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bearing unprotected hydroxyl and carboxyl groups, as well as a
metal—organic unit. The developed environmentally improved
functionalization method is fast and results in high degrees of
coverage (16-33 wt%).
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Covalent functionalization of carbon-encapsulated iron nano-
particles based on the grinding-induced 1,3-cycloaddition reaction
of nitrile oxides is presented. We report an easy to perform, fast
and efficient method for the direct introduction of various types of
functional moieties, such as carboxylic, metallocene and sugar
units, into carbon-encapsulated iron nanoparticles.

Carbon-encapsulated iron nanoparticles (CEINs) are a class of
carbon-based nanomaterials which possess an encouraging
wide-range of possible applications, including medicinal
chemistry," adsorption technologies® and catalysis.®> This
broad scope of application is directly associated with their
physical and chemical properties, such as core-shell mor-
phology (a ferromagnetic core covered by curved graphene
layers; Fig. 1a), as well as strong magnetic properties (Fig. 1b).
Nevertheless, all the pristine carbon-based nanomaterials
need to be functionalized before the synthesis of more
complex constructs, because of the lack of functional groups
on their surface. Most commonly, the introduction of organic
moieties onto various carbon nanomaterials, if possible, is
associated with the use of (i) significant amounts of toxic sol-
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Fig. 1 Structure of CEINs (a) and their magnetic properties (b).
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vents, like 1,2-dichlorobenzene, toluene or N,N-dimethyl-
formamide, (ii) high temperature and long-time reactions, as
well as (iii) stepwise protocols, e.g. deprotection reactions.
With the increasing number of articles on the application of
carbon nanomaterials in various types of functional materials
the above-mentioned phenomenon can be regarded as highly
environmentally unfriendly.

In the last ten years the mechanochemistry has attracted an
increasing attention of scientists because of its versatility to
create various types of covalent bonds between chemical indi-
viduals.® For example, it has been found that such a green and
simple method can be applied to obtain (i) graphene
nanosheets via mechanochemical exfoliation,** and (ii) gra-
phene-based hybrid materials.®” To date, many reactions
which are specific for carbon materials, especially fullerenes,
have been reported to proceed under grinding-induced con-
ditions.” For example, the direct introduction of hydroxyl
groups onto fullerenes (synthesis of fulleroles), carbon nano-
tubes and graphene via ball milling with potassium hydroxide
for a relatively long time (from 30 min up to 9 h) has been
demonstrated. Cycloaddition reactions between fullerenes and
nitrile oxides, which can be derived via oxidation of oximes,
are also possible to proceed under grinding-induced con-
ditions.® This type of mechanochemical reaction can be
regarded as one of the most versatile and the most efficient
techniques to introduce various functional moieties onto the
surface of carbon nanomaterials. However, the cycloaddition
reaction, if possible, is most commonly conducted as a solu-
tion-phase functionalization with the use of significant
amounts of toxic solvents and long-time high-temperature
reactions.”®® What is more important, there are no examples
on the cycloaddition reaction between carbon nanomaterials
and some specific moieties, e.g. unprotected carboxyl-contain-
ing compounds or unprotected sugars.

Herein we report, a novel mechanochemical, eco-friendly
and grinding-induced method for the functionalization of
carbon-encapsulated iron nanoparticles (Scheme 1). Our
method employs the 1,3-cycloaddition reaction of nitrile
oxides bearing unprotected carboxyl or hydroxyl moieties, as

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 The developed grinding-induced and eco-friendly mechanochemical processes: synthesis of the oximes (a) and functionalization of

CEINs (b).

well as a metalorganic or a sugar unit. To the best of our
knowledge there are no examples on such mechanochemical
introduction of the organic moieties onto a graphene-based
material. Such conclusion prompted us to develop a simple,
efficient, non-toxic and fast method to functionalize this
unique magnetic nanomaterial. We have carefully selected the
aldehydes containing different types of specific functionalities
to show the simplicity and effectiveness of mechanochemical
introduction of the organic moieties into the surface of
carbon-encapsulated iron nanoparticles.

Experimental details are presented in the ESL.f The oximes
were obtained via a mechanochemical reaction between the
appropriate aldehyde (6.0 mmol), hydroxylamine hydro-
chloride (7.2 mmol) and solid sodium hydroxide (7.2 mmol)
(Scheme 1a). We have modified the purification method in a
similar mechanochemical process presented earlier (for 4-car-
boxybenzaldoxime and hydroxybenzaldoximes),'® which
resulted in the improvement of the process yield (ca. 84-96%).
Moreover, we have broadened the scope of the aldehydes, i.e.
ferrocene based-oxime and sugar oxime were also included in
this study. NMR spectroscopy (see Fig. S1-S10 in the ESI}) con-
firmed the formation of a pure product and full conversion of
the aldehyde into the oxime in each case. E-Oximes were
obtained based on the literature data (see details in the ESIT).

CEINs used in this study were obtained via a carbon arc dis-
charge route and they have the diameter between 10-100 nm,
whilst the carbon coating is formulated of ca. 5-20 curved gra-
phene layers (Fig. 1a)."' The functionalization of CEINs was
based on the grinding-induced and eco-friendly mechano-
chemical cycloaddition reaction of nitrile oxides generated
from the as-obtained oximes (Scheme 1b). Oxime (1.2 mmol),
N-chlorosuccinimide (1.5 mmol) and CEINs (20 mg) were
placed in an agate mortar and ground together with an agate
pestle for 1 minute followed by the addition of a small amount
of triethylamine (140 pL; 1.5 mmol) and pyridine (20 pL;
0.2 mmol). Next, the mixture was ground for 8 min at room
temperature. The carbon material was sonicated with an
appropriate solvent for 2 hours, filtered off and dried at 45 °C
overnight.

This journal is © The Royal Society of Chemistry 2017

The mass gain was observed for each resulting carbon
nanomaterial (see Experimental details in the ESIY).
Nevertheless, this fact only partially indicates the success of
the functionalization because of highly hygroscopic features of
the product. Hence, the progress of functionalization was
tracked qualitatively by Fourier-transform infrared (FT-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), trans-
mission electron microscopy (TEM) and quantitatively by ther-
mogravimetry (TGA).

Firstly, the success of the grinding-induced mechanochem-
ical functionalization of CEINs was analysed qualitatively. The
representative FT-IR spectrum of CEINs containing a 3-(4-car-
boxyphenyl)isoxazoline moiety (NANO-1) is presented in Fig. 2
(the FT-IR spectra for other products are shown in Fig. S16-S19
in the ESIt). For comparison, the spectra of pristine CEINs and
the oximes are also shown. The absorption bands typical of the
isoxazoline-modified carbon nanomaterial as well as the bands
characteristic of the given oxime were observed in the spectrum
of each product. For example, the most prominent bands for
NANO-1 are at 1685, 1610, 1415, 1285, 1085, 860, 760, 730, 685
and 540 cm™". Almost the same bands as for the raw oxime are
observed in the spectrum of the nanomaterial, which is related
to the presence of the isoxazoline ring on the nanomaterial
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Fig. 2 FT-IR spectrum of NANO-1. See Table 1 for legends.
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(several types of stretching vibrations coming from N-O and
C=N moieties). The bands at 1610, 860, 685 and 540 cm™*
correspond to the benzene ring stretching (1610 cm™) and
benzene ring deformation vibrations (for other bands; includ-
ing out-of-plane vibrations). Please note that for NANO-1 (reac-
tion with 4-carboxybenzaldoxime) the typical absorption band
at ca. 1685 cm™ ", associated with the presence of the carboxyl
group, can be found in the spectrum of the isoxazoline-modi-
fied carbon material. If so, one can conclude that the developed
mechanochemical protocol (i) yields the desired product
bearing the unprotected carboxyl group on the surface of
CEINs, as well as (ii) does not induce any side reaction with the
inclusion of the COOH group. To the best of our knowledge
there are no examples of such direct cycloaddition-based intro-
duction of the organic compound containing the unprotected
carboxyl group onto carbon nanomaterials. The same con-
clusion is found for CEINs modified with the unprotected sugar
moiety (NANO-5). The ferrocene moiety was also introduced
into CEINs (product NANO-4) via the herein presented
mechanochemical route. All the discussed observations are the
undoubted evidence of the versatility and potential of the
developed mechanochemical process.

Thermogravimetry (TGA) was applied for the quantitative
evaluation of the functionalization yield. The representative
TGA curve (nitrogen atmosphere) of CEINs containing the 3-(4-
carboxyphenyl)isoxazoline moiety (NANO-1) is presented in
Fig. 3 (the TGA curves for other products are presented in
Fig. S20-S24 in the ESI}). For comparison, the TGA curve of
pristine CEINs is also shown. The first weight loss, between
ca. 65 °C-120 °C, is related to the presence of moisture in the
sample. Further weight loss (which is not observed for pristine
CEINs) starts at ca. 150 °C and is completed at ca. 550 °C,
which is clearly attributed to the decomposition of covalently
attached moieties.”*'> The weight loss for each sample is an
indirect indicator of the content of the introduced organic
moiety. The calculated content of the introduced moiety for
each sample is 16-33 wt% (see data in Table 1). The details of
the calculation of the content of the introduced moiety are
shown in the ESI (section 4).7

X-Ray photoelectron spectroscopy (XPS) analyses were also
performed to confirm the successful covalent functionalization

100

pristine CEINs

95 4

90 4

854

80 4

754

WEIGHT VARIATION (%)

70 4

65 4

60

100 200 300 400 500
TEMPERATURE (°C)

Fig. 3 TGA curve (in nitrogen) of NANO-1. See Table 1 for legends.
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Table 1 Functionalized CEINs that have been obtained via the grind-

ing-induced solvent-free mechanochemical method. Content of the
introduced moiety (evaluated from TGA) is also given

Content of introduced

Designation Structure moiety [wt%]

NANO-1 o‘{‘l 33.5
coon

NANO-2 O-N 23.2
@ C.

NANO-3 21.1

NANO-4 16.3

NANO-5 17.2

of CEINs. The survey spectra of all materials are presented in
Fig. S25-S30 in the ESL.} The survey spectra reveal the presence
of three major components, namely carbon, iron and oxygen.
The presence of nitrogen was observed in NANO-1-NANO-5
samples, only. This finding directly proves that the functionali-
zation was successful. The proposed cycloaddition route
(Scheme 1) was finally confirmed via the analysis of the decon-
voluted C 1s component (Fig. 4). The C 1s component of pris-
tine CEINs (Fig. 4a) contains one peak, which is centered at
284.6 €V and corresponds to sp> carbons. The deconvoluted
C 1s spectra for the functionalized samples are comprised of
at least two peaks, located at 284.5 eV (sp® carbons) and
285.6-286.5 eV. The latter feature can be assigned to C-O and
C=N moieties, and in fact, this observation confirms the pro-
posed reaction scheme. Additionally, the C 1s of NANO-1
(Fig. 4b) contains an additional peak at 289.1 eV, which is
typical of carboxylic groups (the presence of the COOH group
was also evidenced in the FT-IR spectrum, Fig. 2). Obviously,
the attached molecule in NANO-1 contains the carboxylic
group in its structure.

The transmission electron microscopy (TEM) studies were
also performed to visualize any morphological changes on the
surface of functionalized CEINs. The representative TEM
image of NANO-1 is shown in Fig. 5 (the TEM images of other
materials are presented in Fig. S31-S34 in the ESI}). The TEM
image of pristine CEINs is presented elsewhere."' The surface
modification of CEINs is clearly seen. After functionalization
the nanomaterial is covered by an inhomogeneous, very thin
and nonuniform layer, which corresponds to the presence of
moieties covalently attached to CEINs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS curve fitting of C 1s peaks of pristine CEINs (a), NANO-1 (b), NANO-2 (c), NANO-3 (d), NANO-4 (e) and NANO-5 (f).

Fig. 5 Representative TEM image of NANO-1.

To exclude the possibility of physical adsorption of the aro-
matic moieties onto CEINs, the examined aromatic oximes
were ground with CEINs for 8 minutes in the absence of
the reactants needed for the generation of nitrile oxides
(N-chlorosuccinimide and triethylamine). There were no
weight gain, no characteristic signals for the organic moieties
in the FT-IR spectra and no essential weight loss in the TGA
curves for the resulting carbon materials. If so, one can con-
clude that the studied oximes are not permanently adsorbed
onto the CEINs in the course of the desired protocol. This
finding supports our thesis of a covalent functionalization of

This journal is © The Royal Society of Chemistry 2017

CEINs using the environmentally improved and grinding-
induced method. Moreover, we have additionally performed
some attempts to functionalize CEINs using the traditional
liquid-phase reaction recently reported by Boncel et al.** (for
functionalization of carbon nanotubes with e.g. 4-hydroxybenz-
aldoxime). We have selected 4-carboxybenzaldoxime, 4-hydroxy-
benzaldoxime and ferrocenecarboxaldehyde oxime to be
attached to the CEIN surface using the above-mentioned
method. Once again, FT-IR analysis has not indicated any reac-
tion (the lack of characteristic absorptions bands).

Finally, water dispersions (with high concentration of
500 ug mL™") of the representative NANO-1 and NANO-5 were
prepared to examine the colloidal stability of the carboxy- or
sugar-modified CEINs. As it can be seen in Fig. 6, water disper-
sions of the CEINs containing the 3-(4-carboxyphenyl)isoxazo-
line moiety (NANO-1) and the 3-(p-mannosyl)isoxazoline
moiety (NANO-5) exhibit incomparable higher colloidal stabi-

NANC

Fig. 6 Water dispersions (500 pg mL™) of NANO-1 and NANO-5,
10 min after sonication. Water dispersion of pristine CEINs is also
presented.
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lity in comparison to the pristine CEINs. Such observation
finally indicates the success of surface functionalization and is
very important in terms of possible bio-application of such
constructs.

Conclusions

An efficient, eco-friendly and grinding-induced mechanochem-
ical covalent functionalization of the carbon-encapsulated iron
nanoparticles has been developed. It has been demonstrated
that it is possible to conduct the cycloaddition reactions using
magnetic carbon-based nanomaterials and the unprotected
oximes, like carboxy- and hydroxy-containing compounds
(sugar oximes can also be used), as well as metallocene
oximes, such as ferrocenecarboxyaldehyde oxime. The pre-
sented route is fast (reaction time 8 minutes), versatile and
does not require the use of toxic solvents and provides high
functionalization yields. The observed contents of introduced
moieties (16-33 wt%) using such an environmentally improved
protocol are nearly the same or even higher in comparison to
the typical liquid-phase functionalization of CEINs and other
carbon nanomaterials, using e.g 4-(dimethylamino)benz-
aldehyde oxime (ca. 22 wt%).*
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