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Covalent Functionalisation of rGO and Nanodiamonds:
Complementary Versatility and Applicability of Azomethine
Ylide, Nitrile Oxide and Nitrone

Katia Martina,*™ Silvia Tagliapietra,”” Federica Calsolaro,” Andrei Paraschiv,”’ Mirko Sacco,”
Federico Picollo,” Sofia Sturari,™ Pietro Arpa,” Lorenzo Mino,' Alessandro Barge,” and

Giancarlo Cravotto*®

The existing synthetic protocols for the direct functionalization
of carbon-based nanomaterials often entail limitations due to
their harsh reaction conditions, which require the use of high
temperatures for extended periods. This study aims to over-
come these limitations by developing mild and efficient
synthetic protocols around 1,3-dipolar cycloaddition. Beginning
with the well-established azomethine ylide derivatization, we
progress to the utilization of nitrile oxide, and of nitrone
derivatives for the functionalization of reduced graphene oxide
(rGO) as well as of nanodiamonds (NDs). This comparative work
employs both classical heating and microwave activation with
the aim of reducing reaction times and enhancing efficacy.

Introduction

Carbon-based nanomaterials have been intensively investigated
over the past two decades, and their production is now highly
dedicated to technological applications." Biomedical applica-
tions, hydrogen storage, contaminant sequestration, electro-
catalysis, fuel and solar cells, batteries, electromagnetic shields,
conductive paints and reinforcement for polymers are just
some of the wide range of studied applications.” Carbon
nanomaterials are classified based on their allotropic structure
and hybridization (sp’, sp? sp), leading to diverse forms like
diamond, graphite, and carbyne.”!
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Results demonstrate that nitrone can react at 60 °C and that the
reaction temperature may be decreased to 30°C with nitrile
oxide. Excellent progress was made in reducing the large excess
of dipoles typically required for derivatization. Nitrile oxide was
proved to be the most efficient in terms of derivatization
degree, while nitrone was the most versatile reagent, facilitating
the decoration of the carbon nanolayer with disubstituted
dihydroisoxazole. To accurately assess the degree of functional-
ization, the reaction products underwent characterization using
various spectroscopic and analytical techniques. Additionally,
an indirect evaluation of the reaction outcome was conducted
through Fmoc deprotection and quantification.

Graphene offers distinct advantages, from an engineering
standpoint, compared to CNT and fullerenes; its production
yields a higher quality material with greater batch consistency,
thus attracting stronger interest from industry. Great efforts
have been made to improve the processability of graphene-
based materials as low solubility, poor reactivity and limited
accessibility have to be overcome before any chemical derivati-
zation is possible.” Chemical exfoliation strategies, involving
sequential oxidation and graphite reduction, yield a class of
materials known as reduced graphene oxides (rGOs), which
possess graphene-like characteristics.” rGO is a system charac-
terized by graphene domains, defects and residual oxygen-
containing groups on the surface of the sheets. It is dispersible
in polar organic solvents, and thus potentially functionalized,
thanks to enhanced reactivity stemming from the presence of
defects associated with dangling bonds on the graphene
lattice.”

NDs are composed of an sp® carbon structure surrounded
by a shell consisting of functional groups. They exhibit a variety
of sizes, shapes and surface chemistry that can be modulated
by varying the synthetic approach.”” ND-surface functional
groups determine the chemical state of the carbon material,
while their modification tunes both macroscopic and micro-
scopic properties. Due to their non-toxic nature, these com-
pounds have been extensively investigated for potential
biomedical applications.”

Due to their high surface-to-volume ratio, the surface
properties of NDs play an important role, and a range of
different strategies have been pursued to grant the homoge-
neous and reactive distribution of surface species.”

© 2024 The Author(s). ChemPlusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0003-2256-5021
http://orcid.org/0000-0002-8618-006X
http://orcid.org/0000-0003-3179-271X
http://orcid.org/0000-0002-9882-8361
http://orcid.org/0000-0003-4638-6634
http://orcid.org/0000-0001-7574-7350
https://doi.org/10.1002/cplu.202400510
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcplu.202400510&domain=pdf&date_stamp=2024-12-18

Research Article
ChemPlusChem

doi.org/10.1002/cplu.202400510

Chemistry
Europe

European Chemical
Societies Publishing

Chemical treatments can dramatically alter the properties of
carbon-based nanomaterials by adding defects and impurities,
by changing their structure and topology, and by affecting their
mechanical properties, thermal conductivity and electrical
conductivity.'” Moreover, some imperfections may increase
local reactivity and be exploited for certain applications to
create defined properties and achieve new functionalities.""
New studies have focused on functionalizing the carbonaceous
network to modulate properties such as dispersibility in water
and to enable new applications. Despite the high chemical
inertness of the carbon-based nanomaterial, some notable
examples of successful organic functionalization have been
reported."” Direct covalent modification of the graphitic sur-
face, without oxidation or any other pre-treatment, has
attracted considerable interest, and these methods include 1,3-
dipolar cycloadditions (1,3-DCA), which are a special class of
organic reactions with demonstrated applicability in various
experimental reports,"® and several theoretical studies."” The
design of nanomaterials with adaptability across a range of
fields, including environmental, catalytic and biomedical appli-
cations, has historically presented a significant challenge. The
introduction of covalent chemical modification by 1,3-DCA has
the potential to address this challenge by introducing new
chemical functionalities and enabling the direct grafting of
desired molecular entities. As shown in Figure 1, 1,3-DCA alters
the geometry and electronic structure of graphene by introduc-
ing localized sp® hybridization defects. Since the local bonding
configuration significantly influences the physicochemical and
structural properties of functionalized graphene, the 1,3-DCA
strategy has been also demonstrated to enhance the solubility

and processability of graphene.”™ Additionally, the dependence
of the electronic properties on the degree of functionalization
of graphene suggests its applicability for the production of new
graphene-based nanoelectronic and nanophotonic devices.>'®

To date, the 1,3-DCA of azomethine ylides onto single-
walled carbon nanotubes (SWCNTs), graphene, and nano-
diamonds (NDs) has been extensively reported, leading to the
production of functionalized and highly dispersed systems.!”)
However, despite the potential of this field and the ongoing
demand to introduce new functionalities into carbon-based
networks, the exploration of other dipoles remains limited in
the literature. There have been only several attempts to
derivatize fullerene, graphene, SWCNTs and multi-walled (MW)
CNT with nitrile oxide and pyrazolium ylides."® Additionally,
there is very little literature on the use of nitrone for carbon-
based nanomaterial derivatization for SWCNTs""? and graphene
quantum dots (GQDs).2”

This study aims to develop and optimize mild, efficient
synthetic protocols for 1,3-dipolar cycloadditions (1,3-DCA),
starting with the well-known azomethine ylide derivatization
and extending to nitrile oxide and nitrone derivatives. With the
aim to further expand their potential applications, the focus is
on adopting shared chemical pathways for the functionalization
of reduced graphene oxide (rGO) and nanodiamonds (NDs),
that integrate the carbon nanostructures into diverse micro-
systems.

The selection of nitrone and nitrile oxide as dipoles was
strategically aligned with the goal of synthesizing dihydroisox-
azole- and isoxazolidine-functionalized rGO and NDs.?" This
approach not only facilitates the introduction of diverse func-
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Figure 1. Graphical representation of 1,3 DCA: mechanism of reaction of 1,3-dipoles with C=C double bonds, representation of rGO and NDs surface reactivity

and dipoles representation with reaction products.
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tional groups through heteroatom doping on the carbon
surface but also leverages the unique properties of isoxazoli-
dine. Notably, isoxazolidine serves as a versatile masking agent
for amino acids, amino alcohols, and p-diketones,”? thereby
enhancing the hydrophilicity of the carbon nanomaterial.

To achieve cost-effective derivatization of carbon nano-
materials, this study focuses on reducing reaction time and
improving efficiency. Although 1,3-DCA is an effective ap-
proach, its application is often hindered by the necessity for
elevated reaction temperatures and the use of large excesses of
reagents, which significantly limit its practicality. In order to
overcome these challenges, and drawing on previous studies of
carbon-based nanomaterial functionalisation,”® the use of
microwave (MW) irradiation was investigated as a method to
generate 1,3-dipoles insitu and to facilitate subsequent
cycloadditions.””

In summary, this work presents a comparative study of
three 1,3-dipolar cycloaddition (1,3-DCA) reactions, aiming to
enhance their efficiency by minimizing reaction time, lowering
reaction temperature, and reducing the excessive amounts of
dipoles typically required. In order to carefully measure the
functionalization degree, the reaction products were character-
ized using several spectroscopic and analytical techniques. An
indirect evaluation of the reaction outcome was performed
through Fmoc deprotection and quantification.

Results and Discussion

rGO offers a distinctive combination of properties in compar-
ison to graphene and graphene oxide (GO), facilitating the
modification process without compromising its electrical con-
ductivity. In contrast to GO, rGO restores a significant
proportion of its sp*hybridised carbon network, while simulta-
neously providing surface functional groups that enable its
chemical reactivity and dispersion, a quality that is absent in
pure graphene. NDs, on the other hand, are carbon-based
materials with an sp*-hybridized carbon structure, similar to
bulk diamond. They have high surface areas, and through
thermal annealing, non-diamond carbon (n-bonded carbon) can
form around the diamond core. Despite their lower reactivity,
functionalization techniques used for fullerenes and carbon
nanotubes (CNTs) can also be applied to both rGO and NDs.
The 1,3-DCA can be applied with the n-bonds of the sp? carbon
atoms in the carbon lattice."*!

Since the surfaces of both rGO and NDs are not homoge-
neous, and graphene-like layers contain defects, introducing
oxygen functional groups not only increases solubility but also
adds functionalities that enhance the material's chemical
reactivity.” Figure 1 illustrates the 1,3-DCA reaction pathways
and highlights functional groups on rGO, alongside a selection
of reactive structures on the annealed surface of NDs. The
reaction of the 1,3-dipole and the dipolarophile results in the
formation of a five-membered cycloadduct, accompanied by
the loss of formal charges on the reactants.” This mechanism
is based on a concerted cycloaddition reaction.”” The analysis
of binding energy demonstrated that the flat structure and
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perfect sp? hybridization of graphene render it less reactive
than fullerenes and nanotubes. Nevertheless, the incorporation
of Stone-Wales defects markedly augments its reactivity.”® As
reported, modifications on rGO are therefore expected to occur
primarily at the edges and near the edges of the graphene
structure,"**! while the sp® shells of NDs react with dipoles.
The reactivity of NDs is significantly influenced by the presence
of other functional groups on their surface.*”

The low reactivity of rGO and NDs makes measuring the
degree of substitution a significant challenge in carbon-based
nanomaterial chemistry. A literature survey has indicated that
the operating procedures for carbon-based nanomaterial
functionalization vary substantially from manuscript to manu-
script. Although thermogravimetric analysis (TGA) is commonly
used to measure the degree of substitution, its low selectivity
has prompted chemists to perform a range of analyses,
including also IR, TGA/MS, SEM, TEM, XPS etc. In order to
selectively quantify the grafted derivative, we decided to apply
the Fmoc methodology, which has been successfully demon-
strated in solid-phase peptide synthesis, and compare it to TGA
analysis.®" As reported, the degree of functionalization can be
measured indirectly by deprotecting a small amount of Fmoc-
protected carbon-based nanomaterial derivatized with 20% (v/
v) piperidine in DMF, which generates the dibenzofulvene-
piperidine adduct.®? This adduct can be quantified using UV-Vis
spectroscopy (see Scheme 1). The spectrometric measurement
is performed at 301.0 nm, which is the maximum absorption
wavelength of the dibenzofulvene-piperidine adduct.

We preliminarily acquired rGO and NDs. rGO was produced
in-house from naturally abundant graphite using a chemical
oxidation method, followed by hydrazine reduction, based on a
modified Hummers’ method.?® MW irradiation was employed
to reduce the reaction time for the reduction step from 2 hours
to 10 min (see S| and Figure S1). The rGO was characterized
using FT-IR (Fourier Transform Infrared Spectroscopy), Raman
spectroscopy and TGA, as described in Figure S2. On the other
hand, the NDs consist of commercial synthetic ND (Adamas, NC,
USA) produced via the detonation of carbon-based compounds.
The diamond nanoparticles have a nominal primary particle size
of 5 nm. This sample was annealed at a high temperature in an
inert environment (2h at 800°C in N, flux) in order to
reorganize the disordered sp¥/sp® phases,?¥ and graphitize the
amorphous carbon outer layers while preserving the diamond
phase (see S| and Figure S3). Depending on the synthesis
method, NDs can vary in size, and their surfaces typically
contain oxygen functional groups, therefore the TEM analysis of
the processed ND samples was also obtained to demonstrate
their size distribution and morphology. As shown in Figure 2,

NH,
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Scheme 1. Schematic representation of functionalization followed by Fmoc
deprotection to obtain the fulvene - piperidine adduct in solution.
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Figure 2. TEM of pristine nanodiamond.

the NDs exhibit a round shape with an average particle size of
5 nm, displaying high uniformity in both size and shape
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Scheme 2. A) Synthesis of Fmoc-aldehydes 2a, 2b and 3. Reaction
conditions a) Fmoc-OSu, DIPEA, DCM, r.t., 24 h; b) Dess-Martin periodinane,
DCM, r.t., 90 min; B) Derivatization of rGO and NDs with azomethine ylides.
Reaction conditions: aldehyde, amino acid, rGO or NDs, DMF, 2 h, 130°C,
Mw.

The well-known functionalization method with azomethine
ylides was tested under both conventional heating and MW
irradiation, and the efficacy of the two heating methods in rGO
and ND functionalization was compared. The use of MW, in fact,
accelerates the preparation and derivatization of carbon-based
materials due to the intense MW-material interactions.

Several Fmoc-protected alkyl aldehydes were synthesized,
starting from their amino alcohol precursors (Scheme 2).
Unfortunately, the main product yielded during the oxidation of
5-Fmoc-amino pentanol was the side product of the intra-
molecular cyclization of the aldehyde, resulting in cyclic
enecarbamates 3 (Scheme 2A, see SI).5”

rGO derivatization was performed, based on our experience
with SWCNT, using Fmoc aldehydes 2a and 2b.5® Dimethylfor-
mamide (DMF) was selected as the solvent of choice to
minimize the interfacial tension between the solvent and
graphene. Initial sonication was used to promote the exfoliation
of the bulk material through acoustic cavitation. The reaction
was carried out at 130°C for 2 hours under MW irradiation
(Scheme 2B).{Giofre, 2020 #2} As described in Table 1, N-Fmoc
amino propanal 2a and N-Fmoc amino hexanal 2b were
reacted in the presence of alanine and serine. To prevent
possible m-m interactions between the Fmoc portion and the
rGO electronic cloud, the same reaction was performed using
hexanal and alanine as azomethine ylide precursors (see
Table 1). The efficiency of rGO functionalization was measured
using TGA and, whenever possible, by UV measurement. Fmoc
deprotection was performed using 3-5 mg of grafted rGO in a
solution of piperidine (20% in DMA) and MeOH (1:1). After
filtration, the resulting solution was analyzed by UV-vis
spectroscopy at a wavelength of 301 nm (¢=7800). The TGA
analyses of pristine and grafted rGO were all normalized to
150°C to circumvent any possible solvent influence on yield
calculations. As described in Table 1, the results provided by
TGA and UV measurements were in agreement, showing a
range of 10-15% (w/w) functionalization when the reaction
was performed in a MW oven. Lower derivatization was
obtained when the reaction was heated in an oil bath, as
confirmed by comparing the results with literature studies®

Table 1. Functionalization degree of rGO and NDs via 1,3-DCA with azomethine ylides.
En. Reaction conditions. Sample % UV % TGA
% w/w (umol/g) % w/w (umol/g)
1 Hexanal - Ala, oil bath rGO-AMY-5% n.d. 3.6 (476)
2 Hexanal - Ala; MW rGO-AMY-5 n.d. 7.04 (580)
3 2a - Ala, MW rGO-AMY-1 10.3 (329) 12.1 (387)
4 2a - Ser, MW rGO- AMY-2 6.9 (180) 8.5 (221)
5 2b - Ala; MW rGO-AMY-3 12.4 (340) 14.5 (397)
6 2b - Ser; MW rGO-AMY4 10.1 (272) 11.8 (310)
7 2b - Ala; MW NDs-AMY-1 3.5 (96) 3.8 (104)
8 2b - Ser; MW NDs-AMY-2 4.2 (110) 4.7 (117)
9 2a - Ala; MW NDs-AMY-3 2.3 (74) 2,5 (80)
Reaction conditions: 1.6 mmol aldehyde, 1.9 mmol amino acid, 50 mg rGO or NDs, DMF (13.3 mL), 2 h, 130°C, MW; [a] conventional heating. n.d. means no
detectable, due to the absence of Fmoc portion.
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(see Table 1 entries 1 and 2, SI Figure S4A). When comparing
the reactivities of compounds 2a and 2b, the latter exhibited a
higher degree of functionalization, indicating that the longer
chain enhanced the extent of functionalization. Given the
significance of orbital overlap between the dipole and dipolar-
ophile, we hypothesized that the azomethine ylide function’s
accessibility to the graphenic structure was improved with
aldehyde 2b. This enhancement may be attributed to the n-n
interaction between the Fmoc group and graphene, which
could reduce the availability of the dipole when the chain is
shorter. Of the two amino acids tested, serine and alanine, Ala
gave a higher degree of derivatization when rGO was reacted.
The thermogram profiles are clearly comparable when shorter
and longer chain N-Fmoc aldehydes are reacted with aa and
rGO, with a higher degree of derivatization confirmed in the
presence of derivative 2b (see Table 1, entries 2-6). The TGA
curves show that rGO exhibits constant weight loss under an
inert atmosphere, whereas two degradation steps are observed
when it is grafted; the first starts at 215 °C, while the second at
257°C (see Sl Figure S4B).

The excellent derivatization efficiency and quantification
strategy led us to use the same methodology to study the
feasibility of ND surface functionalization via 1,3-DCA (see
Table 1 entries 7 and 8). The direct functionalization of NDs via
1,3-DCA was carried out using aldehydes 2a, 2b, and either
alanine or serine, under microwave irradiation at 130°C for
2 hours (Table 1, entries 7-9). As illustrated in the table, NDs
demonstrated a comparatively diminished degree of functional-
isation in comparison to rGO, which is likely attributable to the
presence of disordered graphitic material exclusively on the ND
surface. The efficiency of grafting is contingent upon the
surface composition, with dipoles exhibiting reactivity towards
C=C bonds and carbonyl groups.” While annealed NDs
generally show higher functionalization, they still tend to have
lower reactivity compared to rGO. Nonetheless, the degree of
derivatization we observed was consistent and reproducible,
aligning with previously reported 1,3-DCA functionalization of
NDs.”® This result can be attributed to the high quality of
pristine NDs, which exhibited a large surface area and uniform
size and shape, as illustrated in Figure 2.5%

As shown in entries7 and 9 of Table 1, a derivatization
degree ranging from 2.3% to 4.7 % (w/w), determined through
TGA analysis, was achieved and confirmed by UV analysis,
demonstrating the effectiveness of 1,3-DCA as a functionaliza-
tion method (Table 1, entries 7 and 9; S| Figure S4Q). It was
observed that the Fmoc-protected aldehyde 2b and serine
resulted in a higher functionalisation degree, indicating that
aldehyde 2a was less efficient in derivatising NDs. This finding
aligns with previous reports on the derivatisation of rGO
(entry 9, Table 1). Furthermore, in contrast to rGO, the serine
derivative was observed to exhibit a slightly higher efficiency in
grafting the NDs surface than alanine, when entries 7 and 8
were compared. This behaviour may be correlated with the
presence of oxygen-containing functional groups on the NDs
surface, which allows the formation of hydrogen bonds with
serine.’? As also demonstrated by IR spectra of the starting
carbon material (see SI Figure S2 and S3), the hydrophilicity of
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NDs is higher than that of rGO. This may prove the interesting
variation of reactivity of rGO and NDs when hydrogen-donating
functional groups are present on reagents.

The successful derivatization of azomethine ylides onto rGO
and NDs surfaces was also confirmed by IR and DRIFT (Diffuse
Reflectance Infrared Fourier Transform) spectroscopy. In the
spectra of the pristine (see SI, Figure S3) and functionalized
samples (see SI, Figure S5), we can readily recognize the
vibrations of the pyrrolidine-derivatized carbon-based nano-
material, in particular the ring-stretching modes in the 1500-
1200 cm™' spectral region, as reported in literature,*” confirm-
ing the effectiveness of the functionalization procedure. Mean-
while, Raman spectroscopy confirms that sample processing
barely perturbed the nanosystems, as demonstrated by the
similarity between the spectra before and after surface mod-
ification. The only appreciable variation is the reduction in the
intensity of the features at 1345-1580 cm™' for the NDs (see SI
Figure S5). A more detailed description of the main spectral
features will be provided in the discussion of the FT-IR and
Raman results of the nitrile oxide samples (vide infra).

Raman was also utilized to assess the efficacy of derivatiza-
tion, as already reported in the literature.*” Peak deconvolution
was performed as exemplified in the Supporting Information
(see Figure S6), and the full 1000-3500 cm™' region of the
spectrum was considered. Each peak was fitted using a multi-
peak system based on relevant literature data, which evidenced
the increase in satellite bands attributed to limit-sized sp?
domains, proving covalent functionalization. The Raman degree
of functionalization was measured, and an overestimated
degree of functionalization was obtained compared to the TGA
and UV measurements (see Table 3). As reported in Figure S6B,
a G-band peak shift of functionalized rGO (rGO-AMY-3) was
observed, compared to that of rGO, indicating the electronic
effect of surface derivatization. We also recorded an increased
band intensity I/l ratio (1.424-0.04 versus 1.1940.05 for rGO)
indicating increased defectiveness in the graphitic materials.

Despite the efficiency of azomethine ylide 1,3-DCA, this
strategy has limitations; harsh reaction conditions and the
limited availability of amino acid precursors. The studies
reported in the literature on the derivatization of carbon-based
nanomaterial include the use of nitrile oxide to derivatize
fullerene, giving excellent results in short times under mild
conditions by means of ultrasound irradiation or mechano-
chemical activation.”? In order to investigate this process with
rGO and NDs, the reaction was separately performed under MW
activation and conventional heating at different reaction
temperatures, with aromatic and aliphatic Fmoc-protected
chloroximes being synthesized to provide the in-situ generation
of nitrile oxides.

As reported in Scheme 3, alkyl Fmoc-amino protected
chloroxime 5 was obtained from previously synthesized
aldehyde 2b. Since the 1,3-DCA reaction can follow either a
concerted or stepwise mechanism, the interaction between the
dipole and dipolarophile significantly influences the activation
energy. As already reported in the literature, and described
before we evidenced that the energy required to distort the
1,3-dipole and dipolarophile into the transition state geometry
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Scheme 3. A) Synthesis of Fmoc chloroximes 5 and 11 Reaction conditions:
a) ethylene glycol, pTsOH, toluene reflux, 3 h; b) PtO,, H,, THF/EtOH, 20°C,

1 h; ¢) Fmoc-Cl, pyridine, DCM, r.t,, 3.5 h; d) p-TsOH, acetone/H,0, r.t., 3 h; e)
NH,OH HCl, CH;COONa, EtOH/THF, r.t., 3.5 h; f) NCS, DMF, r.t. 3 h. B)
Derivatization of rGO and NDs with nitrile oxides generated in situ from
chloroxime derivatives. Reaction conditions: chloroxime, rGO or NDs, KHCO;,
dioxane, 30°C, 2 h

is a key factor in controlling the reactivity of 1,3-dipole
cycloadditions with rGO and NDs.'* therefore the longer
spacer between the aldehyde and Fmoc in derivative 2b was
selected as a model. Also an aromatic chloroxime (11) was
synthesized from the p-nitro benzaldehyde (see SI).

rGO functionalization was performed in dioxane with KHCO,
and the reaction was repeated at different temperatures as
described in Table 2. An excellent degree of functionalization
was obtained in all reactions performed and, surprisingly, milder
reaction conditions (30°C, 2 h) gave rise to the best results,
making these condition optimal. Interestingly, the amount of
dipole could be reduced to one-fourth compared to the optimal
protocol of azomethine ylide 1,3-DCA (see Table 2 entries 1, 4
and 5). Both aliphatic and aromatic chloroxime derivatives
afforded the desired functionalization, and a slightly lower
derivatization degree was measured for the aromatic analogue
(17.8% versus 19.5%). Excellent results were obtained when
NDs were subjected to derivatization via 1,3-DCA with nitrile
oxide, with the degree of derivatization being almost three
times higher than that achieved with azomethine ylide
derivatization. The efficacy of this reaction demonstrated that
not only could the reaction temperature be reduced, but also
the reagent equivalents, compared to a recent example of
nanotube derivatization with nitrile oxide 1,3 DCA function
reported into the literature."®™ The procedure proposed by
Swager etal. in 2021 for the derivatization of more reactive
SWCNTs employed a nine-fold reagent excess and a reaction
temperature of 200 °C under MW irradiation.

TGA analyses of rGO-NO-1 and rGO-NO-2 consistently
showed the presence of a single degradation step, starting at
183°C for rGO-NO-1 and at 149°C for rGO-NO-2 (Figure S7). A
comparison of the pristine rGO FT-IR spectrum (Figure S2),
which shows only minimal IR signals, with the spectra of the
rGO-NO samples (Figure S8) confirms the success of the nitrile
oxide functionalization. Specifically, we can identify the v(N—H)
and v(C=0) vibrations of the carbamate group around 3400 and
1700 cm™', respectively.*® Additionally, we note the presence of
a band at about 1370 cm™', which has previously been
attributed to N—O vibrations.*¥ Similar spectroscopic features
can also be recognized in derivatized ND samples. However, for
these materials, the surface picture is more complex, as the
spectra of pristine NDs show several IR signals, including bands
attributed to v(C—H), in the 3000-2800cm™' range, and to
v(C=0) at 1730 cm™' (Figure S3 and S8), as previously discussed
in detail in earlier studies.***’

Table 2. Derivatization of rGO and NDs by 1,3-DCA with nitrile oxide.
En Sample Reaction % UV % TGA
Conditions % w/w (umol/g) % w/w (umol/g)
1 rGO-NO-1 5 (1,6 mmol), MW, 60°C, 1 h 13.2 (285) 15.3 (453)
2 rGO-NO-1 5 (0,8 mmol), MW, 60°C, 1 h 14.6 (330) 16.3 (464)
3 rGO-NO-1 5 (0,8 mmol), MW, 45°C, 1 h 13.9 (342) 15.8 (450)
4 rGO-NO-1 5 (0,8 mmol), 0.b,, 30°C, 2 h 19.9 (484) 23.5 (649)
5 rGO-NO-1 5 (0,42 mmol), 0.b, 30°C, 2 h 19.5 (482) 22.8 (649)
6 rGO-NO-2 11 (0,42 mmol), 0.b,, 30°C, 2 h 17.8(429 19.6 (546)
7 NDs-NO-1 5 (0,42 mmol), 0.b,, 3°C, 2 h 8.3 (204) 9.81 (376)
8 NDs-NO-2 11 (0,42 mmol), 0.b., 30°C, 2 h 9.4 (247) 10.6 (294)
Reaction conditions: rGO or NDs (50 mg), chloroxime (mmols 1.6-0.42), KHCO; (0.417 mmol), dioxane (6.5 mL).
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The Raman spectra of NDs are characterized by pronounced
fluorescence, covering the investigated range and masking the
presence of the D and G bands, located at 1345cm™' and
1580 cm™', respectively, which are still barely visible. The
absence of the diamond-Raman peak is typical of diamond
nanocrystals produced using the detonation technique, due
both to the small dimensions of the diamond core and the
presence of graphitic/amorphous superficial phases that reduce
the intensity of the Raman signals.®¥ In contrast, the spectra of
the rGO samples present all the typical features of graphene-
based materials; intense D and G bands, as well as 2D and 2 G
(at 2700 cm™' and 3180 cm™"), which are ascribable to double
resonance Dirac cone intravalley processes and the combina-
tion of these transitions (D+D” at 2450 cm™' and D+G at
2940 cm™). As is well known, several peaks (D, D' at 1620 cm ™',
and D+D’ at 2800 cm™') are associated with the presence of
structural defects in the rGO lattice, and are absent in a perfect
graphene monolayer. These imperfections significantly affect
the Raman response of the material, making an evaluation of
the functionalization degree inaccurate when using the ap-
proach described by Rebelo etal. and Vecera at al™" This
approach is based on the ratio between the integrated area of
all the peaks previously described and the sum of the D and G
areas (Chemical Functionalization Degree CFD). In fact, as
already reported for the azomethyne ylide derivatization, the
CFD measure by Raman is in disagreement with the TGA and
UV absorption evaluations. When the derivatization was meas-
ured based on the I/l ratio, the covalent functionalization of
rGO showed variable results; 1.344-0.04 for rGO-NO-1 and
1.20+0.04 for rGO-NO-2. The significant difference between
the derivatized rGO samples may be due to a combination of
two factors; slightly lower derivatization of rGO-NO-2, as
demonstrated by UV and TGA analyses, and the predominant
aromatic substructure of nitrile oxide 11.

The deep and extensive knowledge acquired on sp” graph-
itic surface functionalization via 1,3-DCA and the proven
quantification method that uses Fmoc-amino protected deriva-
tives as derivatizing agents were then utilized to directly
functionalize rGO and NDs using another versatile cycloaddition
reaction; the use of nitrones. This approach exploits eco-friendly
and mild parameter conditions. Nitrones were chosen for their
high reactivity towards dipolarophiles, while, compared to
nitrile oxide, they allow two substituents to be substituted onto
the oxazolidine ring, making this functionalization method
suitable for the multifunctional derivatization of rGO and NDs.

The synthetic procedure for the synthesis of nitrones follows
the reaction between hydroxylamines and aldehyde com-
pounds. Aromatic hydroxylamine 13 (see Scheme 4) was
prepared starting from its aldehyde precursor. It was then
condensed with Fmoc-protected aldehydes 2b and 9 to obtain
two nitrones with modulated alkyl and aryl substituents (14 and
15). Nitrones were synthesized in DCM in the presence of
MgSO,, as described in the literature.*® The resulting dipoles
were used in reactions without further purification. MS spectra
were obtained to confirm the presence of the desired dipoles.

In order to assess the reactivity of these nitrones towards
1,3-DCA with rGO and NDs, the reaction was carried out in 1,4-
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Scheme 4. Synthesis of nitrones 14-15 Reaction conditions: a) NH,OH-HCl,
base, EtOH, b) NaBH;CN, MeOH, r.t., ¢) NaHCO;, Na,SO,, DCM. Derivatization
of rGO and NDs with nitrones.

dioxane, THF and toluene at different temperatures (see SI,
Table S1). Unlike the procedure proposed in the literature with
quantum dot graphene, ¥ we decided to reduce the amount
of nitrone and maintained the same molar ratio (rGO or NDs/
dipole) used for nitrile oxide 1,3-DCA. The derivatization degree
was measured using indirect UV quantification after Fmoc
deprotection and TGA. Gratifyingly, both rGO and ND function-
alization were successful in toluene at 90°C for 16 h. Under MW
irradiation, a satisfactory derivatization degree was obtained in
dioxane at 60°C after 1 h (see Table S1, entries 1-5 for reaction
optimization). Since toluene is a low microwave-adsorbing
solvent, it was replaced with 1,4 dioxane to achieve comparable
results. In dioxane, after 1h of irradiation at 60°C, the
derivatization degree (w/w%) was slightly higher than that of
conventional heating in toluene o.n. for rGO derivatization. In
contrast, comparable and slightly lower derivatization degrees
were obtained for MW-heated NDs (see Figure 1). When the
reaction time was increased to 2 h, we did not observe an
increased functionalization percentage. Interestingly, when the
reaction was repeated in the presence of nitrones 14 and 15, an
interesting derivatization trend was obtained (see Scheme 4
and Figure 3). The nitrone obtained from aromatic aldehydes
15 (rGO-Ntr-2) showed lower reactivity than that obtained from
derivative 14 (rGO-Ntr-1). Despite the variable degree of
functionalization, the overall efficacy of the methodology was
demonstrated, with a w/w % of functionalization on rGO
ranging from 4-12%. These results are not only comparable to,
or higher than, those in previous studies, but they also allow
access to derivatized rGO under milder conditions. When the
reaction was repeated with NDs, a satisfactory derivatization
degree was measured, confirming the same trend. Nitrone 15
had a lesser effect on the degree of functionalization (ND
derivatization range from 3.7-5.2% w/w, see Table S1).
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Figure 3. Degree of derivatization of rGO and NDs-Nitr-1 and 2 under oil
bath or MW heating.

The effectiveness of the derivatization reactions was proven
using TGA, FT-IR and DRIFT, and Raman spectroscopy.

The TGA curves of the cycloadducts showed a degradation
step that started approximately at 216°C for rGO derivatives,
while the TGA of NDs indicated increased thermal stability with
the degradation step starting at 284 °C (Figure $10). As with the
nitrile oxide, IR spectroscopy (Figure S11) confirms the success-
ful derivatization of the samples, which is demonstrated by the
presence of the carbonyl-group stretching vibration around
1700 cm™" and carbon—carbon bonds in the aromatic rings in
the 1600-1400 cm™' spectral region.*” Analogously to nitrile
oxide functionalization, derivatization with nitrone has a low
impact on Raman spectra for both NDs and rGO. This confirms
that the developed chemistry route does not modify the
structure of the carbon-based nanomaterial while allowing the
desired surface modification to proceed.

A comprehensive view of the rGO-derivatization degree
when reactions were performed using 1,3-DCA is described in
Table 3. As can be observed, the Raman degree of derivatization
for rGO ranged between 22 and 21%, indicating successful
derivatization. However based on Raman data, the CFD is
overestimated, and we could not observe the variable degree
of surface modification that was measured by UV and TGA. The
reason for this trend may be the presence of defects on the
surface of pristine rGO. By measuring the ratio of Raman Ip/lg
bands, we were able to observe the trend of chemical
derivatization; both rGO-NO-1 and rGO-Ntr-1 are higher in

Table 3. Chemical functionalization degree of 1,3 DCA on rGO obtained by
Raman, TGA and UV. a) Chemical functionalization degree (CFD) calculated
on the basis of Raman deconvolution.

Sample % TGA % UV % CFD? lo/lg
rGO-AMY-3 14,5 124 22,3 1.40
rGO-NO-1 22,8 19,5 29 134
rGO-NO-2 19,6 17,8 255 1.20
rGO-Ntr-1 12,76 9,7 219 1.52
rGO-Ntr-2 6,55 52 22,2 1.21

ChemPlusChem 2024, €202400510 (8 of 10)

degree than rGO-NO-2 and rGO-Ntr-2. We must also underline
the fact that starting dipoles 11 and 15, employed to obtain
derivatives rGO-NO-2 and rGO-Ntr-2, already displayed an
aromatic structure.

Conclusions

In conclusion, this study describes efficient procedures for the
1,3-DCA derivatization of rGO and NDs. To accurately assess the
degree of functionalization, the reaction products underwent
characterization using various spectroscopic and analytical
techniques. Additionally, an indirect evaluation of the reaction
outcome was conducted using Fmoc deprotection and quanti-
fication. Comparing the AMY, Ntr, and NO dipoles reveals
differences in reaction conditions and the extent of derivatiza-
tion. All approaches effectively modified the surface of carbon-
based nanomaterials, with reaction temperatures ranging from
130°C for AMY to 30°C for NO. Of these, NO proved to be the
most efficient in terms of derivatization degree, while Ntr was
the most versatile reagent, facilitating the decoration of the
carbon nanolayer with disubstituted dihydroisoxazole. Micro-
wave irradiation accelerated reaction rates during the reactions
involving AMY and Ntr. In summary, reaction time, temperature,
and reagent amounts were carefully optimized to achieve
excellent results under mild and efficient conditions. The
versatility of this approach and its capacity to produce highly
functionalised carbon materials, ranging from rGO to NDs,
through a single-step protocol, are well established. In this
study, we demonstrate that derivatisation using nitrone and
nitrile oxide provides an economical, rapid, and efficient route
to obtaining pure hydrophilic carbon nanomaterials, which can
be exploited for a variety of applications. Moreover, the fact
that this method can be carried out in the presence of
thermolabile biomolecules makes it a promising candidate for
biomedical applications, and it is therefore worthy of further
investigation in this field.
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