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Synthesis and Applications of Amino-Functionalized Carbon
Nanomaterials

Marina Garrido, Lorenzo Gualandi, Simone Di Noja, Giacomo Filippini, Susanna Bosi and Maurizio
Prato

Carbon-based nanomaterials (CNMs) have attracted considerable attention in the scientific community both from a scientific
and an industrial point of view. Fullerenes, carbon nanotubes (CNTs), graphene and carbon dots (CDs) are the most popular
forms and continue to be widely studied. However, the general poor solubility of many of these materials in most common
solvents and their strong tendency to aggregate remains a major obstacle in practical applications. To solve these problems,
organic chemistry offers a formidable help, through the exploitation of tailored approaches, especially when aiming at the
integration of nanostructures in biological systems. According to our experience with carbon-based nanostructures, the
introduction of amino groups is one of the best trade-offs for the preparation of functionalized nanomaterials. Indeed, amino
groups are well-known for enhancing the dispersion, solubilization, and the processability of materials, in particular of CNMs.
Amino groups are characterized by basicity, nucleophilicity, and formation of hydrogen or halogen bonding. All these
features unlock new strategies for the interaction between nanomaterials and other molecules. This integration can occur
either through covalent bonds (e.g., via amide coupling) or in a supramolecular fashion. In the present Feature Article, the
attention will be focused through selected examples of our approach to the synthetic pathways necessary for the
introduction of amino groups in CNMs and the subsequent preparation of highly engineered ad hoc nanostructures for

practical applications.

1. Functionally engineered nanomaterials: a
background

Nanoscience is an intersectorial discipline rooted in the fields of
physics, chemistry, biology, medicine and engineering. The
principal aim of this branch of science is to develop new
materials at the nanoscale (in the size range of about 1-100 nm).
Their controlled and precise manipulation both at the atomic
and molecular level, allows to convey novel properties and
features, which can be dramatically different from their
corresponding bulk counterparts, i.e., thermal, electrical,
mechanical properties. For this reason, in the last decades, the
interest in the field of nanotechnology has kept increasing.
point of view, nanotechnological
investigations help better understand several phenomena that

From an academic
occur in the gap between atoms and bulk materials. Besides, the
vast and versatile library of nanomaterials has the potential to
find solutions to several urgent problems related to, e.g.,
healthcare, energy storage, environment and many others.!
This can be accomplished also because nanomaterials have
deep evolution,
complexity.2 Nanomaterials can be divided into different

witnessed a gaining more and more
families. Historically, we can distinguish four generations: the
first and the second generation consist respectively in passive
and active nanostructures. Within the first category, coatings
and additives usually used in paints are found. These materials
are also used in cosmetic applications. The second generation
involves, for instance, electronic devices, sensors, drugs, and
chemical delivery systems. The third generation is based on
nanosystems in which multiple nanomaterials are assembled to
complementarily exploit their properties in the new hybrids.
Finally, the fourth generation consists of heterogeneous
molecular nanosystems, where every component is engineered
to have a specific goal.2 Nanomaterials can be also classified
according to their physicochemical properties or the most

abundant element within their structures. In this framework,
carbon-based nanomaterials (CNMs)
attention of the scientific community due to their features and
diversity. Indeed, CNMs show a wide heterogeneity in structure,
morphology, and physicochemical properties.3 In the present
Feature Article, we will focus on this broad family of
nanomaterials and the introduction of amino groups onto their
surface. In this context, a strong emphasis will be given on the
multiple applications of these newly prepared amino-
functionalized CNMs.

have attracted the

1.1. Carbon nanomaterials

Carbon-based nanomaterials (CNMs) have played a major role
in the field of nanotechnology. Indeed, the discovery of
fullerenes in 1985 represented a breakthrough in the study of
nanomaterials. Fullerenes, the first molecular carbon
allotrope,* are deeply different from other allotropic forms of
carbon, namely graphite and diamond. Indeed, Cg is the first
molecular CNM made only of a discreet number of carbon
atoms. After the identification of fullerenes, new carbon-based
nanoforms have been welcomed in the CNMs family: from
carbon nanotubes (CNTs)>® to graphene;’ and, more recently,
with the advent of carbon dots (CDs).®2 The aforementioned
CNMs are the most common, though more exotic nanoforms
can be considered too, from carbon nano-onions to carbon
nanohorns, nanocones, and nanodiamonds.3 During recent
years, CNMs have gained the limelight of the scientific scene
due to their interesting physicochemical properties. However, a
major drawback of CNMs in their pristine form is their difficult
manipulation and strong tendency to aggregation in most
common solvents.? Importantly, the features of these carbon-
based nanostructures can be easily designed and fine-tuned
through the chemical functionalization of their surfaces,
improving their solubility and allowing their employment in
different technological applications. Chemical functionalization



is also important to alleviate the potential toxicity of CNMs. We
demonstrated, in fact, that pulmonary toxicity of pristine, long
CNTs can be lifted by suitable functionalization, which allows
disentangling of the long ropes and improves dispersibility in
water and biological media.1?

It is worth to mention that every CNM presents a different
chemical reactivity based especially, though not only, on the
pyramidalization degree of their sp? carbon atoms.1112 |n
general, the reactivity is dependent on the curvature of the
carbon nanostructure: the more is the surface curved, the more
is the system prone towards addition reactions. A separate
comment is reserved to graphene, whose edges are usually
considered relatively reactive sites.13 However, the scale of
reactivity takes into consideration fullerenes as the more
reactive, followed by CNTs and then graphene.

Our group has dedicated its main efforts in the chemical
functionalization of the carbon nanoforms, with the scope of
transforming CNMs into species resembling simpler organic
derivatives. In doing this, the creation of moieties including a
pendant amino group has been one of the keys towards the
preparation of novel functional materials, aiming at practical
applications (Figure 1).

Carbon-Based Nanomaterials Bearing Surface Amino groups

Figure 1: Chemical structures of valuable CNMs bearing surface
amino groups. These structures represent very useful intermediates
for the preparation of more complex systems.

The first transformation of fullerene into fulleropyrrolidine was
carried out in our group nearly thirty years ago.* The
functionalization of fullerene has paved the way to a multitude
of amino-functionalized CNMs. In the present Feature Article,
the attention will be focused on the strategies developed in our
group for the introduction of amino groups in CNMs and the use
of this group for the preparation of highly engineered ad hoc
nanostructures for practical applications.

2. Importance of amino groups to convey new
properties to nanostructures

The covalent functionalization of CNMs is based on the
introduction of new chemical groups on their surface via
common chemical reactions. In particular, the introduction of
amino groups is one of the best trade-offs for the preparation

of functionalized nanomaterials. Although other kinds of

functional moieties can be introduced on carbon
nanostructures, e.g., carboxylic acid groups, amine chemistry
has outmatched all of them thanks to a series of benefits they
can confer to the material. Amino groups are highly versatile
chemical functionalities, known for their peculiar electronic and
physical characteristics, which deeply impact their chemical
properties. The electron-donating properties of amine
derivatives lead to the formation of metal complexes with
amino-functionalized CNMs.?> The nitrogen lone pair allows
amines to have supramolecular interactions, forming hydrogen
and halogen bonds: this property is convenient in the field of
sensing and catalysis.1®17 Amino groups can undergo several
chemical transformations due to their nucleophilic nature. This
feature can be exploited for reactions with various electrophilic
moieties, including aldehydes, acyl halides, and
iso(thio)cyanates. Moreover, reaction with carboxylic acids can
be used to form amide bonds. All these reactions are of pivotal
importance for the connection of CNMs with relevant
biomolecules, like peptides and proteins, fluorescent moieties
and pharmaceutical drugs.'®1® Moreover, protective groups —
i.e. tert-butyloxycarbonyl (Boc), phthalimide (Pht) and many
others — can be introduced on amines to prevent their reaction
with other susceptible functional moieties. This approach is
particularly useful in multistep syntheses and the development
of nanomaterials with different types of functionalities.?°
Another property of amines is their intrinsic basicity, which
makes them protonated and effectively charged at acidic and
neutral pHs. Stable positive charges (quaternary ammonium
cations) on the surface of CNMs can be achieved via
nucleophilic substitution with alkyl halides. The charge
complementarity is an effective method for the conjugation
with other molecular entities via supramolecular interaction.2!
In any case, ammonium cations are well-known for enhancing
the dispersion and solubilization of these CNMs in aqueous
media, leading to easier manipulation and processibility.?

2.1. Quantification of nanomaterial-bound amino groups

For the purpose of this Feature Article, it is convenient to recall
the techniques generally employed for the characterization of
CNMs and in particular those used for the identification and
quantification of amino groups onto their surface. To this end,
various approaches can be used, frequently in combination with
other strategies. Spectroscopic are
preferred, but direct evidence of successful functionalization

techniques always
with amino groups might not be as simple. Of course, each
strategy suffers some limitations. Nuclear Magnetic Resonance
(NMR) is a functional technique routinely used in every
chemistry laboratory. However, NMR spectroscopy often
presents some limitations when analyzing nanomaterials,
especially due to their poor solubility in any solvents and to their
non-homogeneous nature.?2 To obtain detailed information on
the functionalization of CNMs other spectroscopic techniques
. Among them, Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), UV-Vis and infrared
spectroscopy (IR) are often employed. Raman spectroscopy is a
powerful tool for the characterization of CNTs and graphene.
This technique allows to obtain structural information about

can be used



these materials. Their Raman spectra present three
characteristic bands: D band (~ 1350 cm-l, associated with
carbon atoms with sp? hybridization, meaning defects), G band
(~ 1580 cm, associated with carbon atoms with sp?
hybridization) and 2D band (~ 2500-2900 cm). The ratio of the
D and G band intensities (Ip/ls) allows to estimate the number
of defects present in the materials, and therefore to determine
if their covalent functionalization has taken place successfully.23
XPS is also a useful technique to determine and quantify the
elemental composition of CNMs. The emission of
photoelectrons, with different intensities and binding energies,
from the sample surface allows to obtain information about its
chemical composition.?* Besides, UV-Vis and IR spectroscopies
are valuable techniques used to confirm the derivatization of
CNMs if the functional groups introduced present characteristic
bands. However, these spectroscopic analyses typically provide
qualitative information.?> On the other hand, microscopy
techniques enable to observe if the covalent functionalization
of CNMis lead to considerable modification of their morphology
(e.g. dimensions, aggregation state and functionalization with
contrast marker agents).2® Thermogravimetric analysis (TGA) is
also a very useful tool for the quantification of the
functionalization degree of CNMs. Other methodologies for the
identification and detection of amino groups take advantage of
their reactivity. This is, unfortunately, highly dependent on the
kind of amine. The simplest strategy for the quantification of
amino groups would be an acid-base titration.?” Of course this
case is not practicable, especially in the presence of other basic
functional groups. In the best scenario, the detection of amines
is subjected to the formation of colored derivatives that can be
identified via spectrophotometric analysis, namely the reaction
with  4-nitrobenzaldehyde,?®  N-hydroxy-phthalimide?® or
ninhydrin. A variant of the reaction with the latter reagent is
often known as the Kaiser test. Kaiser test is a commercially
available analysis kit, routinely performed during the synthesis
of peptides. It is carried out by the addition of three different
solutions (ninhydrin in ethanol, phenol in ethanol, and KCN in
pyridine) to a small portion of the sample. The mixture is heated
at 100°C for 5 minutes to afford a colored product known as
Ruhemann’s purple.3° This test is selective for the detection of
primary amines with at least one proton on the a carbon atom.
The molecular structure of the reaction product is independent
on the starting amine, allowing a reliable quantification.
However, it should be noticed that some amino acids (i.e.
proline, asparagine, aspartic acid or serine) do not provide a
clear result.31 As extensively reported by our group, the Kaiser
test can be reliably performed for the detection of amines onto
nanostructures, particularly for CNMs.2032.33 However, this test
has some restrictions too, because hindered amines attached
onto nanomaterials may not be detected, due to matrix effects.
Therefore, the Kaiser test should be considered as a semi-
quantitative test, due to its selectivity for primary amines and
for the presence of matrix effects, leading to underestimation
of the total number of amines.

2.2. Fullerenes

Fullerenes are members of the family of carbon allotropes,
which were discovered by Kroto et al. in 1985.4 The smallest
fullerene analogue is Cgo, constituted solely by 60 sp?-hybridized
carbon atoms arranged in a soccer-like spherical shape. The
carbon atoms form a truncated icosahedron, composed of 60
vertices and 32 faces, 20 of which are hexagonal and 12
pentagonal (Figure 2). Fullerenes serendipitously
discovered while performing the laser-assisted vaporization of
a rotating graphite disk under high helium pressure.* Although
they were first synthesized in an artificial setup, fullerenes were
later found to be naturally occurring in minerals34 and also in
outer space.3> Higher homologues, like C7o, Cgo and others are
also known and widely studied.36

were

Figure 2: Depictive model for the chemical structure of Ceo.

2.2.1. Synthetic pathways for fullerene functionalization with
amino groups

Since their discovery, fullerenes have had a strong impact on
chemistry, physics and materials science, owing to their unique
properties.3” Originally, the biological applications of these
carbon nanostructures was difficult, due to their intrinsic poor
solubility in aqueous media. In this context, their derivatization
with amino groups represented a major breakthrough for their
exploitation, allowing also to convey new and unprecedented
features to this substrate.3® One example of functionalization of
CeoWith amino groups was reported by our group in 1993, when
the 1,3-dipolar cycloaddition of azomethine ylides, already used
for the reaction with olefins,3® was successfully transferred to
Ceo.1* In this work, sarcosine was allowed to react with
formaldehyde to produce an iminium ion intermediate that,
upon thermal decarboxylation, led to the formation of the
reactive azomethine ylide la. Its reaction with Cg yielded
fulleropyrrolidine 1a in good vyield (41%, 82% based on Cgo
conversion, Figure 3a). Remarkably, a wide variety of fullerene
derivatives with the general structure of 1 (Figure 3a, light blue
box) can be easily obtained through the rational choice of the
amino acids and carbonyl compounds (aldehydes or ketones),
showing both the versatility and robustness of this
approach.33:3> Besides, by the appropriate fine-tuning of the
reaction conditions, it is also possible to obtain amino-
functionalized bi- and poly-adducts.#42 Higher Cso homologues
(e.g., C70) can be effectively derivatized by this methodology.*3
Later, in 2006, this addition was found to be thermally
reversible. Indeed, in the presence of a strong dipolarophile like
N-phenylmaleimide and a metal catalyst like Wilkinson’s
catalyst, pristine Cgo can be obtained from substituted
fulleropyrrolidines upon cycloelimination of the pyrrolidine
moiety.* The retrocycloaddition of azomethine ylides was
found to be facilitated by the use of ionic liquids also in the
absence of a metallic catalyst.*>



Addition of Azomethine Ylides to Fullerenes

(a) Addition of Azomethine Ylides to Cgg. Ref. 14
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Figure 3: a) schematic representation of the azomethine ylide 1,3-
dipolar cycloaddition on Cg, general structure of a fulleropyrrolidine
monoadduct (light blue box); b) some notable fulleropyrrolidines
derivatives. Fmoc: Fluorenylmethyloxycarbonyl protecting group.

Optically pure chiral fulleropyrrolidines and fulleroprolines
were prepared and characterized through circular dichroism
(CD) spectroscopy.#647 Owing to the presence of a Cotton effect
in the CD spectra, it was possible to assign the absolute
configuration to the fullerene derivatives.

In 2009, the possibility to control the stereochemistry of
functionalized fulleropyrrolidine was demonstrated. It was
achieved via metal-catalyzed 1,3-dipolar cycloaddition, allowing
the authors to achieve remarkable control of the
stereochemical outcome of the reaction.*® This approach
represented a breakthrough for the development of numerous
catalytic protocols for the enantioselective functionalization of
fullerenes, thus leading to the production of a wide variety of
chiral fullerene derivatives with high site and regioselectivity.*°-
53 These optically active materials have found applications in
fields where chirality is an essential aspect, such as medicinal
chemistry and nanobiotechnology.>* During the course of the
years, several other methods have been reported for the
derivatization of fullerenes, affording derivatives with the
general structure of 1, such as the photochemical reaction of
tertiary amines with Cgo,°> the desililation of trimethylsilylamino
derivatives by thermal or acid-catalyzed mechanisms>%57 and
the ring-opening of aziridines,’* among others.>® Another
notable example of fullerene derivatization, which allows the
successive introduction of amino groups, is the Bingel-Hirsch
reaction. This reaction involves a malonate derivative in the
presence of a base and carbon tetrabromide (CBr4) in toluene
to afford substituted methanofullerenes.>?

Usually, most of the aforementioned reactions are carried out
in toluene or benzene, which are apolar and toxic solvents used

to effectively solubilize fullerenes. Alternatively, the
exploitation of ionic liquids (ILs) as reaction media may be
considered as a convenient and eco-friendly alternative to these
solvents. Indeed, in 2009, our group studied the effect of ILs on
the cycloaddition of azomethine ylides (1) to Cgo in combination
with microwave (MW) irradiation. In a 3:1 mixture of o-
dichlorobenzene (0-DCB) and 1-methyl-3-n-octyl imidazolium
tetrafluoroborate, fulleropyrrolidine can be
obtained in less than ten minutes with a conversion up to 98%.%°
It is worth to mention that it is possible to produce selectively
either mono- or poly-adducts by the proper tuning of Ceo
concentration. Interestingly, in bare ILs the reaction does not

proceed, due to the high polar nature of these media.

derivatives

Moreover, this feature of |ILs can facilitate the
retrocycloaddition of fulleropyrrolidine (1) to Ce, as it was
mention  previously.> Under these conditions, the

retrocycloaddition is fast and clean and works with a variety of
fulleropyrrolidines.

The presence of amino groups covalently linked to fullerenes
allows to exploit their chemistry for further functionalization
and subsequent applications. In addition, alkylation of the
pyrrolidine nitrogen can be achieved, affording the
corresponding fulleropyrrolidinium salts, though the nitrogen in
fulleropyrrolidines is less basic and less reactive.® This synthetic
strategy has been widely used for the modulation of the
electrochemical properties®2%* and the solubility of these
nanostructures.5>

2.2.2. Applications of amino-functionalized C¢o derivatives

The abovementioned synthetic strategies have allowed many
research groups to functionalize Cgo in many different ways and
enabling its use in a wide range of applications. For instance we
have shown how Cgp could be introduced in the lateral chain of
an a-amino acid, resulting in the non-natural amino acid 1b
(Figure 3b). The product was obtained by condensation of the
terminal amino group, introduced on the Cg with the 1,3-
dipolar cycloaddition of azomethine ylide, with N-Fmoc-L-
glutamic acid tert-butyl ester.56 The resulting non-natural amino
acid 1b was then incorporated in peptides via solid-phase
synthesis.®” These non-natural peptides were characterized by
a good antimicrobial activity, with selectivity towards the Gram-
positive bacteria S. Aureus and with a minimal inhibiting
concentration (MIC) as low as 8-16 uM, albeit a residual
hemolytic activity was observed. This antimicrobial activity has
been attributed to an increased ability of these synthetic
peptides to interact with the cytoplasmatic membrane of Gram-
positive bacteria conferred by the fullerene moiety. The
introduction of amino groups in its structure provided fullerene
Ceo With novel and unprecedented properties, among them,
solubility in agueous media (up to 102 M in some examples)®8
that enabled its use in fields like medicinal chemistry. As an
example, the anti-HIV (human immunodeficiency virus)
properties of the Cg scaffold were already known. The
pioneering studies in the field, carried out by Wudl and
Friedman, demonstrated how the viral protease can be
effectively inhibited, thus resulting in antiviral activity.®® Further
investigations on this topic carried out by our group resulted in



a study where we described the synthesis of di-cationic
fullerenes, obtained by alkylation of the pyrrolidine nitrogen of
fulleropyrrolidine bis-adducts with methyl iodide. The
corresponding pyrrolidinium salts used in this work enlightened
how the regiochemistry of these derivatives influences not only
their activity as HIV protease inhibitors with high CCso/ECso
ratios, but also how it confers selectivity between two different
strains of HIV, namely HIV-1 and HIV-2. Moreover, the trans-4
stereoisomer was observed to have a five-fold increase in
activity against HIV-1 protease compared to the other

isomers.”0 The same cationic bis-N,N-
dimethylfulleropyrrolidinium salts were also studied as
inhibitors of the acetylcholinesterase enzyme. Both

computational and experimental studies evidenced how Cgp can
fit in the active pocket of the enzyme. The inhibition of the
enzyme was a non-competitive process with affinity constants
in the micromolar range, making these cationic fullerene
derivatives interesting candidates also for the modulation of
acetylcholinesterase activity.”? Polycationic fullerene
derivatives were also evaluated as gene transfection agents, as
shown by the pioneering work reported by Nakamura et al. This
group synthesized a di-cationic fullerene and studied its ability
to interact with deoxyribonucleic acid (DNA) and to act as a
carrier to mediate cell internalization. The application of this
fullerene derivative was however hampered by solubility issues,
polar and toxic solvents like dimethylsulfoxide (DMSO) and N,N-
dimethylformamide (DMF) had to be added to help the
solubilization of the carrier.”? This concept was further
developed by us, when we carried out the synthesis of a
polycationic fullerene derivative. This derivative showed a
strong interaction with plasmid DNA with an association
constant of 7.74 x 108 M-* and good results in cellular uptake
tests.”?

Amino-derivatized fullerenes have also been used in several
applications belonging to other research fields like catalysis.”* A
chiral amino-functionalized Cgo was used for instance as m-acid
catalyst for the Diels-Alder reaction between hydroxypyrone
and maleimide derivatives in deuterated chloroform (CDCls),
achieving good diastereoselectivity between the exo/endo
products (ratio of exo/endo = 0.56 with 55% enantiomeric
excess of the exo product).”> In another example of asymmetric
organocatalytic transformation, the optically active fullerene-
trityl pyrrolidine hybrid 1c (Figure 3b) was used for the
asymmetric addition between derivatives of dimethyl malonate
and cinnamaldehyde with an excellent conversion (up to 90%
yield) and enantioselectivity (up to 94%). The recyclability of this
catalyst, conferred mostly by the fullerene moiety, was also
demonstrated. After six catalytic cycles, only a minor loss of
catalytic performance was observed, with unaltered
enantioselectivity.’®

Many applications of fullerenes functionalized with the 1,3-
dipolar cycloaddition in energy related fields have been
reported, mainly because of the excellent optoelectronic
properties of the carbon sphere.”” C¢o has a favorable band-gap
(2.3 eV in the solid state) and an n-type material character:78
because of these features this scaffold was extensively used in
the fabrication of photovoltaic devices.”® Guldi et al. reported
the synthesis of a tetrafullerene array, in which N-octyl

functionalized fulleropyrrolidines are linked by a m-conjugated
light-absorbing oligomeric central core.8° By blending this
material with poly(3-hexylthiophene) in a 1:1 ratio they were
able to fabricate a glass supported device with an external
quantum efficiency of 15%. In another example, a cationic
fullerene was instead used to form a supramolecular adduct via
electrostatic interactions at the air-water interface of a
Langmuir film with negatively charged, water-soluble carbon
dots (CDs), a carbon nanomaterial that we will discuss more in
detail in section 2.5. This film was transferred on an indium
doped tin oxide glass (ITO) substrate by using the Langmuir-
Schaefer method?®! and the performances of the so obtained
device were tested. Although the devices showed a low short
circuit current (21.8 pA/cm) and incident photon to current
efficiency (IPCE) of 0.35%, this represents a proof of concept
that opens relevant perspectives in the fabrication of all-organic
solar energy conversion systems based on the interaction
between two different carbon nanomaterials.82 This last
example clearly indicates how achieving a supramolecular
control of the spatial arrangement of the components in a
system is a key aspect to fine-tune its characteristics.
Fullerenes were also found to be a very interesting scaffold in
supramolecular chemistry.83 In this context, we have reported
how dibenzylammonium functionalized fullerenes, obtained
through the Bingel protocol, can form [2]- and [3]-
pseudorotaxanes with dibenzo-[24]-crown-8-ether derivatized
porphyrins. Interestingly, the supramolecular assemblies
showed enhanced third-order non-linear optical properties
(NLO) compared to the sum of those of the separate
components. These emerging features can be modulated by the
variation of the protonation state of the dibenzylammonium
recognition site upon the addition of a base, allowing to switch
the system between two “on-off” states.8

Because of its intrinsic bulkiness, fullerene is an ideal stopper
unit for the synthesis of mechanically interlocked molecules
(MI1Ms).8> We have synthesized several rotaxanes containing Ceo
as stoppering unit. In this work, we have synthesized axle 1d
(Figure 3b), consisting of a fulleropyrrolidine bearing a glycolic
chain with a terminal amino group that was condensed via an
amidation reaction with diphenylacetylglycine, which
represents the other stoppering unit. The resulting interlocked
structure, obtained with this axle and a ferrocene functionalized
macrocycle, exhibited a stimuli-responsive bistable behavior,
allowing the modulation of the photoinduced electron transfer
between fullerene and ferrocene.8 In a similar rotaxane, but
without the ferrocenyl moieties, the position of the macrocycle
is capable to allosterically induce a selectivity in the position of
introduction of a second pyrrolidinic group, resulting from a
second cycloaddition to the fullerene stopper.8?

2.3. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) can be considered rolled graphitic
sheets forming cylinders with lengths of micrometers and
diameters up to 100 nm. These carbon nanostructures can be
classified in single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTSs), depending on the
number of concentric tubes that compose the material (Figure



4).5.688 |t is worth to mention that in the case of SWCNTs, their
electrical properties are determined by the way the graphitic
sheet is rolled up. Depending on the arrangement of the
hexagonal rings along the tubular surface, these CNTs can be
metallic or semiconducting.8® Due to their extraordinary
mechanical, electrical and thermal features,?® CNTs have been
employed in several nanotechnological applications, such as
fillers in polymer matrixes, solar and fuel cells and (bio)sensors,
among others.?%92 However, one of the major drawbacks of
CNTs is the formation of aggregates or bundles as a
consequence of their intertube forces, making difficult their
suspension in solvents and their manipulation for diverse
purposes. To overcome this problem, the surface modification
of CNTs is necessary, exploiting their chemical derivatization by
distinct methodologies.?3:24

Figure 4: Depictive models for the chemical structure of SWCNT (left)
and MWCNT (right).

2.3.1. Synthetic pathways for CNTs functionalization with amino
groups

The covalent functionalization of CNTs by a few organic
reactions improves the dispersion in several solvents and allows
the attachment of diverse functional groups, especially amino
groups. In 2001, Tour and coll. developed a novel and efficient
method for the functionalization of small-diameter SWCNTs (2,
ca. 0.7 nm) exploiting the reactivity of aryl diazonium salts
(Figure 5a).%> The diazonium salts employed in the modification
of pristine SWCNTs (p-SWCNTs) were synthesized from the
corresponding  aniline  derivatives using  nitrosonium
tetrafluoroborate (NOBF,4). The reaction of the aryl radicals (ll),
formed by the electrochemical reduction of the aryl diazonium
salts, with the surface of the SWCNTs produced the
functionalized materials 3 (f~SWCNTs). The same group has
found that this approach works also when p-SWCNTs are
directly treated with the aryl diazonium salts under moderate
thermal conditions®® or when the diazonium species are
generated in situ (Figure 5b and 5c).9798 |n all cases, the
functionalization degree seems to depend on the nature of the
para-substituent (R) of the aniline derivative.

Functionalization of Carbon Nanotubes with Aryl Diazonium Salts: Tour Reaction

(a) Electrochemical Tour Reaction. Ref. 95

Electrochemical
R,
NOBF, @'g Reduction O 2
ALY —_
H,N -30°C N &
N7

ch2 n

Reactive Radicals

Diazonium Salts

Aniline Derivatives

Q e.g. alkyl, acids, amides,
esters, halogens, -NO, F-SWCNTs

FMWCNTs

p-SWCNTs
p-MWCNTs

(b) Thermal Tour Reaction: Redox Mechanism. Ref. 96

Diazonium Salts

p-SWCNTs
p-MWCNTs

~-SWCNTs

@ e.g. alkyl, esters, halogens, -NO, ~MWCNTs

(c) Thermal Tour Reaction: Isoamy! Nitrite-Mediated Mechanism. Ref. 97

+ Aniline
Derivatives

\(\,ouo

Isoamy! nitrite

-SWCNTs
FMWCNTs

p-SWCNTs
p-MWCNTs

Proposed Reaction Mechanism, ref. 98

Q e.g. alkyl, esters, halogens, -NO,
R,
@
. R
R NH N:N O :
e, Y o o
+ - N >

\r\,ouo P "

\|/\/0 \r\/o/
Diazoethers Reactive Radicals

Figure 5: Different approaches to the arylation reaction on CNTs.

In 2002, our group reported a versatile functionalization
method based on the 1,3-dipolar cycloaddition of azomethine
ylides (I), generated in situ by the condensation of a-amino
acids and aldehydes.? The obtained f-CNTs 9 were suspendable
in most organic solvents, such as chloroform, acetone,
tetrahydrofuran (THF), and even in water (Figure 6). Indeed,
utilizing the 1,3-dipolar cycloaddition, f~CNTs 9d and 9e (Figure
6) can be obtained. The deprotection of the amino groups and
the presence of hydrophilic chains allow the dispersion of these
CNTs in aqueous media.l’® Moreover, these amino-
functionalized CNTs are suitable for subsequent covalent or
non-covalent derivatization with many (bio)molecules.18

It is worth to mention that making use of these two
functionalization approaches (Figure 5 and 6), in principle, any
moiety could be attached to the surface of SWCNTs and
MWCNTSs in an easy way.101



Addition of Azomethine Ylides to Carbon Nanotubes
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Figure 6: 1,3-dipolar cycloaddition of azomethine ylides to CNTs.

In the attempt to improve the control of the functionalization
of CNTs, several alternative approaches have been developed in
the past years in order to simplify and scale-up the process. The
employment of solvent-free conditions92 and MW irradiation
allows the functionalization of CNTs in shorter times and the
scale-up of the reaction.193 The introduction of more than one
functional group by multiple reactions is a powerful tool that
may confer several new properties to the materials at the same
In 2008 in order to optimize the double
functionalization protocol, we devised a novel synthetic
methodology based on the functionalization of CNTs using both
the 1,3-dipolar cycloaddition of azomethine ylides and the
radical addition of diazonium salts.197 In this approach, both
treatments occur via a simple and fast MW-induced method
that allows reducing the reaction times with respect to the
original conditions.?%198 We also observed that the change in
the order of reactions influences the functionalization degree of
the 1,3-dipolar cycloaddition. This observation permits the
control of the quantity of different functional groups attached
to the surface of CNTs. Following this concept of multi-
functionalization strategy, the attachment of three different
active groups in one step employing the arylation reaction was
reported in 2011 (Figure 7).2° The presence of three different
protecting groups in the benzylamine moieties allows their
specific and sequential removal. This approach allows to bind
three different molecules of interest in a controlled manner on
the surface of CNTs.
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One-pot Trifunctionalization of Carbon Nanotubes
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Figure 7: One-pot triple functionalization of CNTs.

Other versatile and reliable methods for the covalent
functionalization of CNTs have been reported. One notable
example, reported by Tour et al, is their functionalization
employing ILs as reaction medium.10 In 2005, they showed that
grinding SWCNTs with a variety of diazonium salts, in the
presence of a base, afforded f-CNTs. Following this approach,
we studied the effect of ILs on the functionalization of SWCNTs
in combination with MW irradiation.
observations made by using Cgo as a substrate, we found out
that the cycloaddition of azomethine ylides to CNTs can be
carried out in bare IL, yielding from good to excellent
functionalization degrees.® In addition, also in this case, we
have observed that the use of o0-DCB as co-solvent highly
improves the derivatization of SWCNTs. Within this context, we
have also studied how ILs impact on the functionalization
degree of this material, thus exploring different reaction
conditions.110 Remarkably, ILs along with MW irradiation favor
the high surface functionalization of SWCNTs at short reaction
times, but hamper it at longer times. In both cases, the f-CNTs
were characterized via Raman  spectroscopy and
thermogravimetric analysis. Another example is the
functionalization of CNTs with disulfide derivatives (aliphatic
and aromatic) allowing the introduction of different amino
moieties.111.112 The reaction occurs under an inert atmosphere
at reflux in toluene for 48 hours. A possible initial stage for the
reaction could be the homolytic cleavage of the weak sulfur-
sulfur bond. The resulting thiyl radicals then would attack the
surface of CNTs.

In contrast with the

2.3.2. Applications of amino-functionalized CNTs derivatives

The major difficulty in the integration of these nanostructures
into biological systems was their poor solubility in aqueous
media. The employment of the azomethine ylide 1,3-dipolar
cycloaddition reaction allows the functionalization of CNTs with
free amino groups that improve their dispersion in water, as
mention above. These amino groups can be modified with
several biomolecules,1 e.g., leading to delivery systems of
different therapeutic agents such as peptides,19113 nucleic acids
(nucleotides, DNA or RNA)8114-117 or small molecules



(anticancer, antibacterial or antiviral agents).11811% As an
example, in 2005, making use of the double functionalization
strategy, a fluorescent probe (fluorescein) and an antibiotic
moiety (amphotericin B) were linked to MWCNTSs, after the
selective removal of two different protective groups (Figure
8).120 Cell uptake of fFMWCNTs 12 was confirmed by
epifluorescence and confocal microscopy. Furthermore, it was
observed that the toxic effects of amphotericin B on
mammalian cells were reduced when the drug was bonded to
MWCNTs, while its high antifungal activity was preserved.

Due to their electrical conductivity, mechanical strength, and
flexibility, CNTs are promising materials for the interaction with
electrically active tissues, such as neuronal and cardiac tissues.
Indeed, pristine CNTs have been employed as two-dimensional
(2D) scaffolds for the growth of neuronal networks and
cardiomyocytes.121.122 Both types of cells grown onto these

scaffolds present an increase in their electrical activity.
Carbon Nanotubes Containing both Fluorescein and Amphotericin B
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Figure 8: Double functionalized MWCNTs with a fluorescent probe
and an antifungal agent.

Focusing on the case of neurons, we investigated how the
functionalization of CNTs modifies the ability of the 2D scaffolds
to boost neuronal growth and communication. For this purpose,
in 2016, MWCNTs were functionalized employing the 1,3-
dipolar cycloaddition of azomethine ylides and the arylation
with diazonium salts.?23 It was observed that, both the
functionalization degree and the nature of the side chain
attached to the surface of MWCNTs affect the electronic
properties of the scaffolds and therefore modify the synaptic
activity of neuronal cells. More extensive functionalization
degrees compromise the interneuronal communication, which
is kept intact in the case of light functionalization degrees.

The construction of 3D scaffolds allows to mimic the complexity
of the neuronal and cardiac tissues and to study how the 3D
morphology affects the growth and activity of these cells. We
developed a micro-porous, self-standing, elastomeric scaffold
made by polydimethylsiloxane, in which CNTs are entrapped.12*
In the case of neurons, the 3D scaffold further improved the
efficiency of neurons and neuronal connections with the
synchronization of their activity. In the case of cardiomyocytes,
their viability, proliferation, and maturation were enhanced by
the 3D scaffold.12>

The functionalization of CNTs allows the development of 3D
scaffolds as injectable gels for cardiac tissue engineering

perspectives. Also, in this case, the viability, proliferation, and
maturation of cardiomyocytes were improved.126

The functionalization of MWCNTs with the Gd3* chelating agent
diethylene pentaacetic (DTPA) and the
subsequent formation of the Gd-MWCNTs conjugate yields very

triamine acid
stable and efficient platforms for Magnetic Resonance Imaging
cellular probes, with a relaxivity of 6.61 sTmM-1, that is not
quenched when Gd-MWCNTs are internalized by the cells
employed in the study. This result is a significant advantage over
other Gd-based nanoparticles, where a strong quenching is
observed.1?7

The molecular recognition of flavins (cofactors of flavoproteins
and active sites in redox catalytic processes) by a receptor is
important in the development of sensors and also in the
improvement of chemical models to understand the role of the
non-covalent interactions in enzymatic processes. In this
regard, CNTs have been modified with two different functional
groups (p-tolyl and triazine) using the radical addition of aryl
diazonium salts, with the aim to study the differences in the
interaction with riboflavin between the two motifs.1® In both
cases, the -1t interactions of riboflavin with the walls of CNTs
are inhibited by the presence of the functional groups, so the
differences between both systems are due to the different kinds
of interactions. It was determined that the recognition of
riboflavin is better in the case of CNTs functionalized with
triazine moieties, due to the ability to form hydrogen bonds. In
addition, the results of the electrochemical studies reveal that
these f~-CNTs are promising platforms for the design of flavin
receptors.

Carbon Nanotube-Polyamidoamine Dendrimer Hybrids for Heterogeneous Catalysis
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Figure 9: PANPs-SWCNTSs catalysts for C-C cross-coupling reactions.

CNTs are also useful scaffolds in heterogeneous catalysis.128
Efficient and stable nanostructured oxygen-evolving anodes
were developed for efficient water oxidation.1?® These
nanostructures are fabricated by the electrostatic interactions
oxygen-evolving charged
polyoxometalate (POM) cluster’3® and positively charged
dendron-MWCNTs. These f-MWCNTs were synthesized by a
series of alkylation reactions between amino-functionalized
MW(CNTs with glycidyltrimethylammonium chloride, and/or with
a mixture of acrylate and ethylenediamine.116

between an negatively



CNTs can be also employed as heterogeneous catalysts in
organic reactions. We reported an efficient palladium-
supported catalyst for Suzuki and Heck reactions (C-C cross-
coupling reactions) (Figure 9). In this case, SWCNTs were
functionalized with polyamidoamine dendrimers (PAMAM) by
the direct reaction between SWCNTs and disulfide derivatives
and subsequently, the palladium nanoparticles (PdNPs) were
immobilized by an “in situ” strategy.131 Two different
nanomaterials, 13a and 13b, with two different sizes of PANPs
were obtained, and it was determined that the SWCNTSs loaded
with the smaller PANPs presented better catalytic performances
for both coupling reactions. This nanocatalyst presents a high
turnover number and turnover frequency and can be recycled
up to six times.

2.4. Graphene

Graphene is a monolayer of sp? hybridized carbon atoms
arranged into a two-dimensional honeycomb structure with
dimensions ranging from a few hundred nanometers to tens of
micrometers (Figure 10).7:132

Figure 10: Depictive model for the chemical structure of graphene
monolayer.

Different types of graphene-based materials can be defined
according to the number of layers, their dimensions, and the
amount of oxygen present in the structure.133 Due to their
unique characteristics, graphene materials have been applied in
a wide range of fields, such as sensing, energy storage, and
optoelectronic devices, among others.134137 Graphene is
prepared by several methods that can be divided into bottom-
up and top-down approaches, depending whether graphene is
grown by small molecular precursors (bottom-up) or exfoliated
from the bulk graphite (top-down).132138 An ideal route to
produce graphene monolayers is the growth and deposition of
this material on substrates.13° Among all the methods that allow
the production of graphene monolayers, chemical vapor
deposition (CVD) is a more promising and economic approach
to produce high-quality graphene. However, the employment
of expensive transition metal substrates (Pt, Ir, Rh, Ru) and
harsh growth conditions (high temperature and high vacuum)
are important drawbacks for the scale-up synthesis of
graphene.#® On the other hand, the exfoliation of graphite in
liquid media presents several advantages such as its versatility,
simplicity, and potential scalability. The obtained dispersions
are mixtures of mono and few layers of graphene (FLG) with an
overall good quality. Another approach to generate relatively
concentrated dispersions of FLG is the employment of ball-
milling. In this method, a solid mixture of melamine and
graphite is ball-milled, the adsorption of melamine on graphene
compensates the strong m-m interactions between layers,
allowing the exfoliation of graphite. The solid mixture can be
dispersed in DMF or water producing concentrated dispersions
of FLG.1%! In addition, the FLG dispersions can be used for

graphene composites or films.142 Considering these two general
pathways, the covalent functionalization of the material, in
order to modulate its physical and chemical properties, can be
carried out in solution/dispersion or on solid surfaces.13.143

2.4.1. Synthetic pathways for graphene functionalization with
amino groups

Like other CNMs, graphene has tendency to aggregate as a
consequence of strong m-m interactions among layers.138
Moreover, the graphene sheets are hydrophobic, making their
dispersion difficult in polar solvents.144145 For these reasons, the
production and handling of graphene dispersions
technically challenging. Therefore, as in the case of CNTs, the
chemical functionalization of graphene is essential to make it

are

dispersible in several solvents and suitable for applications.146
Since many uses are based on graphene composites or films,
and these are easily produced by graphene dispersions, the
following examples are going to focus on the functionalization
of graphene in liquid media.'*” The first step in the
functionalization of graphene in solution is the production of
stable dispersions, which can be obtained by exfoliation of
graphite in N-methylpyrrolidone (NMP), affording a mixture of
single and few layers of graphene (FLG).1#® Then, the
functionalization can be accomplished by several standard
protocols.

Synthetic Method for the Production of a Graphene-Au Nanorods Composite
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Figure 11: Functionalization of graphene via 1,3-dipolar

cycloaddition and production of a graphene-Au nanorods composite.

In our group, we have used the 1,3-dipolar cycloaddition
reaction (Figure 11).32 The deprotection of the Boc group,
present in the modified a-amino acid used, allows to verify the
presence of free amino groups in the functionalized material
(15) utilizing the Kaiser test. To localize the functional groups on
the graphene layers, gold nanorods (AuNRs) were used as
contrast marker agents exploiting their interaction with amines
(16). The study of this hybrid by transmission electron
microscopy (TEM) showed the presence of AuNRs distributed
uniformly all over the graphene layers, corroborating the



hypothesis that the 1,3-dipolar cycloaddition reaction occurs
also in the central C-C bonds of FLG. The use of gold
nanoparticles (AuNPs) as contrast markers allowed to identify
the reactive sites of FLG. In this case, the functionalization was
carried out by the 1,3-dipolar cycloaddition or by the amide-
bond condensation on the carboxylic groups generated during
the sonication process for the exfoliation of graphite.14? In both
cases, FLG was functionalized by PAMAM dendrimers (Figure
12). The deprotection of the Boc moieties permitted to quantify
the free amino groups present in both functionalized materials,
17 and 18, being the number of these groups lower in the case
of f-FLG with the amidation reaction (18). In order to determine
where the functionalities introduced by the two reactions are
located, the formation of the hybrids with AuNPs was
performed. As previously discussed, TEM studies determined
that the 1,3-dipolar cycloaddition takes place all over the FLG
surface. Meanwhile, for the amidation reaction, the AuNPs
seem to be deposited mainly at the edges of the layers. This
result, together with the values of the Kaiser test are indirect
proofs that FLG obtained after the sonication process presents
a low concentration of carboxylic groups, which are mostly
located at the edges.

Selective Organic Functionalization of Graphene Bulk or Graphene Edges
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Figure 12: Gold nanoparticles as contrast markers to identify FLG
reactive sites. [149] — Adapted by permission of The Royal Society of
Chemistry

Another approach for the functionalization of FLG is the
addition of aryl diazonium salts.130.151 This strategy, typically,
leads to high functionalization degrees and has also the
advantage of being tolerant of a variety of conditions. The
presence of free amino groups on the surface of FLG allows the
supramolecular interaction of these functionalized materials
with other moieties. With the aim to determine which is the
best functional group for the interaction of f-FLG with
polyoxometalate (POM) units, two different substituents
(PAMAM  or  N,N,N-trimethylbenzeneammonium) were
attached employing the 1,3-dipolar cycloaddition or the radical
arylation reaction, then the polyanionic RusPOM was captured
by the ammonium cations through electrostatic interactions.152
By means of the aberration-corrected-TEM (AC-TEM), it was
possible to study this interaction by a dynamic approach. During
the AC-TEM studies, it was observed the dynamic motion of
POM units as a consequence of their interaction with the

In order to monitor this
movement, a series of images were taken along time. It was
observed that the POM attached to N,N,N-
trimethylbenzenaminium remain static for a longer time
compared with the units attached to PAMAM and also possess
a lower degree of motion freedom. These results indicate that
a functional anchor of a larger size (PAMAM) allows a more
active interaction of POM units with the environment, which is
beneficial for catalytic applications.

An alternative functionalization pathway is the employment of
graphite intercalation compounds (GICs), which can be
dispersed in the form of negatively charged graphene sheets
(graphenides, the reduced form of graphene).153154 This
procedure guarantees a facile reaction with several
electrophiles as a consequence of the negative charges present
on the graphene layers. Besides, monolayer graphenide sheets
are the main species due to strong solvation.1>> In a recent study
it was determined that the reactivity of graphenide depends on
the solvation of the present counterions. For this purpose, the
dispersion and functionalization with GIC were carried out in
five different solvents (DMF, NMP, THF, 1,2-dimethoxyethane
(DME), and diglyme), in the presence or absence of cation
complexing agents (18-crown-6-ether or diglyme) and using 4-
iodoaniline and 4-fluorobenzene-diazonium tetrafluoroborate
for the covalent modification (Figure 13).

The reaction between graphenides and the organic moieties
occurs via radical mechanism allowing to obtain functionalized
graphene layers, 19 and 20.15¢ The differences between all the
reaction conditions were studied by scanning Raman
spectroscopy (SRS), examining the ratio between the D band (~
1340 cm) and the G band (~ 1580 cm1). It was observed that
the reactivity of graphenide increases with the solvation ability
of potassium cations of the different solvents. Surprisingly,
diglyme presents the lower degree of functionalization with a

electrons of the incident beam.

units

stronger coordinating ability (solvation) towards potassium
cations. This is due to the high effective ionic concentration of
the dispersion that leads to destabilization and faster
aggregation of graphenide flakes, hampering their
functionalization. In order to better understand this effect, the
functionalization was carried out in the presence of the cation
complexing agents, that improve the solubility of cations. It was
determined that an excessive solvation leads to destabilization
and to a lower reactivity of graphenides, as in the case of
diglyme. Therefore, for
graphene employing this approach it is necessary to find the
appropriate solvation of potassium cations improving the
reactivity of graphenide.

an efficient functionalization of
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Figure 13: Covalent functionalization of graphene starting by
graphite intercalation compounds.

2.4.2. Applications of amino-functionalized graphene derivatives

The functionalization of graphene with various functional
groups, especially with amino groups through diverse
approaches, allows its interaction with other functional
molecules or nanostructures for the subsequent application of
these materials in diverse fields. As it was mentioned above, f-
FLG can interact with different inorganic nanostructures to form
scaffolds for composites. The unique electronic, mechanical,
and chemical features of graphene turn it into an interesting
material as catalyst support.’>? In 2013, a functionalized
graphene platform was designed to host a polyanionic POM
catalyst, mimicking the oxygen-evolving center of natural
photosystems (Figure 14).158 FLG was functionalized by the 1,3-
dipolar cycloaddition and the subsequent condensation
reaction for the attachment of PAMAM dendrimers. Then, the
POM units were introduced in the structure exploiting the
complementary charge attraction between the positive groups
located at the graphene surface and the negative POM
moieties. It was demonstrated that the graphene platform
outperforms the catalytic water oxidation efficiency of the POM
units alone or supported on CNTs.12? Another efficient strategy
to modify FLG with POM entities was the functionalization with
N,N,N-trimethylbenzene ammonium groups employing the
radical arylation reaction.’>® As in the previous example, the
POM units were immobilized through electrostatic interactions
and their catalytic activity was retained. The final hybrid
material is able to decompose hydrogen peroxide (H,0;) to
oxygen, as it was observed when aqueous H,0O, was added to
graphene hybrid resulting in the expected oxygen evolution.2!
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Figure 14: Functionalized FLG with POM units for water oxidation
catalysis.

The same characteristics that convert graphene into a
fascinating platform for catalysis allow its application in
sensing.135 Recently, a potential sensing platform for
carbohydrate-lectin interactions was developed by the
chemical functionalization of chemical vapor deposited
graphene (CVDG). This platform is based on the preparation of
glycan arrays.1®0 The first step for the construction of these
arrays is the covalent functionalization of graphene surface with
stearyl alkoxide-substituted derivative employing the radical
arylation reaction, 23. Then the N-hydroxysuccinimide activated
bidentate 1,2-sn-dipalmitoyl glycerol was incorporated on the
graphene surface by hydrophobic interactions, 24. Onto this
activated hydrophobic surface, 5-amine-pentyl modified
carbohydrates were immobilized as carbamates (25, Figure 15).
This complex structure was constructed onto two different
substrates (ITO-coated glass and uncoated glass slides). The
successful immobilization of the activated glycerol linker and
the different carbohydrates was monitored by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS). Under laser irradiation, the hydrophobic
surface is disrupted allowing the detection of carbohydrates.
Finally, the detection of carbohydrate-lectin interactions on
these microarrays was studied by MS and fluorescence
spectroscopy. The CVDG carbohydrate microarrays were
incubated with a fluorescent labelled lectin that recognizes
specifically the L-fucose motif. Fluorescence was only observed
in the spots corresponding to the fucosylated carbohydrate on
the array. In addition, after the incubation of the array with this
lectin, a peak at m/z = 33691 Da was detected by MALDI-TOF
MS exclusively in the spots where the fucosylated carbohydrate
was located. These results confirm that this CVDG platform can
be exploited in sensing for the study of carbohydrate-lectin
interactions and also as a component for MS analysis.



Mass Spectrometry of Carbohydrate-Protein Interactions on a Glycan Array Conjugated to CVD Graphene Surfaces

NH,
Tour Reaction

25 24

Figure 15: Functionalized CVDG platform for carbohydrate-lectin
interactions.

2.5. Carbon dots (CDs)

Carbon dots (CDs) are the latest class of CNMs discovered,
consisting of quasi-spherical nanoparticles with diameters
typically below 10 nm.1%1 Their elemental constituents are
mainly carbon, hydrogen, and oxygen, but other atoms like
nitrogen or sulfur are often encountered.'®? Their discovery
dates back to 2004 when, while analysing the production
residues of CNTs by arc discharge, Scrivens et al. noticed this
highly fluorescent and fast-moving material in the
electrophoresis plate.8 Since then, CDs have witnessed an
always growing interest from the scientific community, because
of their excellent photoluminescent (PL) properties (excitation
dependent fluorescent emission), biocompatibility, and low
production costs. The aforementioned characteristics make CDs
privileged candidates for a vast number of applications. Because
of the ambiguous classification that can be encountered in
literature, we will adopt, in this context, the classification
proposed by Arcudi et al.,1%3 in which these materials can be
divided into two main categories depending on the reaction
conditions, where the temperature is a crucial parameter.
Temperatures above 300°C usually afford CDs characterized by
a graphitic core (g-CDs), like graphene quantum dots (GQDs)
and carbon quantum dots (CQDs). Below this threshold,
materials characterized by an amorphous core (a-CDs) are
obtained. The optical properties of g-CDs are usually associated
to the delocalized band structure resulting from the graphitic
core. g-CDs are instead characterized by a higher content of sp3
carbon atoms and their photoluminescent behavior is related to
molecular-like species.’®3 Albeit the PL properties can be
ascribed to these two general mechanisms for the sake of
simplicity, both effects might contribute to the overall PL
features depending on the nature of the material.1®4 The
mechanisms underlying the formation of both g-CDs and a-CDs
are still under debate in the scientific community, but general
hints deriving from the large amount of data on this topic

indicate that polymerization and aromatization play a
predominant role.1®> Nowadays many synthetic protocols have
been developed to obtain CDs, but all of them can be ascribed
to two main approaches: top-down and bottom-up methods.166
The former is achieved by high energy treatment of large carbon
structures (e.g., CNTs, amorphous carbon, etc.). Typical
protocols include arc discharge,%? laser ablation,®® and
electrochemical oxidation.’®® The bottom-up methodologies
exploit instead the thermal treatment of small molecular
precursors and are achieved by solvothermal, MW-assisted, and
pyrolytic methods. Both approaches present advantages but,
through the bottom-up method, it is possible to employ a wider
variety of precursors, achieving a greater control over the
resulting material and a fine-tuning of their properties while
aiming for a specific application.163 The materials obtained with
bottom-up synthesis are generally derived by solvothermal
treatment, due to the versatility and low production costs that
this approach offers.170 Among the hydro- and solvothermal
methods, that historically relied on the use of an autoclave and
often required long reaction times, the MW-assisted
procedures have rapidly emerged as a reference in terms of
reaction time, energy consumption, and reproducibility.33 In the
last few years, numerous syntheses of CDs have been reported,
and some examples of the wide variety of substrates from which
CDs were obtained comprises carbohydrates,’’! amino acids,172
ethylenediaminetetraacetic acid (EDTA),173 citric acid’* and raw
materials.1”> Depending on the materials used for the synthesis
and the heteroatoms present in their structure, several
different functional groups can be obtained on the surface of
the resulting material.

2.5.1. Bottom-up pathways for amino-functionalized CDs

Indeed, the possibility of the introduction of heteroatoms
significantly widens the range of possible CDs that can be
obtained.17¢ Doping with heteroatoms dramatically influences
the properties of the final material and N, O, P, B, and S are the
elements most frequently reported for the doping.177 Materials
obtained by nitrogen doping, that we will refer to as nitrogen-
doped carbon dots (N-CDs), show very interesting
characteristics. They are usually obtained by hydro- or
solvothermal treatment of nitrogen-containing molecules, like
amino acids or EDTA. N-CDs can be obtained also by
multicomponent synthesis, in which a precursor without
nitrogen atoms (e.g., citric acid) is allowed to react in the
presence of a doping agent (e.g., ethylenediamine or urea) to
afford N-CDs.178 In these systems, which were studied in great
detail if compared to others, heteroatom doping results in
improved PL characteristics that were associated with the
formation of molecular-like fluorophores in a-CDs, while the
emission was attributed to N-centered defects of graphitic
domains in g-CDs.170179  Further studies evidenced how
molecular fluorophores are produced in the reaction of citric
acid and ethylenediamine at 200°C. Amidation and cyclization
reactions led to the formation of 5-oxo0-1,2,3,5-
tetrahydroimidazo[1,2-a]pyridine-7-carboxylic (IPCA),
which is a highly fluorescent molecule and was detected in the
analysis of the reaction products by the means of different

acid



techniques. IPCA was identified as the responsible of the
luminescent properties of the material, albeit it is still unclear if
it is covalently bonded to the polymeric chains of these N-CDs
or absorbed in their structure. This study also enlightened the
need for reliable purification protocols to eliminate low
molecular weight impurities, as well as larger particles deriving
from the synthesis of N-CDs.1%0 The use of a doping agent is
usually associated with an increase of the PL features, a trend
also linked to the amount of nitrogen introduced in the system.
As an example, it was observed that the quantum vyield of N-
CDs, obtained from citric acid in the presence of different
doping agents, increases dramatically. In this study, three
different doping agents were assessed: ammonium hydroxide,
ethylenediamine, and diethylenetriamine. The non-doped CDs
were characterized by a quantum yield lower than 1%, while N-
CDs were characterized by an increased quantum yield of 15.6%
and 56.8% by using ethylenediamine and diethylenetriamine,
respectively.181 We recently reported a synthetic protocol of N-
CDs using arginine and ethylenediamine (Figure 16a). Also in
this case the use of a doping agent resulted in excellent PL
characteristics of the so-obtained material, which was
characterized by a diameter size of 2.5 + 0.8 nm as determined
via atomic force microscopy (AFM). The overall quantum vyield
was 17% and, after separation by the means of size exclusion
chromatography it was obtained a fraction of N-CDs with higher
luminescence (quantum yield of 46%). The presence of primary
amino groups on the surface of N-CDs was detected with the
Kaiser test. This analysis evidenced the presence of 1350
pmol/g amino groups. Moreover, these surface functionalities
conferred to the as obtained N-CDs excellent solubility in water
and mild solubility in organic solvents like DMF and DMSO.
However, as indicated by XPS analysis, different types of
nitrogen are also present in the structure. Despite obtaining
more detailed structural information still represents a
challenge, we were able to establish the different contributions
of arginine and ethylenediamine in the resulting material.
Comparative  NMR experiments performed on materials
obtained with 13C labelled precursors evidenced how arginine
contributes mainly to the signals associated with aromatic
domains, while ethylenediamine was found to be responsible
for the signals attributed to aliphatic groups.33:182 The concept
of using a doping agent to fine-tune the properties of the
resulting CDs has proven to be a highly convenient and flexible
route. By the means of this approach, N-CDs with unique and
outstanding features can be obtained, like in the work in which
ethylenediamine was replaced with a chiral doping agent. In the
synthesis of N-CDs with (S)-arginine and ethylenediamine, the
chirality of the amino acid is lost due to high temperature
(above 200°C) that results in racemization. The replacement of
ethylenediamine with (R,R)- and (S,S)-cyclohexanediamine
resulted in the retention of chirality in the obtained N-CDs
(Figure 16b). Both electronic and vibration dichroism analyses
were conducted, and the chiral nature of this kind of N-CDs,
albeit with low intensity signals, was detected. The introduction
of chirality in this nanomaterial opens up exciting perspectives
for their exploitation in fields where chirality is a crucial aspect,
like medicinal chemistry.183

Modular Approach to Amine-Rich Carbon Dots (N-CDs)
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Figure 16: a) Schematic representation of the synthesis of N-CDs
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from arginine and ethylenediamine, b) one-pot doping with a chiral
diamine c) one-pot doping with NDI, d) one-pot doping with

quinones

Several other examples of one-pot functionalization were
reported and, in this context, the versatile reactivity of the
amino group played a major role in these syntheses. White
light-emitting N-CDs were obtained by reaction of arginine,
ethylenediamine, and naphthalene dianhydrides (NDI) in an
MW-assisted protocol. The reaction of the amino groups with
the anhydride moieties, affording the corresponding imides,
allowed us to fine-tune the emission color of the material
ranging from blue to orange. When bromine core-substituted
NDI were used, aromatic nucleophilic substitution between
amino groups and the bay positions of NDI contributed to the
N-CDs formation and by tuning the equivalents of precursors we
were able to obtain white light-emitting N-CDs (Figure 16c).184
The one-pot functionalization of N-CDs can be exploited not
only for the tailoring of the chiral and optical properties of these
materials.

We have also shown how the introduction of quinones in the
arginine/ethylenediamine based N-CDs synthesis can influence
the redox characteristics of the resulting material (Figure 16d).
The formation of imines between amines and quinones and
their consequent inclusion in the N-CDs structure resulted in the
modulation of their redox potential, from -1.52 to -2.04 V vs SCE
(standard calomelane electrode).’® Other methods for the
tuning of N-CDs features rely on a more traditional post-
synthetic functionalization by exploiting the classic reactivity of
the amino group, whose presence allows to covalently attach
ligands on the surface of the material.’8¢ This method is
particularly convenient when the one-pot functionalization
could not be exploited due to degradation or interference of the
dopant in the formation process of N-CDs. Many examples of
post-synthetic functionalization are described in literature and
exploit the well-known chemistry of the amino group, like the
reaction between amines and thiocyanates, 187 sulfonyl chloride
derivatives!8 and with activated carboxylates by exploiting
ethyl(dimethylaminopropyl)carbodiimide (EDC) / N-
hydroxysuccinimide (NHS) coupling agents.189.190 This versatile
toolbox for post-synthetic functionalization has been widely
used for the derivatization of N-CDs allowing the synthesis of
nanohybrids with unique properties. As an example, this
method was used for the synthesis of nanohybrids between N-
CDs and porphyrins. In this work, we covalently linked a
carboxylic acid tetraphenyl porphyrin derivative via amidic



coupling (Figure 17). The resulting material was characterized
by a good aqueous solubility and, interestingly, it was observed
to undergo charge separated states upon light excitation,
opening new perspectives for the application of this material in
energy conversion technologies.'®® The introduction of amino
groups in CDs has proven to be an effective strategy for tailoring
their properties, and the methods described in this section,
namely heteroatom doping, one-pot functionalization, and
post-synthetic functionalization, significantly widened the
range of opportunities to modulate the characteristics of this
class of nanomaterial, opening new and exciting opportunities
for the development of new technologies based on N-CDs.

Porphyrin-N-CD Hybrid
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Figure 17: the N-CDs/porphyrin nanohybrid obtained via amidic
coupling.

2.5.2. Applications of N-CDs

CDs, since their serendipitous discovery, have emerged as a very
promising scaffold for many applications, with an always
growing number of reports in which CDs are successfully
employed. One of the most important properties of N-CDs is
their biocompatibility. Several studies have demonstrated how
this material has an intrinsic low cytotoxicity!®?2 and for this
reason is extensively studied for biomedical applications like
biosensing1?3 and bioimaging.1®* Indeed, the presence of amino
groups on the surface of N-CDs offers the opportunity to use
this material for advanced applications. For instance, we
exploited the amino groups of N-CDs to covalently bond a
characterized by high
toxicity and very poor aqueous solubility. This molecule was
allowed to react at the hydroxyl group present at the C2’
position with succinic anhydride and the free carboxyl group
was further reacted with N-CDs via amide bond exploiting EDC
and NHS coupling agents (Figure 18). The hybrid was then
tested in cellular assays that evidenced an increased apoptotic
activity compared to the drug alone in breast (MCF-7 and MDA-
MB-231), lung (A-549), prostate (PC-3) and cervix (HelLa and
C33-A) cancer cell lines. Because it is known that derivatization
of paclitaxel at the 2’ hydroxyl position results in a loss of
activity, the observed apoptotic activity is probably expressed
after ester hydrolysis that allows the release of the drug. This
nanohybrid can be regarded in this context as a prodrug. The PL
properties of the N-CDs/paclitaxel adduct allowed also to detect
cell internalization as well as their localization inside the cells.
This example shows how N-CDs can be successfully used as a
scaffold for theranostic applications and for the delivery of
poorly soluble anticancer drugs.195

chemotherapeutic agent, paclitaxel,

Paclitaxel-N-CD Hybrid

NH,
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Figure 18: The paclitaxel/N-CDs nanohybrid for drug delivery
applications.

N-CDs can also be incorporated into a hybrid diimidazolium
based ionogel. The resulting ionogels showed the characteristic
emission of N-CDs and displayed an improved antioxidant
activity compared to the single components. Moreover, their
ability to self-repairing was observed.1%

The reactivity of amino groups present on the surface of N-CDs
can be exploited not only to covalently graft molecular species
but in principle, can also be utilized to achieve chemical
transformations. The possibility of exploitation of this
nanomaterial in photo- or organocatalysis was therefore
explored. So far, however, only a few examples of CDs
promoted catalysis are reported,1°7.1°8 among which an
example of how N-CDs can be used for the photocatalytic
perfluoroalkylation of electron-rich substrates (Figure 19). In
this case, the perfluoroalkylation of the substrates was achieved
thanks to the combination of two events: 1) the halogen bond
interaction between the o-hole of iodoperfluoroalkyl chains and
the lone pair of amino groups on the surface of N-CDs, detected
by the means of 1°F-NMR technique, and 2) the generation of a
highly reactive perfluoroalkyl radical (V) caused by the electron
transfer with the excited state of N-CDs. Many electron-rich
substrates were perfluoroalkylated with this method including
phenols, olefins, and caffeine. Overall, this strategy allowed the
formation of C-C bonds under mild and operationally simple
conditions.1”

N-CDs for the Photocatalytic Fluoroalkylation of Organic Compounds
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Figure 19: N-CDs mediated photocatalytic perfluoroalkylation.



Moretto et al. have shown how the same N-CDs can be
incorporated into four different polymeric matrixes, namely
polyester-amide, polyurea-urethane, polyamide, and
polymethyl methacrylate (PMMA) by interfacial polymerization.
The resulting hybrid materials retained the properties of
pristine N-CDs and were used for the photoreduction of silver
ions to silver nanoparticles and the photo-oxidation of benzyl
alcohol to benzaldehyde under visible light at 405 nm in
presence of H,0,.19°

CDs are being extensively studied for photovoltaic
applications,20 and the production of processable N-
CDs/PMMA composites was also exploited.20! Solution blending
PMMA with a N-CDs loading of 0.1 and 0.01 wt.% conferred the
characteristic PL features of N-CDs to the composite, with a
strong emission band at 400 and 450 nm upon light excitation
at 300 and 320 nm, respectively. These novel nanocomposites
were found to be very promising candidates for the
performance improvement of silicon-based solar cells by
converting UV light to visible light.201

[Ru]-N-CD Hybrid
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H,N

Figure 20: The ruthenium(ll)tris(2,2’-bipyridyl)-N-CDs nanohybrid for
ECL generation.

N-CDs express a wide potential in energy-related applications.
For instance, a ruthenium(ll)tris(2,2’-bipyridyl) (Ru(bpy)s?*)
complex has been covalently grafted to N-CDs through
carboxylic acid-amine coupling (Figure 20). The resulting
nanohybrid was characterized by excellent
electrochemiluminescent properties (ECL). For the achievement
of ECL, oxidizable co-reactants, like the corrosive and volatile
tripropylamine, are usually required in high concentrations. But
in this case, the proximity of the two components allowed an
intramolecular electron transfer. As a result, the use of co-
reactants was avoided.202

3. Outlook and perspectives

In this Feature Article, we describe our approach toward the
introduction of amino groups onto CNMs. From the discussion
above, it is quite clear that the synthesis and production of
amino-functionalized carbon nanostructures is an extremely
useful approach for practical applications, which span from
nanomedicine to materials science to catalysis, etc. The
covalent functionalization of nanostructures with amino groups
can be implemented using a wide variety of organic reactions,
affording new materials with tuneable properties. There is no
doubt that other elements, like sulfur-containing molecules, can
be inserted onto CNMs.112,203,204 However, the amino group is
still dominating the field of covalent functionalization, due to its
high versatility and to its peculiar features, providing new

fascinating characteristics to the carbon nanostructures.
Nowadays, the functionalization is carried out with standard
protocols, namely 1,3-dipolar cycloaddition of azomethine
ylides or the radical arylation reaction, but the discovery of new
synthetic pathways carried out in milder and eco-friendly
conditions for large scale production is desirable. Nonetheless,
it would be fundamental to find new chemical and
spectroscopic techniques for precise and reliable quantification
of amino moieties, discriminating them from impurities. This
last point is of extreme importance, due to the continuous
emergence of more and more smart nanohybrids and
bioconjugated nanostructures. This is particularly true for the
synthesis of nanohybrids with CDs, where the amino groups are
not only powerful tools for the production of new
nanostructures, but also the starting building blocks that tailor
the functionalities for an ad hoc material. In the current
nanotechnological era, CNMs represent a landmark for the
growth of this research field. Certainly, they will still play a
determinant role also in the coming future. As time goes by,
new exciting nanoshapes continue to be discovered and new
nanomaterials with surprising chemical characteristics are yet
to come.205 However, the real utilization of these nanomaterials
needs to pass through the customization: the doping and
functionalization, in particular with amine-based compounds,
are pushing forward this process, making available their final
commercialization.
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