fully dynamic quenching process between the excited
state of the g-N-CDs* and methyl viologen.

Overall, the results herein reported highlight the complex nature of the photochemistry of CDs and
demonstrate that full understanding of the role of the precursors and of the degree of carbonization

are key parameters to achieve the desired photocatalytic properties.

4.6. Experimental
4.6.1. XPS measurement

X-ray photoelectron spectroscopy (XPS) was performed using a Perkin Elmer ® 5600ci spectrometer
using nonmonochromatic Al Ky radiation (1486.6 eV) in the 1077 Pa pressure range. All the binding
energy (BE) values are referred to the Fermi level. The correct calibration of the BE scale was verified
by checking the position of both Au4f;; and Cu2ps; bands (from pure metal targets), falling at 84.0
and 932.6 eV, respectively. After a Shirley-type background subtraction, the raw spectra were fitted
using a nonlinear least-squares fitting program adopting Gaussian—Lorentzian peak shapes for all the
peaks. Because of surface charging, samples presented limited but different shifts of all bands toward
higher BEs. The charging effect was then carefully determined and corrected in two steps: i) by using
an internal reference (the Cls position of the band related to C=C bonds); ii) by checking, after the
charging correction, the consistency of the BE positions of all the components evidenced in all the
different XPS peaks. The uncertainty of the determined BEs was lower than 0.2 eV. The atomic
composition was evaluated using sensitivity factors as provided by @ V5.4A software. The relative

uncertainty of the reported atomic fraction of the different elements is lower than 0.1.

4.6.2. Mass absorption coefficient
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The measurements were performed by measuring the absorption of solutions with different
concentration of CDs at a fixed wavelength, the values obtained were then plotted in function of the
concentration. The calculated linear regression for these points reflect the Lambert Beer law (1) from

which it is possible to extrapolate the mass absorption coefficient.%°
A= exbx*C (1)
Where:
A = Absorbance
€ = Mass absorption coefficient (L-gt-cm™)
b = path length (1 cm)
C = Concentrations (g/L)

4.6.3. CDs-Viologen quenching measurements

To measure the quenching efficacy of the CDs with the MV, a steady state fluorescence quenching approach
was adopted. Briefly, to 2mL of isoabsorbing solutions of CDs (Aexc =405 nm) 0.5mL of PBS buffer solution (pH
7.00) were added. After checking the pH with a pH-meter, the initial photoluminescence spectrum and time
decay were collected. The solution was then titrated with increasing amount of a water solution of MV
registering the variation of CDs luminescence properties. Despite the negligible volume variation, a volume
correction has been applied to the registered spectra. The Stern-Volmer plots were obtained by plotting the
concentration of the quencher added vs the ratio of the I/lo where Ip and | are respectively the fluorescence
intensity of the solution of CDs with and without the addition of MV, it is possible to correlate the result with

the stern Volmer equation (2 and 3).

Where:

[Q]= Concentration of quencher (MV) added

|, t= fluorescence intensity and lifetime of the solution of CDs with addition of MV
lo= fluorescence intensity and lifetime of the solution of CDs without addition of MV

Ksv = Stern-Volmer constant
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The initial lifetime 1o and the one measured at each MV?* concentration were determined by
averaging the multiple contributions to the multi-exponential photoluminescence decay while the
intensity values are obtained by integrating the emission spectrum over the 400-650 nm wavelength

range.

4.6.4. Photocatalytic experiments
A solution composed by 0.1M of EDTA, 60uM of MV with an absorbance normalized amount of

CDs (a.b.s.=0.5; 1.2 mg a-CDs, 0.21 mg g-CDs, 0.12 mg a-N-CDs, 0.09 mg g-N-CDs) were placed under
inert atmosphere in a quartz cuvette. The solutions were then irradiated at 365 nm fixed wavelength
emission (Hangar s.r.l.; ATON LED-UV 365; 80 W/m? of irradiance in the UVA spectral range 315-400
cmt). The progress of the reactions was monitored using an UV spectrophotometer following the
formation of the typical absorption band of the reduced MV* radical cation form centered at 605nm
and its concentration was estimated using € = 13700 Mt cm™.

4.6.5. C-potential
The samples are dispersed in 0.1M NaCl solution and the pH adjusted to 7.00 by means of HCl or

NaOH addition. NaCl was used as electrolyte to ensure sufficient charge mobility.
5. Results: Photoreductive cleavage of C-O bond

5.1. Introduction

The CDs ability in performing simple photocatalytic reactivity was previously described,
demonstrating how the synthetic condition employed and the differences in chemical, structural and
optical properties deriving from it affect the photoreduction. Assumed this concept and
understanding the factors that could promote or quench the reactivity, the next step is to extend the
reactivity towards more functional reactions and use the CDs as only photosensitizer in organic
photoreaction. Up to date the use of CDs for performing organic reaction is limited by the use of co-
catalyst such as metal complexes or enzymes. A case in point is the work published by Reisner’s
group on the reduction of the fumarate to succinate using the CDs as photocatalyst along with the
fumarate reductase.®? They proved that employing CDs properly derivatized could act as electron
donor if irradiate by a solar light simulator, demonstrating for the first time the possibility to use CDs
for performing organic reaction. The strictly conditions in term of pH range activity and buffer
solution required for the use of enzymes limits their application in the photochemical panorama. Up

to date CDs were never employed as sole sensitizer to perform organic photoreactions. For this aim

86



Results: Photoreductive cleavage of C-O bond

the photodeprotection of N-Methyl-4-picolinium (NMP) esters was investigated. The N-Methyl-4-
picolinium moiety is a well-known photoremovable protecting group (PRPG) that are already use for
protecting the carboxylic groups in the peptide synthesis’> 173, The groups can be removed from the
carboxylic acid via photochemical reaction employing a organic photocatalyst as demonstrated by
Sundararajan et al.'’*In this chapter the use of CDs as cheaper, safe and sustainable alternative for
performing photodeprotection of NMP esters was investigated. In this context, three carboxylic acids
such as: octanoic acid, benzoic acid and p-nitro benzoic acid were protected with the NAP moiety
through a four-step synthetic procedure. The photodeprotection reactions of such ester was
investigated by using a library of CDs under irradiation with UV light. Different behaviors were
observed for the CDs, confirming the results already discuss in the previous chapter. Furthermore,
cyclovoltammetry study were conduct on both the CDs and the esters to rationalize the results of the
photo-catalytic cleavage reaction. This study led to calculate the energy of the HOMO and LUMO
orbitals in the CDs, along with the relative band gap, and also the propensity of the NMP esters to
undergo the cleavage. All the consideration herein obtained led finally to the proposal of a new

mechanism for the photocleavage of the NMP esters with CDs as sensitizer.

5.2. Synthesis of CDs

Along with the CDs already described and characterized in this thesis, four new CDs were synthesized
from glucose and fructose in both a single precursor synthesis or in combination with DETA as doping
agent with a pyrolysis synthesis as described in Chapter 2. The pyrolysis of glucose or fructose led to
the obtainment of g-Glu-CDs and g-Fru-CDs respectively, while the addition of DETA in the pyrolysis
of the carbohydrates afford the synthesis of g-N-Glu-CDs and g-N-Fru-CDs. The new nanomaterials

were then characterized with a plethora of techniques in their structural and chemical properties.

The surface chemical groups were studied by the FT-IR techniques, the spectra of all the four sample
were registered using a KBr pellet and are shown in Figure 77. It is possible to notice that the spectra
of the non-doped CDs present only few absorption bands, the one at 3400 cm™ attributed to the
stretching of the hydroxyl groups and the two bands at 1660 and 1390 cm™ respectively assigned to
the stretching of the carbonyl and C=C double bonds. When the nitrogen dopant is added a new
absorption band correlated to the bending of the N-H groups appear at 1580-1590 cm™ confirming

the addition of the nitrogen inside the nanostructure.
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Figure 77. FT-IR spectra of g-Glu-CDs, g-Fru-CDs, g-N-Glu-CDs and g-N-Fru-CDs.

The four monosaccharides derived CDs obtained through the pyrolysis synthesis, were characterized
in an optical point of view, with the already known techniques like UV-Visible and fluorescence
spectroscopy. The UV spectra of the synthesized CDs were collected by preparing an aqueous

solution of 0.25 mg/mL of nanoparticles. The resulting spectra are shown in Figure 78.
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Figure 78. UV-Vis spectra of g-Glu-CDs, g-Fru-CDs, g-N-Glu-CDs and g-N-Fru-CDs.
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For the glucose derivatives it is possible to see that the addition of the doping agent leads to the
formation of a new absorption peak at 315 nm due to the n—1t* transitions from nonbonding orbitals,
while the transition at 270 nm is ascribed to the transition of the n-n* from surface carbonyl
groups.t’> The fructose derivative instead show a more complex spectra for the undoped sample,
with three absorption band at 220, 260 and 365 nm The first two can be ascribed to the m-rt*
transition of the sp? C=C conjugated system and the C=0 n-rt* transitions respectively while the
trapping of the excited-state energy by the surface state is correlated to the third one. The addition
of the doping agent in the structure of the carbon nanoparticles, results in a simplification of the
absorption spectrum, with a major band centered at 330 nm originated from the n—mt* transitions
from nonbonding orbitals. The photoluminescence properties of the as synthesized CDs were
investigated by analyzing the emission at different excitation wavelength, in the range from 350 to
600 nm. The results are shown in Figure 79. The shift in the excitation wavelength produce a
negligible or almost no changes in the emission peaks of all the four CDs. In more details for g-Glu-
CDs and g-Fru-CDs the shift of maximum of emission is of 5 and 9 nm respectively, moving from 300
to 400 nm the excitation wavelength. For the doped analogous the instead a shift of 5 and 11 nm

were observed for the g-N-Glu-CDs and g-N-Fru-CDs in the same conditions.
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Figure 79. PL spectra at different excitation wavelength of g-Glu-CDs, g-Fru-CDs, g-N-Glu-CDs and g-N-Fru-
CDs.

5.3. Synthesis of esters

The synthesis of the N-Methyl-picolinium esters was carried out starting from the carboxylic acids of

interest following a modified procedure as shown in Figure 80.17®
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Figure 80. General scheme for the synthesis of NMP esters.

The reaction consists of four synthetic steps. Briefly, in the first step the selected carboxylic acid 1 is
converted to the correspondent chloride 2 by reaction with thionyl chloride. In the second step the
acyl chloride was reacted with 4-(Hydroxymethyl) pyridine to form the corresponding ester 3. Then
the pyridine was methylated with methyl iodide to form the corresponding iodate salt 4. Finally, the
iodide counterion was exchanged with silver perchlorate to form the corresponding perchlorate salt
5. The product 5a, 5b and 5c¢ were obtained in 18 %, 7%, and 31% vyields respectively and fully
characterized, the detailed synthetic procedure and NMR characterization are described in the

experimental section.
5.4, Reactivity

The photodeprotection reaction of the synthesized N-Methyl-picolinium esters was then evaluated
employing CDs as the sole photosensitizer in the first synthetic organic reaction performed by CDs.
The reaction in case involve the PET from the CDs to the esters and then the C-O cleavage of the
molecules generating the methyl pyridinium (6) and the starting carboxylic acid (8) as shown in Figure

81.
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Figure 81. General photodeprotection reaction of the N-Methyl picolinium esters.

The reaction was carried out in NMR tubes under inert condition and employing EDTA as sacrificial
donor and irradiating the sample with UV light at 365 nm for 48 hours. The reaction was monitored
by *HNMR spectroscopy, investigating the characteristic signals of the products. Beside the main
reaction of C-O photocleavage, also the hydrolysis of the ester may occur, in the latter case the
products of the reaction are the methylated pyridine carbinol and the starting carboxylic acid. The
products of the photocleavage reaction and of the hydrolysis was synthesized with a dedicated
synthesis (Figure 82) in order to evaluate their NMR signals and to perform and accurate evaluation

of the NMR spectra of the reaction mixtures.
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Figure 82. Synthesis of the products of cleavage 6 and hydrolysis 8.

The cleavage products 1,4-dimethylpyridin-1-ium iodide (6) was obtained by the methylation with
methyl iodide of the 4-Methyl pyridine (reaction A) while the 4-(hydroxymethyl)-1-methylpyridin-1-
ium iodide (7) produced from the hydrolysis was synthesized applying the same procedure to the 4-

(Hydroxymethyl)pyridine (reaction B).

5.4.1. Photodeprotection of the octanoic ester
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The photodeprotection reaction mediated by the CDs was first investigated on the octanoic esters
(5a) to yield the products 6 and 8a for the C-O cleavage and 7 and 8a if the hydrolysis occurs as shown

in Figure 83.
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Figure 83. Reaction of octanoic ester and its possible products.

The reaction war carried out preparing a solution of 60 mM of the ester, 20 mg\mL of CDs, 0.1M of
EDTA in D,O/CDsCN (60/40) and at pD= 7 defined as the standard condition for the reaction. The
mixture was placed in a NMR tube under inert conditions and irradiated with a UV lamp at 365nm for
48 hours, the evolution of the reaction was monitored by tHNMR spectra at different exposition time

and the typical results obtained are displayed in Figure 84.
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Figure 84. 'HNMR spectra of the evolution of a typical photodeprotection reaction of compounds 5a.
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As observed in the figure the tHNMR spectra of the reaction presents a great number of signals due
to the simultaneous presence of products, reagents and the EDTA in the mixture. Despite the
complexity of the system some variation could be noticed, and the formation of new signals were
observed. To further assign the new signals to the one of the expected products, a comparison of the
NMR spectra of the reaction at t= 0 and 48 h along with the spectra of the three possible products

were accomplished as shown in Figure 85.
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Figure 85. 'HNMR spectra of the reaction at t= 0 and 24h, and its expected products in D20/CD3CN at pD=7.

As highlighted in the figure specific signals for the three expected products was chosen as indicative
to evaluate the selectivity of the reaction, namely the signal ¢ of the product 6 was used for
quantifying the photodeprotection reaction, while for evaluate the degree of hydrolysis the signal b
of the product 7 was used. The signal a of the octanoic acid was employed for evaluate the total yield
of the acid. Furthermore, the signals d, e, and f were employed to estimate the conversion of the
reagent. All the CDs synthesized and characterized in this thesis were employed in the
photodeprotection reaction of octanoic esters and the results in terms of conversion and selectivity

are summarized in Table 8.
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Table 8. Results of the photodeprotection reaction on the substrate 5a in standard condition.

CDs Conversion 5a Selectivity C-O Cleavage
g-CDs 53 93
a-CDs 15 100

g-N-CDs 43 100
a-N-CDs 63 100
G-CDs 66 100
g-Glu-CDs 53 100
g-N-Glu-CDs 52 86
F-CDs 43 89
g-N-Fru-CDs 45 88
g-N-Fru-CDs 30 100

The CDs investigated demonstrate different behaviors towards the photodeprotection of the 5a, the
best performance was displayed by the a-N-CDs and the G-CDs, with a conversion up to 60 % and a
total selectivity towards the C-O photocleavage. Instead, poor conversions were observed for the a-
CDs with only a 15% of substrate reacted. Interestingly in all the test performed, the reaction
demonstrates a total selectivity towards the photodeprotection, with only a small amount of
hydrolysis detected for the g-N-Glu-CDs, g-N-Fru-CDs and F-CDs. Focusing the attention only on the
first four lines of the table, the reactivity of the CDs employed follow the order a-N-CDs>g-CDs>g-N-
CDs>a-CDs, the same already observed in the reduction of the MV. This observation could be in first
instance explained by the structure similarity of the ester with MV in the pyridinium moiety, that can
give raise to similar electrostatic interactions favoring the PET. Deeply studies on the CDs and
substrates potentials and a more detailed discussion on the reactivity will be presented in the next

chapter.

Due to its high activity and the already performed deep characterization the a-N-CDs was chosen as
model to investigate the effect of different parameters in affecting the reaction. The effect of the

presence of EDTA, light and CDs were first investigated.
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Table 9. Effect of EDTA, CDs and light source on the photodeprotection of 5a mediated by a-N-CDs for 48 h in

D,0/CDsCN.
Entry CDs Light EDTA Conversion Selectivity
(mg/mL) source (M) (%) (%)
1 20 UV-light 0.1 63 100
2 20 UV-light X 52 98
3 X UV-light 0.1 0 0
4 20 X 0.1 0 0
5 20 Vis 0.1 0 0

From the results obtained it is clear that the presence of the UV-light source and of the CDs are of
fundamental importance in triggering the reaction, however the absence of EDTA slightly affect the
overall conversion but the selectivity remains almost complete towards the products of C-O cleavage.
This result suggest that the CDs have the capability to donate the electron also in absence of a
sacrificial donor and that the reaction could be conduct without the addition of EDTA. The possibility
to remove the EDTA, could be very important since it simplify the subsequent purification steps, in
case of scaled reaction, and also imply a less amount of reagent in the mixture. From this conclusion
a study on the effect of the concentration of CDs on the photodeprotection reaction was carried out

and the results are shown in Table 10.

Table 10. Results of photodeprotection of 5a results with different concentration of CDs in standard conditions.

Entry Concentration Conversion  Selectivity
(mg/mL) (%) (%)
1 0 0 0
2 1 35 93
3 5 36 96
4 10 58 99
5 20 63 100

The results reported in the table shows that increasing the amount of CDs in the solution led to an

increasing of the conversion keeping constant the selectivity of the reaction. Since all this reaction

95



Results: Photoreductive cleavage of C-O bond

need the presence of the EDTA to reach a considerable conversion, the reaction performed with 20
mg/mL of CDs was defined as “catalytic”. For further explore the effect of the concentration other
reaction were carried out with higher amount of CDs but in absence of the sacrificial donor. A range

from 20 to 100 mg/mL was investigated and the results obtained are shown in Table 11.

Table 11. Results of photodeprotection of 5a results with different concentration of CDs and without EDTA in
standard conditions.

Entry Concentration Conversion  Selectivity
(mg/mL) (%) (%)
1 20 52 98
2 50 73 100
3 100 50 100

Interestingly increasing the concentration of CDs up to 100 mg/mL results in an improvement of the
conversion of 5a. The reaction with 100 mg/mL allow to reach an almost complete conversion of the
substrate, meaning that the amount of CDs present in solution could convert all the mol of substrates,
in a sort of stoichiometric reaction. For this reason, this condition was named as “stoichiometric”.
Furthermore, the advantage of working in stoichiometric condition rely on the fact it is possible to
avoid the use of a considerable amount of EDTA, that could give problem in a hypothetical next step
of purification to isolate the product and use only cheap and easily synthesizable nanoparticles. The
reactivity of the CDs was then compared to the Ru(bpy),, one of the best sensitizer used up to date.
The reactions should be taken as indicative since the two sensitizers need different light-source to
work in the best condition: a UV-lamp for the CDs and a solar lamp (Amax =540 nm) for the ruthenium
complex. Furthermore, the light source employed in this test have different power and a fully

comparison cannot be accomplished.

Table 12. Results of the comparison of the photodeprotection reaction of 5a between CDs and Ru(bpy),**

Entry Sensitizer Concentration Light EDTA Conversion Selectivity
1 a-N-CDs 20 mg/mL UV (365nm) 0.1 M 63 100
2 a-N-CDs 100 mg/mL UV (365 nm) X 90 100
3 Ru(bpy)s?* 2 mg/mL Vis 0.1M 100 97
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The results shown in Table 13 highlight that the stoichiometric reaction and the one catalyzed by the
ruthenium complex exhibit a similar reactivity. Also considering the not comparable conditions
employed for the two types of catalysts, this result is very significant since demonstrate that a highly
costly material such as the ruthenium complex could be ideally substituted with a new one, more

cheaper and more stable guaranteeing a similar reactivity.

In conclusion from this screening of catalyst and reactivity conditions, it was possible to demonstrate
for the first time that the CDs could be a good photosensitizer for performing organic reaction,
opening a new scenario in this field. Furthermore, in this case of study the photodeprotection
reaction could be carried out with good conversion and an almost complete selectivity. The use of
EDTA could be avoided by increasing the amount of catalyst ensuring a similar or increased reactivity

while working in simple conditions.

5.4.2. Scope of the substrate
After having investigate the best conditions and the catalyst to perform the reaction with the ester
deriving from the protection of the octanoic acid, the same reaction was extended to other two
similar substrate, such as the ester deriving from the protection of the benzoic acid and the p-nitro
benzoic acid with the N-Methyl-picolinium moiety. The reaction studied, and their relative products,

analyzed and quantified are shown in Figure 86.
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Figure 86. Photodeprotection reaction of substrate 5b and 5¢ with CDs in standard conditions.

The resulting products as stated in the figure above are the 6b/c and 7b/c for the C-O cleavage
reaction while the formation of the products 8b and 8c are ascribed to the presence of the competing
hydrolysis reaction. For these reactions, only the results obtained with the best CDs, the a-N-CDs and
in the so called “catalytic” and “stoichiometric” condition will be discussed. Both the reactions were
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monitored, as already performed in the previous case, by 'HNMR spectroscopy. For calculate the
conversion of the reagents and to determine the selectivity of the reaction specific signals on the
spectra were chosen. In particular, in Figure 87 the spectra regarding the reaction with the benzoic
ester along with the ones of its relative products are shown. For the benzoic ester the decreasing of
the intensity of the signal ¢ was exploited for calculate the conversion, while the signal b and a was
respectively taken into consideration for evaluate the amount of C-O cleavage and hydrolysis
respectively. In conclusion the quantification of the acid cannot be accomplished employing the
THNMR spectroscopy due to the great number of signal present in the aromatic region, for this reason

the quantification was performed by a GC analysis (see Experimental for further details).
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Figure 87. 'HNMR spectra of the photodeprotection of 5b at t= 0 and 24h, and its expected products in
D,0O/CDsCN at pD=7.
With the same methodology the spectra obtained from the photodeprotection of the substrate 5¢
were analyzed. Also in this case the quantification of the obtained carboxylic acid was performed with
a GC analysis (see experimental section). From these elaborations was possible to extrapolate the
kinetics profile relative to the formation of the products, and the disappearing of the reagent, in

Figure 88 are reported the kinetics profiles of the catalytic reaction on the substrate 5b and 5c.
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Figure 88. Kinetics profiles of the photodeprotection reaction performed on substrate 5b (right) and 5c¢ (left).

The results obtained for the photodeprotection reaction of 5b and 5c¢ in both the stoichiometric and

catalytic condition are summarized in Table 13.

Table 13. Results of the photodeprotection of 5b and 5¢ with a-N-CDs in stoichiometric and catalytic

condition.
Entry Substrate CDs concentration EDTA Conversion Selectivity
1 20 mg/mL 0.1M 20 33
2 b 100mg/mL / 61 0
3 20 mg/mL 0.1 M 20 57
4 > 100mg/mL / 28 0

It could be noted that both the substrates exhibit a significant lower conversion respect to the 5a,
demonstrating that the nature of the substrate plays an important role in the reaction. Furthermore,
the stoichiometric conditions in both cases results in an increasing of the conversion, but in much
less selective reactivity. Significative, in this context, is the case of the substrate 5b in which the
conversion raised from 20 to 61 but the reaction did not produce any photocleavage products, not
only, the signals obtained cannot be ascribed to both the cleavage or hydrolysis products and are
more likely due to other side reactions. The addition of EDTA to the solution was found to be

necessary in order to have a good selectivity towards the photocleavage reduction.

5.5. Cyclovoltammetry study
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In order to better understand the reactivity behavior of either the CDs and the substrates herein
employed, an electrochemical study was performed. In more details, a cyclovoltammetry approach
was employed in order to determine the HOMO-LUMO energetic levels of the CDs and also the LUMO
orbitals of the substrates. The detailed condition in which the measurement was performed are
described in the experimental section. Briefly, a three-electrode cell, composed by a glassy carbon
disc working electrode, a Ag/AgCl/KCl saturated as reference electrode and a platinum spiral was
employed as counter electrode and tetrabutylammonium perchlorate (TBAP) was used as support

electrolyte.

5.5.1. Cyclovoltammetry measurements on CDs

In first instance the a-CDs, g-CDs, a-N-CDs, and g-N-CDs were investigated, the nanoparticles were
first dissolved in the less amount possible of milliQ water and then added to fresh distilled DMF.
Preliminarily, cyclic voltammetric measurements were performed in the background electrolyte, i.e.,
DMF + 0.1 M tetrabutylammonium perchlorate (TBAP), in order to establish the potential window in
which CDs can be investigated. The obtained cyclovoltammograms reported in Figure 89,
demonstrate that only small features, due to impurities, are evident before the background
discharge, which occurs at about -2.7 V and 1.8 V in the cathodic and anodic regions, respectively.
The only significative peak, the one at about -2.3 V is related to trace of water present in the solvent.
These observations indicate that the potential window available to evaluate the CDs redox properties

ranges from about -2.3Vto 1.7 V.
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Figure 89. Cyclic voltammetry, scan rate 100mV/s, cathodic direction (left), anodic direction (right).

When the CDs are added to the mixture the voltammetric pictures changes and new waves appears
both in reduction and oxidation. The CVs obtained for the four CDs taken into consideration scanning

in both the cathodic and anodic region are shown in Figure 90.
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Figure 90. CVs of g-CDs, a-CDs, g-N-CDs, a-N-CDs scanning in both cathodic (left images) and anodic (right
images) directions.

The CDs examined reveal different behavior in the CV study, exhibiting several waves in both the
anodic and cathodic region. For a correct interpretation of the result obtained and for extrapolate
the potential of the HOMO and LUMO orbitals the onset potentials of the different waves were

obtained. Employing the mathematics described in the experimental section, it was possible to refer
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the values of the onset potentials to the energy of the HOMO and LUMO of the CDs. The results

obtained for both the cathodic and anodic CVs are shown in Table 14 and Table 15.

Table 14. Onset potentials and LUMO energy levels calculated for the four CDs.

Eonset red Eonset red ELUMO

CDs
(V)2 (V)P (eV)
-0.97 -1.46 -3.6

g-CDs
-1.60 -2.09 -3.0
-0.85 -1.34 -3.8
a-CDs -1.30 -1.79 3.3
-1.83 -2.33 -2.8
g-N-CDs -1.87 -2.36 2.7
a-N-CDs -1.94 -2.43 -2.7

2 measured vs Ag/AgCl, ® measured vs Fc/Fc*.

Table 15. Onset potentials and HOMO energy levels calculated for the four CDs.

Eonset ox Eonset ox EHOMO
CDs

(V)2 (V)P (eV)
0.35 -0.14 -5.0

. 2 -5.
2-CDs 0.69 0.20 5.3
1.27 0.77 -5.9
a-CDs 0.52 0.03 -5.1
g-N-CDs 0.56 0.06 -5.2
0.53 0.03 -5.1
a-N-CDs 1.12 0.62 5.7

> measured vs Ag/AgCl, ® measured vs Fc/Fc*.
With the same techniques also the three substrates investigated in this work were characterized in
order to detect and calculate the corresponding onset potential of reduction and the LUMO energy

levels. The CVs registered for a 10 mM solution of the esters are shown in Figure 91.
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Figure 91. CVs of the N-Methyl-Picolinium esters synthesized registered in the cathodic direction.

The CVs registered for these organic substrates are much more complex respect to the one of the
nanoparticles; in all cases, at least two main peaks were observed. As for the first peak, it is likely
(also from literature data'’”- 178) that it belongs to the reduction of the C=0 moiety of the ester group.
This hypothesis is supported also by the values of this peak observed for the three compounds, as
the order from the less to the more negative, follows the order 5b, 5¢, 5a consistent whit the

expected stability of the radical anion formed. For the substrate 5¢ the high stability expected for the
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radical anion is also the reason of the appearance, upon scan reversal, of a peak at -0.9 V due to the

oxidation of the radical anion.17 180

Considering the onset potential of the first reduction peak associated to the reduction of the carboxyl
group and applying the same formula as in the previous case it was possible to calculate the LUMO

energy levels of the substrates. The results of these calculation are summarized in Table 16.

Table 16. Onset potentials and LUMO energy levels calculated for the substrates.

Substrate Eonset red Eonset red ELumo
(V)? (V)P (eV)

5a -0.97 -1.46 -3.6

5b -0.94 -1.43 -3.7

5c -0.65 -1.14 -4.0

2 measured vs Ag/AgCl, ® measured vs Fc/Fc*.
In order to compare all information gathered in the electrochemical experiments for CDs and esters,

the correspondent HOMO and LUMO orbitals were summarized in the Figure 92.
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Figure 92. Schematization of the HOMO and LUMO energy levels of CDs and esters.

Interestingly some correlations between the HOMO-LUMO energies and the reactivity observed in
the photodeprotection reactions could be deduced. It was found that the CDs with the higher gap
HOMO-LUMO is also the best in triggering the photocleavage of the C-O bonds in the esters. A

possible explanation to this behaviour rely on the fact that a higher energy gap imply also that the
104



Results: Photoreductive cleavage of C-O bond

excited electron possesses a higher energy that can be used to perform the reaction. In this context
looking at the energy gap shown in Figure 92, the CDs energy gaps follow the order a-N-CDs> g-CDs>
g-N-CDs> a-CDs, the same order already observed for the reactivity towards the photodeprotection
of the octanoic acid. A similar consideration could also be done for explain the different reactivity
observed for the a-N-CDs towards the substrates 5a, 5b, and 5c. In this case the energy of the LUMO
it is related to the stability of the radical formed after the reduction, and so to the intermediate of
the photodeprotection reduction. A higher LUMO energy levels means that the specie is difficult to
reduce and so a higher energy is required for the reduction and therefore the intermediate is less

stable and so can easily undergo to a cleavage reaction.

The results obtained by the CV studies reveals that besides the already highlighted difference in
structure/luminescence/reactivity for the CDs obtained by different synthesis with or without doping
agent they present also different in their electrochemical properties, with different reduction and
oxidation site. Furthermore, these analyses permit also to explain the different reactivity of the CDs

towards the photodeprotection reaction of the N-Methyl-Picolinium esters.

5.6. Conclusion

In conclusion in this work for the first time it was proved that the CDs can act as only photosensitizer
for performing synthetic reaction as the photodeprotection of esters. First the esters were
synthesized form the corresponding carboxylic acid by reaction with the carbinol. The deprotection
reaction was carried out in a NMR tube with a sacrificial donor and monitoring the reaction by *HNMR
spectroscopy. The study reveal that all the CDs can promote this reaction on the octanoic ester with
an almost total selectivity, and conversion ranged from 15 to 66 %. Different tests were performed,
highlighting also the possibility to perform the reaction without the EDTA by only increasing the
concentration of the CDs in the mixture. Furthermore, the reactivity was also compared to the one
of the ruthenium bipyridyl, revealing that this cheap material possesses a similar reactivity respect to
the highly costly metal complex. The investigation of the other synthesized esters reveals lower
conversion and that the presence of the EDTA was essential in order to guarantee a high selectivity.
The cyclovoltammetric study performed on either the nanomaterials and the organic substrates
reveals important differences in the electrochemical properties of the nanomaterials resulting in
different HOMO-LUMO energy gap. A correlation was also found between the energy gaps and the
reactivity manifested by the nanomaterials, with the CDs with higher energy gaps exhibiting the

better reactivity. In addition, the CVs allow also to understand the different reactivity of the ester by
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studying their LUMO energies. Overall, the results herein reported demonstrate for the first time that
the CDs can act as the sole photosensitizer without the addition of any metal complex or enzymes.
This result could open a new series of application regarding the utilization of the CDs in organic
synthesis, since their easy way of synthesis and the cheap value of the precursor makes them very
attractive respect to the conventional photocatalyst. In this context, among the others, the
cyclovoltammetry results to be a very useful technique in order to gain an exhaustive knowledge on

the redox properties of these nanomaterials and consequently their reactivity.

5.7. Experimental
5.7.1. Reagents and instrumentation

Acetonitrile, methanol, toluene, ethyl acetate, hexane, were supplied by Sigma-Aldrich and were
used as received. All the reagents used in the synthesis were purchased by Sigma-Aldrich and used
as received. Deuterated solvents such as chloroform, water and acetonitrile and methanol were
supplied by Sigma-Aldrich. The GC-MS spectra were registered with an Agilent Technologies 6890N
Network GC System interfaced with an Agilent Technologies 5975 Inert Mass Selective Detector. He
Carrier gas (1.2 mL/ min), phase SPB-5, capillary column 30 m, 1.D. 0.32 mm, film 0.25 um. Calibration
curves for quantification were recorded with a GC Hp 5890 equipped with a capillary column Elite-
624 (30 m x 0.32 mm, film width: 0.18 um) coupled with FID detector. For the acquisition of *H, 3C
NMR spectra, a Bruker UltraShield 300'54 spectrometer was used (*H: 300 MHz; *3C: 75.5 MHz;) and
a Bruker Magnet System spectrometer 400'54 Ascend (*H: 400 MHz; *3C: 100.6 MHz). The chemical
shifts (8) of the 'H and 3C NMR spectra have been reported in parts per million (ppm). For the

photocatalysis reactions, a LED UV lamp with a fixed wavelength of 370 nm, 400 mA, 25 mV was used.

5.7.2. Synthesis of esters and cleavage products
All the spectra regarding the synthesis of the esters could be find in the appendix section.
5.7.2.1.  Octanoic acid protection

The synthesis of the protected octanoic acid consists of four synthetic steps as illustrated in the

following scheme

O
e s (o] O o~ -
o o h}(ﬁ/ OH N /L ) o L AgCIO4 [./ \j/\ OJJ\‘E‘ ,);
WL LS e £ T A g
- . ; - —_— - | Stey =~z
U OH et Th Cl s N~ step3 N~ ’ ClOy

|
1a 2a 3a 4a 5a
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Step 1

o _socl,
OH N, 75 °C o.n. \M)J\CI
1a 2a

Octanoic acid 1a (30.99 mmol) and toluene (20 ml) was introduced into a three-necked flask
equipped with a condenser, sodium bicarbonate and calcium chloride trap, rubber septum and tail.
Then thionyl chloride (137.84 mmol) was added and the mixture was refluxed overnight at 75°C. Then
the unreacted thionyl chloride and toluene were removed from the system by vacuum evaporation.
The acyl chloride product 2a was obtained in 89% yield. *H NMR (400 MHz, Chloroform-d) 6= 2.91 (t,
J=6.7 Hz, 2H), 1.88 — 1.63 (m, 2H), 1.39 — 1.29 (m, 8H), 0.92 (t, J = 8.6 Hz, 3H). 13C NMR (101 MHz,
Chloroform-d) 6= 173.77, 47.10, 31.51, 28.72, 28.38, 25.06, 22.52, 13.99.

Step 2

0]

i M
X
e N > Y %
s Cl N~ CH,Cly EtN, N o.n. N~

2a 3a

4-(Hydroxymethyl)pyridine (18.97 mmol), dichloromethane (20 ml) and triethylamine (32.92 mmol)
were introduced into a three-necked flask equipped with a condenser, dropping funnel and gas inlet.
A solution of the corresponding acyl chloride 2a (27,37 mmol) in dichloromethane was then added
dropwise and the reaction mixture was left under stirring overnight at room temperature and under
nitrogen. Subsequently, the ester product 3a was put into a separating funnel and washed with a
solution of water and sodium bicarbonate (20ml), recovering the lower organic phase and repeating
the operation three times. The organic phase was then dehydrated with sodium sulphate, filtered
and the solvent was removed by rotary evaporation. The purified product 3a was purified by column
chromatography employing gradient elution with a mixture of hexane / ethyl acetate. The product
3a was obtained in 53% vyield. *H NMR (400 MHz, Chloroform-d) 6= 8.61 (d, 1H), 7.26 (d, 1H), 5.14 (s,
1H), 2.41 (t, 1H), 1.72 = 1.63 (m, 1H), 1.41—1.21 (m, 5H), 0.89 (t, 2H). 13C NMR (101 MHz, Chloroform-
d) 6 173.29, 149.85, 145.24, 121.91, 64.01, 34.13, 31.62, 29.06, 24.90, 22.56, 14.03.

Step 3
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0 o]
CHgl
I 6 N* 6
N~ MeOH, N, 75°Co.n.  ~N\F
3a I~ 4a

The corresponding ester 3a (7.38 mmol) and methanol (10 ml) were introduced into a three-necked
darkened flask equipped with a condenser, rubber septum and tail. The system was put under
nitrogen. The methyl iodide (11.29 mmol) was then added with a syringe and the reaction mixture
was refluxed and left under stirring at 75 °C overnight. Subsequently, the unreacted methyl iodide
and methanol were removed by vacuum evaporation leading to a solid. The product was recrystalized
in hot methanol. The solid was filtered and stored in the dark. The product 4a has been obtained in
53% yield. 'H NMR (400 MHz, Chloroform-d) 6 9.25 (d, 2H), 8.01 (d, 2H), 5.40 (s, 2H), 4.71 (s, 3H),
2.50 (t, 2H), 1.76 — 1.59 (m, 3H), 1.39 — 1.25 (m, 6H), 0.91 (d, 4H). 3C NMR (101 MHz, Acetonitrile-
d3) 6=175.03, 156.48, 145.43, 125.48, 63.68, 49.23, 33.87, 31.57, 28.74, 24.71, 22.53, 13.80.

Step 4

O
N~ CH3CN, N2, 1t on.  ~NF
" 4a ' 5a

A solution of the corresponding ester 4a (3.19 mmol) in acetonitrile was added in a three-necked
darkened flask with a tail and a plug. The silver perchlorate was then added in a stoichiometric
amount. The system was placed under nitrogen and left under stirring at room temperature
overnight. The reaction mixture was then filtered to remove the precipitated silver iodide and the
filtrate was dried. The product was then recrystalized with hot methanol. The product 5a was
obtained in 72% yield. H NMR (400 MHz, Acetonitrile-ds) 8= 8.59 (d, 2H), 7.94 (d, 2H), 5.37 (s, 2H),
4.29 (s, 3H), 2.50 (t, J = 7.5 Hz, 2H), 1.74 — 1.61 (m, 2H), 1.40 — 1.29 (m, 4H), 0.92 (t, J = 7.0, 5.1 Hz,
3H). 3C NMR (101 MHz, Acetonitrile-ds) 6= 174.70, 155.32, 145.05, 125.11, 62.87, 47.92, 33.38,
31.41, 28.70, 24.50, 22.32, 13.34.

5.7.2.2. Benzoic acid protection

The synthesis of the protected benzoic acid consists of four synthetic steps as illustrated in the

following scheme
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o]
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Step 1

0 0
oH _ SOCh cl
N, 75 °C o.n.

Benzoic acid 1b (30.85 mmol) and toluene (20 ml) was introduced into a three-necked flask equipped
with a condenser, sodium bicarbonate and calcium chloride trap, rubber septum and tail. Then
thionyl chloride (137.67 mmol) was added and the mixture was refluxed overnight at 75°C. Then the
unreacted thionyl chloride and toluene was removed from the system by vacuum evaporation. The
acyl chloride product 2b was obtained in 85% yield. *H NMR (300 MHz, Chloroform-d) 6= 8.43 — 8.26
(m, 9H). 13C NMR (75 MHz, Chloroform-d) 6= 167.41, 151.98, 138.38, 132.62, 124.43.

Step 2
@) O
o, [ ToH o
N~ CH2C|2 Et3N, NZ on. N~
2b 3b

4-(Hydroxymethyl)pyridine (23,26 mmol), dichloromethane (35 ml) and triethylamine (41.99 mmol)
were introduced into a three-necked flask equipped with a condenser, dropping funnel and gas inlet.
A solution of the corresponding acyl chloride 2b (27,97 mmol) in dichloromethane was then added
dropwise and the reaction mixture was left under stirring overnight at room temperature and under
nitrogen. Subsequently, the ester product 3b was put into a separating funnel and washed with a
solution of water and sodium bicarbonate (20ml), recovering the lower organic phase and repeating
the operation three times. The organic phase was then dehydrated with sodium sulphate, filtered
and the solvent was removed by rotary evaporation. The purified product 3b was purified by column
chromatography employing gradient elution with a mixture of hexane / ethyl acetate. The product

3b was obtained in 54% yield. *H NMR (400 MHz, Acetonitrile-ds) 6= 8.62 (d, 1H), 8.39 —8.25 (m, 2H),
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7.45 (d, )= 4.4,1.6,0.7 Hz, 1H), 5.44 (s, 1H). 13C NMR (101 MHz, Acetonitrile-ds) 8= 164.36, 150.90,
150.00, 144.81, 135.25, 130.77, 123.75, 121.92, 65.37.

Step 3
0 o
CHy|
N~ MeOH, Ny, 75 °C o.n. ~NA
3b ! 4b

The corresponding ester 3b (11.72 mmol) and methanol (10 ml) were introduced into a three-necked
darkened flask equipped with a condenser, rubber septum and tail. The system was put under
nitrogen. The methyl iodide (19.44 mmol) was then added with a syringe and the reaction mixture
was refluxed and left under stirring at 75 °C overnight. Subsequently, the unreacted methyl iodide
and methanol were removed by vacuum evaporation leading to a solid. The product was recrystalized
in hot methanol. The solid was filtered and stored in the dark. The product 4b has been obtained in
72% yield. *H NMR (400 MHz, Acetonitrile-ds) 6= 8.72 (d, 1H), 8.42 — 8.31 (m, 2H), 8.11 (d, / = 6.3 Hz,
1H), 5.69 (s, 1H), 4.35 (s, 1H). 13C NMR (101 MHz, Acetonitrile-ds3) 6= 164.07, 155.87, 151.12, 147.17
—143.86 (m), 134.55, 130.99, 125.36, 123.85, 64.31, 48.05.

Step 4
0] 0]

D Ok@ D Ok@
N~ CH3CN, N2, 1t, o.n. N~

- clo,
4b 5b

A solution of the corresponding ester 4b (8.01 mmol) in acetonitrile was added in a three-necked
darkened flask with a tail and a plug. The silver perchlorate was then added in a stoichiometric
amount. The system was placed under nitrogen and left under stirring at room temperature
overnight. The reaction mixture was then filtered to remove the precipitated silver iodide and the
filtrate was dried. The product was then recrystalized with hot methanol. The product 5b was
obtained in 72% yield. *H NMR (400 MHz, Acetonitrile-ds) 6= 8.69 — 8.62 (m, 2H), 8.42 —8.30 (m, 4H),
8.09 (d, J = 6.3 Hz, 2H), 5.68 (d, J = 1.1 Hz, 2H), 4.33 (s, 3H). 1*3C NMR (101 MHz, Acetonitrile-ds) 6=
164.07, 155.85, 151.10, 146.27 — 144.53 (m), 134.58, 130.99, 125.36, 123.84, 64.32, 48.78 — 47.05
(m).
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5.7.2.3.  p-nitrobenzoic acid protection

The synthesis of the protected p-nitrobenzoic acid consists of four synthetic steps as illustrated in the

following scheme.

2 o | OH o o o
ool A - NZ YO CHyl o™ AGCO: o7
i ) Stop 1 T -~ N = U A —-Sh-p ; N‘_ P ll | nps N*
ON" ™ ON" e NO; | CIO;
1c 2¢ 3¢ 4o .
Step 1
(0] 0]
N, 75 °C o.n.
O,N O5N
1c 2c

p-nitrobenzoic acid 1c (50.80 mmol) and toluene (20 ml) were introduced into a three-necked flask
equipped with a condenser, sodium bicarbonate and calcium chloride trap, rubber septum and tail.
Then thionyl chloride (344.65 mmol) was added and the mixture was refluxed overnight at 75°C. Then
the unreacted thionyl chloride and toluene was removed from the system by vacuum evaporation.
The acyl chloride product 2¢ was obtained in 86% yield.*H NMR (300 MHz, Chloroform-d) 6= 8.43 —
8.26 (m, 9H). 13C NMR (75 MHz, Chloroform-d) = 167.41, 151.98, 138.38, 132.62, 124.43.

Step 2
0] 0]
N
02N = CH2C|2 Eth,Nz‘ o.n. N~ N02
2c 3c

4-(Hydroxymethyl)pyridine (23,24 mmol), dichloromethane (50 ml) and triethylamine (71,94 mmol)
were introduced into a three-necked flask equipped with a condenser, dropping funnel and gas inlet.
A solution of the corresponding acyl chloride 2¢ (27,37 mmol) in dichloromethane was then added
dropwise and the reaction mixture was left under stirring overnight at room temperature and under
nitrogen. Subsequently, the ester product 3¢ was put into a separating funnel and washed with a
solution of water and sodium bicarbonate (20ml), recovering the lower organic phase and repeating

the operation three times. The organic phase was then dehydrated with sodium sulphate, filtered
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and the solvent was removed by rotary evaporation. The purified product 3c was purified by column
chromatography employing gradient elution with a mixture of hexane / ethyl acetate. The product 3c
was obtained in 35% yield. TH NMR (400 MHz, Acetonitrile-ds) 6= 8.62 (d, 1H), 8.39 — 8.25 (m, 2H),
7.45(d,J=4.4,1.6,0.7 Hz, 1H), 5.44 (s, 1H). *C NMR (101 MHz, Acetonitrile-ds) 6= 164.36, 150.90,
150.00, 144.81, 135.25, 130.77, 123.75, 121.92, 65.37.

Step 3

0] 0]

CHl 0

N~ NO, MeOH,Na 75°Con. /N|+ Z NO,
3c : 4c

The corresponding ester 3¢ (5,03 mmol) and methanol (50 ml) are introduced into a three-necked
darkened flask equipped with a coolant connected to a nitrogen ball, pierceable septum and tail. The
system is put under nitrogen. The methyl iodide (8,03 mmol) is then added with a syringe and the
reaction mixture is refluxed and left under stirring at 75 °C overnight. Subsequently, the system is
connected to the vacuum pump through a system of special traps to eliminate all the unreacted
methyl iodide and methanol to obtain a solid. The product is then solubilized by adding the minimum
amount of methanol and heating enough to solubilize. The solution is then left to rest overnight to
allow crystallization. The solid was then filtered and stored in the dark. The product 4c has been
obtained with a yield of 40%. *H NMR (400 MHz, Acetonitrile-ds) 6= 8.72 (d, 1H), 8.42 —8.31 (m, 2H),
8.11 (d, J = 6.3 Hz, 1H), 5.69 (s, 1H), 4.35 (s, 1H). 13C NMR (101 MHz, Acetonitrile-d3) = 164.07,
155.87,151.12,147.17 - 143.86 (m), 134.55, 130.99, 125.36, 123.85, 64.31, 48.05.

Step 4
0 0]
AgCl
@/\O)K@ gClO4 O/\O)K@
+ N+
NF NO, CH3CN. N2, rt, o.n. ANNA NO,
|- C|O4-
4c 5c

A solution of the corresponding ester 4¢ (1.89 mmol) in acetonitrile was added in a three-necked
darkened flask with a tail and a plug. The silver perchlorate was then added in a stoichiometric
amount. The system was placed under nitrogen and left under stirring at room temperature

overnight. The reaction mixture was then filtered to remove the precipitated silver iodide and the
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filtrate was dried. The product was then recrystalized with hot methanol. The product 5¢ was
obtained in 53% yield. *H NMR (400 MHz, Acetonitrile-d3) 6= 8.69 —8.62 (m, 2H), 8.42 —8.30 (m, 4H),
8.09 (d, /= 6.3 Hz, 2H), 5.68 (d, J = 1.1 Hz, 2H), 4.33 (s, 3H). 3C NMR (101 MHz, Acetonitrile-ds) &
164.07, 155.85, 151.10, 146.27 — 144.53 (m), 134.58, 130.99, 125.36, 123.84, 64.32, 48.78 — 47.05

(m).

5.7.2.4.  Synthesis of 1,4-dimethylpyridin-1-ium iodide

CHjl

X X

\ MeOH, N, 75 °C o.n. ~NIA
" 6

The corresponding 4-methylpyridine (9.52 mmol) and methanol (10 ml) were introduced into a three-
necked darkened flask equipped with a condenser, rubber septum and tail. The system was put under
nitrogen. The methyl iodide (23.80 mmol) was then added with a syringe and the reaction mixture
was refluxed and left under stirring at 75 °C overnight. Subsequently, the unreacted methyl iodide
and methanol were removed by vacuum evaporation leading to a yellow solid. The product was
recrystalized in hot methanol. The solid was filtered and stored in the dark. The product 6 has been
obtained in 89% vyield. *H NMR (400 MHz, Chloroform-d) & 9.17 (d, 2H), 7.89 (d, / = 6.2 Hz, 2H), 4.64
(s, 2H), 2.70 (s, 3H). 13C NMR (101 MHz, Chloroform-d) & 159.00, 146.27 — 143.18 (m), 128.76, 48.87,
22.47.

5.7.2.5.  Synthesis of 4-(hydroxymethyl)-1-methylpyridin-1-ium iodide

CHjl

N~ MeOH, N, 75 °C o.n. ~NIA
I’ 7
4-(Hydroxymethyl)pyridine (9.52 mmol) and methanol (10 ml) were introduced into a three-necked
darkened flask equipped with a condenser, rubber septum and tail. The system was put under
nitrogen. The methyl iodide (23.80 mmol) was then added with a syringe and the reaction mixture
was refluxed and left under stirring at 75 °C overnight. Subsequently, the unreacted methyl iodide
and methanol were removed by vacuum evaporation leading to a yellow solid. The product was
recrystalized in hot methanol. The solid was filtered and stored in the dark. The product 7 has been

obtained in 92% yield. 'H NMR (300 MHz, Methanol-da) 5= 8.83 (d, 2H), 8.04 (d, J = 6.2 Hz, 2H), 4.83
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(s, 2H), 4.40 (s, 3H). 13C NMR (101 MHz, Methanol-da) 6= 164.11 — 161.70 (m), 144.66, 124.13, 61.38,
48.18.

5.7.1. Photocatalytic study
Photodeprotection reactions were conducted within an NMR tube. For each test an NMR tube was
prepared containing the corresponding protected acid dissolved in a 60% water, 40% acetonitrile
mixture. Depending on the test the CDs were added in variable quantities and the sacrificial donor
EDTAin 0.1M concentration when present. The pH of the solution in this case because in a deuterated
environment pD was corrected to 7 using hydrochloric acid. The mixture thus prepared was then
degassed with nitrogen using a suitable system. The NMR tube was then exposed to the light of a UV

lamp and NMR spectra were then recorded with different exposure times.

5.7.1.1. Quantification of acid formed by the reaction
As the formation of benzoic and p-nitro benzoic acid cannot be followed by NMR they have been
quantified by gas chromatography. The quantifications were made by constructing calibration curves
at different concentrations of acid using biphenyl as internal standard in 0.006M concentration. GC
injection of the unknown sample was made at the end of photocatalysis without treatment. In Figure

93 the calibration curves are shown with the respective equations.

1 Benzoic acid - 1,2 . .
6 _ p-nitrobenzoic acid
] y—zﬁa,ﬁx 1.0 ] y=24,7 x ]
5] R™=0995 R%=0,996
j 0,84
=} =]
S 44 =
g 1 ) 0,6
n 3 v
3] T o
g L 04
< 5 <
0.2
1
T T T T T T T 1 Dru T T T T T T T 1
0,00 0,01 0,02 003 004 005 0,06 007 0,08 000 0,01 0,02 003 0,04 005 0,06 007 0,08
Concentration (M) Concentration (M)

Figure 93. Calibration curves for benzoic and p-nitrobenzoic acid.
5.7.2. Cyclovoltammetry
5.7.2.1. Reagents

All reagents were analytical grade and supplied by Sigma Aldrich, and unless otherwise stated, they
used as received. DMF was freshly distilled and for electrochemical measurements,
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tetrabutylammonium perchlorate (TBAP), was employed as supporting electrolyte. Milli-Q water was

used when necessary. Ferrocene (Fc) was employed as internal reference system.

5.7.2.2. Instrumentations and electrodes for electrochemical experiments

All voltammetric measurement were performed using a CHI 820 potentiostat (CH instrument, USA),
along with the CHI instrument software version 8.15. A the three-electrode cell was prepared to carry
out voltammetric experiments. The working electrode was glassy carbon disc electrode (GSE),
®=3mm, A Platinum spiral was employed as counter electrode and a Ag/AgCl/KCl saturated as
reference electrode. The latter was separated from the main solution by a porous septum in order to

avoid contamination of DMF solutions with chloride ions leaching from the reference electrode.

5.7.2.3. Sample preparation
The DMF solutions containing CDs were prepared by adding the solvent (5ml) in 200 microliters of(L)
water containing a weighted amount of CDs (typically 25mg). This procedure ensured the fully

dispersion of CDs in the medium. All measurements were performed under nitrogen atmosphere.
6. Conclusion

In this thesis work, the versatility of the CDs was exploited in biomedical and photocatalytic
applications, the properties of the nanomaterials were opportunely tuned focusing on the specific
application by changing the carbon precursors and the synthetic methods. This work proposed also
a rationalization of the outcoming morphological, optical, chemical, and electrochemical properties,
with the choice of the precursors and synthetic procedures. The knowledge acquired in this study will

permit the rational design of the CDs for a specific application.

In the first case of study the nanoparticles were tested in their drug loading capabilities with the view
of creating a new drug delivery system. Monosaccharides-based CDs were chosen as the
nanomaterials for this study for their high number of hydroxyl groups and for the intrinsic
biocompatibility of precursors. The study highlighted the importance of the choice of the right to
achieve the desired results. A key role in determining the biocompatibility of the CDs is played by the
thermal degradation pathways of the precursors, since the fructose results to be highly toxic due to
the formation of furans compounds. Glucose based CDs, shows the better biocompatibility, and also
drug loading capabilities, that results to arise more from the m-m interaction than to electrostatic
ones. In addition, the glucose CDs demonstrate a drug loading efficiency comparable to the best

reported up to date for similar systems.
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For study the photocatalytic properties of CDs, four citric acid derived CDs were employed in the
photoreduction of the methylviologen. In order to investigate how the effect of the structure, and
chemical composition affect the photocatalytic performance the CDs were produced by two different
synthetic protocols and with or without the presence of a nitrogen doping agent. The amorphous
materials produced with the hydrothermal treatment were found to present also some small organic
molecule or molecular fluorophores while the pyrolysis vyields graphitic materials. The
photoreduction results revealed that the CDs have different reactivities that could be ascribe to their
optical and physical properties. For the undoped sample due to the low luminescent properties the
only species that could promote the reaction is the graphitic core, while in the doped samples the
molecular fluorophore is the source of the high reactivity while the contemporaneous presence of
the graphitic planes quenches the reaction due to an internal FRET process. In conclusion the salient
result of this study is the incredible high reactivity pf the amorphous doped CDs, a species that was

never taken into consideration for this application, opening up new perspective in this topic.

Finally, the knowledge acquired on the photocatalytic behavior of this nanoparticles was applied in
the photodeprotection of N-Methyl-picolinium esters. The major achievement of the study was to
prove that the carbon dots can act as photosensitizer for performing organic reaction without the
addition of metal complexes or enzymes. The reaction was accomplished with high conversion and
an almost total selectivity towards the desired products. Furthermore, as in the previous case the
reactivity is affected by the optical and physical characteristics of the nanoparticles, revealing the
same reactivity trend as before. The electrochemical studies carried out on both the nanoparticles
and esters revealed that the reactivity depends on the HOMO-LUMO gap of the CDs, with the higher
value having the best conversion, and also on the LUMO energy of the esters, higher is the value, and
easily is its cleavage. The demonstrated ability of the CDs to perform this reaction without any
additive open a new scenario in the field of the photochemistry, since these materials could be

produce with low starting materials and with easy synthetic procedures.

The work herein presented demonstrated how the thorough knowledge on the structure, optical and
chemical properties of the CDs could lead to the development of efficient biomedical or
photochemical applications. The rationalization of the properties of the CDs with the synthetic
procedure and the precursors is a crucial step to undertake in order to design the more suitable

nanomaterials for a specific application.
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Figure Al. Z-potential distribution and phase plot for g-CDs (green) and g-N-CDs (red). The samples are
dispersed in 0.1M NaCl solution and the pH adjusted to 7.00 by means of HCl or NaOH addition.
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Figure A2. 'H NMR spectra of 1a.

IH NMR (400 MHz, Chloroform-d) 6= 2.91 (t, J = 6.7 Hz, 2H), 1.88 — 1.63 (m, 2H), 1.39 — 1.29 (m,
8H), 0.92 (t, J = 8.6 Hz, 3H).
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Figure A3.13C NMR spectra of 1a.
13C NMR (101 MHz, Chloroform-d) 6= 173.77, 47.10, 31.51, 28.72, 28.38, 25.06, 22.52, 13.99.
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Figure A4. 'HNMR spectra of 2a.

14 NMR (400 MHz, Chloroform-d) 6= 8.61 (d, 1H), 7.26 (d, 1H), 5.14 (s, 1H), 2.41 (t, 1H), 1.72 — 1.63
(m, 1H), 1.41 — 1.21 (m, 5H), 0.89 (t, 2H).
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Figure A5. 3*CNMR spectra of 2a.

13C NMR (101 MHz, Chloroform-d) &= 173.77, 47.10, 31.51, 28.72, 28.38, 25.06, 22.52, 13.99.
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Figure A6. MS spectra of 2a
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Figure A7. 'HNMR spectra of 3a.

IH NMR (400 MHz, Chloroform-d) 6 8.61 (d, 1H), 7.26 (d, 1H), 5.14 (s, 1H), 2.41 (t, 1H), 1.72 — 1.63
(m, 1H), 1.41 — 1.21 (m, 5H), 0.89 (t, 2H).
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Figure A8.3C NMR spectra of 3a.
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13C NMR (101 MHz, Chloroform-d) 6 173.29, 149.85, 145.24, 121.91, 64.01, 34.13, 31.62, 29.06,
24.90, 22.56, 14.03.
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Figure A9. 'H NMR spectra of 4a.

IH NMR (400 MHz, Chloroform-d) & 9.25 (d, 2H), 8.01 (d, 2H), 5.40 (s, 2H), 4.71 (s, 3H), 2.50 (t, 2H),
1.76 — 1.59 (m, 3H), 1.39 — 1.25 (m, 6H), 0.91 (d, 4H).
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Figure A10. 3C NMR spectra of 4a.
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13C NMR (101 MHz, Acetonitrile-d3) 6 175.03, 156.48, 145.43, 125.48, 63.68, 49.23, 33.87, 31.57,
28.74,24.71, 22.53, 13.80.
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Figure A11. 'H NMR spectra of 5a.

IH NMR (400 MHz, Acetonitrile-d3) § 8.59 (d, 2H), 7.94 (d, 2H), 5.37 (s, 2H), 4.29 (s, 3H), 2.50 (t, J =
7.5 Hz, 2H), 1.74 — 1.61 (m, 2H), 1.40 — 1.29 (m, 4H), 0.92 (t, J = 7.0, 5.1 Hz, 3H).
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Figure A12. 3*C NMR spectra of 5a.

13C NMR (101 MHz, Acetonitrile-d3) & 174.70, 155.32, 145.05, 125.11, 62.87, 47.92, 33.38, 31.41,
28.70, 24.50, 22.32, 13.34.
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Figure A13. 'H NMR spectra of 1b.

IH NMR (400 MHz,) & 8.34 (d, J = 8.5, 2.5, 1.3 Hz, 2H), 7.98 (dd, 1H), 7.89 — 7.80 (m, 2H).
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Figure A14.3C NMR spectra of 1b.

13C NMR (101 MHz, ) 6 170.96 — 169.23 (m), 133.87, 130.51, 129.96, 129.05.
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Figure A15. *H NMR spectra of 2b.

IH NMR (400 MHz, Chloroform-d) 6 8.14 (d, 2H), 7.71 (d, 2H), 7.63 = 7.44 (m, 1
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Figure A16. 3C NMR spectra of 2b.
13C NMR (101 MHz, Chloroform-d) 6 168.38, 135.36, 133.25, 131.41, 128.99.
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Figure A17. MS spectra of 2b.
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Figure A 18. TH NMR spectra of 3b.
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13C NMR (101 MHz, Acetonitrile-d3) 6 165.89, 149.88, 145.54, 133.44, 129.83, 129.47, 128.71,

121.84, 64.59.
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Figure A20. *H NMR spectra of 4b.

IH NMR (400 MHz, Acetonitrile-ds) & 8.67 (d, 2H), 8.16 (d, 2H), 8.07 (d, J = 6.3 Hz, 2H), 7.73 (dd, 1H),
7.65—7.55 (m, 2H), 5.64 (s, 2H), 4.33 (s, 2H).
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Figure A21. 3*C NMR spectra of 4b.

13C NMR (101 MHz, Acetonitrile-ds) & 165.55, 152.93, 145.20, 133.87, 129.65, 129.14, 128.84,

125.26, 65.27, 48.00, 14.63.
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Figure A22. 'H NMR spectra of 5b.
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7.65—7.55 (m, 2H), 5.64 (s, 2H), 4.31 (s, 3H).
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Figure A23. 3C NMR spectra of 5b.

13C NMR (101 MHz, Acetonitrile-ds) & 165.55, 156.60, 145.57 — 144.63 (m), 133.88, 129.64, 129.14,

128.84, 125.26, 63.66, 47.95.
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Figure A24. 'H NMR spectra of 1c.
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IH NMR (300 MHz, Chloroform-d) & 8.40 — 8.25 (m, 4H).
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Figure A25. 3C NMR spectra of 1c.

13C NMR (101 MHz, CD3CN/D20) 6 167.88, 150.91, 136.52, 131.26, 124.06.
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Figure A26. 'H NMR spectra of 2c.

IH NMR (300 MHz, Chloroform-d) & 8.43 — 8.26 (m, 4H).
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Figure A27. 3C NMR spectra of 2c.
13C NMR (75 MHz, Chloroform-d) 6 167.41, 151.98, 138.38, 132.62, 124.43.
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Figure A29. *H NMR spectra of 3c.

IH NMR (400 MHz, Acetonitrile-ds) & 8.62 (d, 2H), 8.39 — 8.25 (m, 4H), 7.45 (d, J = 4.4, 1.6, 0.7 Hz,
2H), 5.44 (s, 2H).
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Figure A30. 3C NMR spectra of 3c.
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13C NMR (101 MHz, Acetonitrile-d3) 6 164.36, 150.90, 150.00, 144.81, 135.25, 130.77, 123.75,
121.92, 65.37.
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Figure A31. *H NMR spectra of 4c.

IH NMR (400 MHz, Acetonitrile-ds) & 8.72 (d, 2H), 8.42 — 8.31 (m, 4H), 8.11 (d, J = 6.3 Hz, 2H), 5.69
(s, 2H), 4.35 (s, 3H).
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Figure A32.13C NMR spectra of 4c.

13C NMR (101 MHz, Acetonitrile-ds) & 164.07, 155.87, 151.12, 147.17 — 143.86 (m), 134.55, 130.99,
125.36, 123.85, 64.31, 48.05.
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Figure A33. 'H NMR spectra of 5c.

IH NMR (400 MHz, Acetonitrile-ds) & 8.69 — 8.62 (m, 2H), 8.42 —8.30 (m, 4H), 8.09 (d, J = 6.3 Hz,
2H), 5.68 (d, J = 1.1 Hz, 2H), 4.33 (s, 3H).
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Figure A34. 3C NMR spectra of 5c.

13C NMR (101 MHz, Acetonitrile-ds) 6 164.07, 155.85, 151.10, 146.27 — 144.53 (m), 134.58, 130.99,
125.36, 123.84, 64.32, 48.78 — 47.05 (m).
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Figure A35.'H NMR spectra of methyl pyridine.
'H NMR (400 MHz, Chloroform-d) 6 8.38 (d, 4H), 7.03 (d, 4H), 2.27 (s, 6H).
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IH NMR (400 MHz, Chloroform-d) 6 9.17 (d, 2H), 7.89 (d, J = 6.2 Hz, 2H), 4.64 (s, 2H), 2.70 (s, 3H).
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Figure A37. 3C NMR spectra of 6.
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13C NMR (101 MHz, Chloroform-d) 6 159.00, 146.27 — 143.18 (m), 128.76, 48.87, 22.47.
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Figure A38. Evolution of the photodeprotection of octanoic acid with g-CDs.
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Figure A39. Concentration profiles of reagent and products in the photodeprotection of 5a with g-
CDs.
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Figure A40. Evolution of the photodeprotection of octanoic acid with a-CDs.
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Figure A41.Concentration profiles of reagent and products in the photodeprotection of 5a with a-
CDs.
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Figure A42. Evolution of the photodeprotection of octanoic acid with g-N-CDs.
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Figure A43.Concentration profiles of reagent and products in the photodeprotection of 5a with g-N-

CDs.
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Figure A44. Evolution of the photodeprotection of octanoic acid with a-N-CDs.
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Figure A45. Concentration profiles of reagent and products in the photodeprotection of 5a with a-N-
CDs.
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Figure A46. Evolution of the photodeprotection of octanoic acid with a-Glu-CDs.
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Figure A47. Concentration profiles of reagent and products in the photodeprotection of 5a with a-

Glu-CDs.
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Figure A48. Evolution of the photodeprotection of octanoic acid with g-Glu-CDs.
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Figure A49. Concentration profiles of reagent and products in the photodeprotection of 5a with g-
Glu-CDs.
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Figure A50. Evolution of the photodeprotection of octanoic acid with g-Glu-N-CDs.
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Figure A51. Concentration profiles of reagent and products in the photodeprotection of 5a with g-
Glu-N-CDs
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Figure A52. Evolution of the photodeprotection of octanoic acid with a-Fru-CDs.
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Figure A53. Concentration profiles of reagent and products in the photodeprotection of 5a with a-

Fru-CDs.
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Figure A54. Evolution of the photodeprotection of octanoic acid with g-Fru-CDs.
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Figure A55. Concentration profiles of reagent and products in the photodeprotection of 5a with g-
Fru-CDs.
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Figure A56. Evolution of the photodeprotection of octanoic acid with g-Fru-N-CDs
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Figure A57. Concentration profiles of reagent and products in the photodeprotection of 5a with g-
Fru-N-CDs.
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Figure A58. Evolution of the photodeprotection of octanoic acid in standard conditions without CDs.
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Figure A59. Concentration profiles of reagent and products in the photodeprotection of 5a in
standard conditions without CDs.
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Figure A60. Evolution of the photodeprotection of octanoic acid in standard conditions without

EDTA.
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Figure A61. Concentration profiles of reagent and products in the photodeprotection of 5ain

standard conditions without EDTA.
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Figure A62. Evolution of the photodeprotection of octanoic acid in standard conditions without

light.
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Figure A63. Concentration profiles of reagent and products in the photodeprotection of 5ain
standard conditions without light
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Figure A64. Evolution of the photodeprotection of octanoic acid in standard conditions with visible

light.
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Figure A65. Concentration profiles of reagent and products in the photodeprotection of 5a in
standard conditions with visible light.
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Figure A66. Evolution of the photodeprotection of octanoic acid in standard conditions with 1
mg\mL of a-N-CDs.
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Figure A67. Concentration profiles of reagent and products in the photodeprotection of 5ain
standard conditions with 1 mg\mL of a-N-CDs.
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Figure A68. Evolution of the photodeprotection of octanoic acid in standard conditions with 5

mg\mL of a-N-CDs.

A38



Appendix

-m— 5a
0.07 - o6
| A7
0.06 - . v 8a
] ‘\0/‘ - Mass Balance
—
= 0.05-
"
. |
O 0.04-
- ]
o
+ 0.03-
o= |
Q
O 0.02]
c
o |
QO 0.01-
0.00 24 , : 4 —a , — A A
0 10 20 30 40 50

Time (h)

Figure A69. Concentration profiles of reagent and products in the photodeprotection of 5a in
standard conditions with 5 mg\mL of a-N-CDs.
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Figure A70. Evolution of the photodeprotection of octanoic acid in standard conditions with 10
mg\mL of a-N-CDs.
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Figure A71. Concentration profiles of reagent and products in the photodeprotection of 5a in
standard conditions with 10 mg\mL of a-N-CDs.
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Figure A72. Evolution of the photodeprotection of octanoic acid with 20 mg\mL of a-N-CDs and
without EDTA.
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Figure A73. Concentration profiles of reagent and products in the photodeprotection of 5a with 20
mg\mL of a-N-CDs and without EDTA.
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Figure A74. Evolution of the photodeprotection of octanoic acid with 50 mg\mL of a-N-CDs and

without EDTA.
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Figure A75. Concentration profiles of reagent and products in the photodeprotection of 5a with 50

mg\mL of a-N-CDs and without EDTA
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Figure A76. Evolution of the photodeprotection of octanoic acid with 50 mg\mL of a-N-CDs and
without EDTA.
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Figure A77. Concentration profiles of reagent and products in the photodeprotection of 5a with 100
mg\mL of a-N-CDs and without EDTA.
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Figure A78. Evolution of the photodeprotection of octanoic acid with Ru(bpy)s?*.
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Figure A79. Concentration profiles of reagent and products in the photodeprotection of 5a with
Ru(bpy)s**.

A45



Appendix

Concentration (M)

t=48h i I 8
A .
t=43h I JJ 7
LAA A
t=25h | I I 6
. ) .
t=19h 5
LJAA\ lh L—JdLAA A
t=5 h 4
JK_)\.L N 7 -
t=4h I J
L A N
t=2h k Lk 2
t=0h ‘ 1 b 1
L L A A
| 1:‘%.5 | 1é.5 | 1i.5 | 16.5 | 9I.5 I 8I.5 | 7‘.5 | 6‘.5 | 5‘.5 | 4‘.5 | 3‘.5 | 2‘.5 I 1‘.5 | 0‘.5

f1 (ppm)

Figure A80. Evolution of the photodeprotection reaction of 5b with a-N-CDs.

0,07 -

—a—5b
i —e—6
0,06 - . e, AT
j —v—8b
0,05 4 —&— Mass balance
0,04 -
0,03
0,02 -
P S
0:00 T T 7 |_ T T T T T 1
0 10 20 30 40 50

Time (h)

Figure A81. Concentration profiles of reagent and products in the photodeprotection of 5b.
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Figure A82. Evolution of the photodeprotection reaction of 5b with 100mg of a-N-CDs and without

EDTA.
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Figure A83. Concentration profiles of reagent and products in the photodeprotection of 5b with

100mg of a-N-CDs and without EDTA.
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Figure A84. Evolution of the photodeprotection reaction of 5¢ with a-N-CDs.
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Figure A85. Concentration profiles of reagent and products in the photodeprotection of 5c.
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Figure A86. Evolution of the photodeprotection reaction of 5¢ with 100mg of a-N-CDs and without
EDTA.
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Figure A87.Concentration profiles of reagent and products in the photodeprotection of 5¢ with
100mg of a-N-CDs and without EDTA.
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