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Addition of azomethine ylides to carbon-encapsulated iron
nanoparticles

A method for the covalent functionalization of
carbon-encapsulated iron nanoparticles is presented. The
synthetic approach is based on the 1,3-cycloaddition of

azomethine ylides to an exterior graphene layer of nanoparticles.

This one-step approach results in high coverage
degrees (12-21 wt%).
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The Prato reaction was applied for the covalent introduction of a
variety of organic moieties onto carbon-encapsulated iron nano-
particles. The developed method is versatile and employs a broad
range of commercially available reactants, including both aromatic
and aliphatic aldehydes. The reported functionalization route pro-
vides high functionalization yields (ca. 12—21 wt%).

The cycloaddition reaction is one of the most commonly used
synthetic routes to functionalize carbon nanostructures for
various applications. Since the discovery of fullerenes in 1985
a number of their possible modifications have been developed,
including the cycloaddition protocols.' Over the years, it has
been found that such a methodology can also be applied for the
surface modification of carbon nanotubes*® and graphene.””
Graphene, in principal, has a flat structure and does not contain
topological defects which introduce the local curvature and in
consequence its reactivity is lower in comparison with fullerenes
and carbon nanotubes. Such a phenomenon influences the reac-
tion conditions for the functionalization of graphene, especially
higher temperatures and longer reaction times are needed.
Nevertheless, there are a number of cycloaddition reactions poss-
ible to conduct with the graphene layer. Many examples were
recently summarized by Prato and co-workers."’
Carbon-encapsulated magnetic nanoparticles constitute as
a family of carbon nanostructures. They comprise a magnetic
core which is covered by curved graphene layers.""'* The
carbon shell protects the metallic core against environmental
factors, e.g. oxidation and aggregation/agglomeration. Carbon-
encapsulated magnetic nanoparticles possess a wide range of
possible applications, including e.g. adsorption,"*'** sen-
sors'”? and nanomedicine.'®™* Several types of radical reac-
tions with the exterior graphene layer of carbon-encapsulated
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magnetic nanoparticles have been established to date, includ-
ing diazo™ and peroxide chemistry,"® as well as the direct
amination protocol.>® These functionalization routes consti-
tute as a direct link to the chemistry of fullerenes®** and
carbon nanotubes.”*** Importantly, the addition of nitrile
oxides to carbon-encapsulated magnetic nanoparticles can
also be conducted.”® If so, one can conclude that this magnetic
graphene-related material can act as an active dipolarophile in
the cycloaddition reaction like other carbon allotropes.

The Prato reaction is one of the most popular methods to
functionalize carbon nanostructures. It is based on the 1,3-
cycloaddition of azomethine ylides generated from the corres-
ponding amino acids and aldehydes. The leading role of this
reaction in the modification of carbon allotropes results from
(i) effortless of the manual operation, (ii) employing commer-
cially available reactants and (iii) providing high functionali-
zation yields. The Prato reaction has been reported for fuller-
enes,”” carbon nanotubes,’® as well as for graphene.>® To the
best of our knowledge the addition of azomethine ylides to the
carbon-encapsulated magnetic nanoparticles has not been
reported yet. In this paper, we report the syntheses of new
derivatives of carbon-encapsulated iron nanoparticles (CEINS)
using the Prato reaction. It is shown that various types of func-
tional moieties can be efficiently introduced onto the surface
of CEINs by employing the developed process.

The carbon arc discharge route was employed to obtain
CEINs, which have a diameter between 10 and 100 nm.*° The
magnetic core has a diameter of 10-30 nm, whilst the carbon
shell is composed of ca. 5-20 graphene layers. The developed
functionalization route (Fig. 1) involved refluxing CEINs
(20 mg) with aldehydes (1.0 mmol) in the presence of sarco-
sine (0.8 mmol). The toluene or toluene/DMSO (1:1) system
was used as the reaction medium. For experimental details see
the ESL.f The mass gain was observed for each material.
However, this feature only indicates the success of the reac-
tion, because CEINs-based materials are highly hygroscopic.
Fourier-transform infrared (FT-IR) spectroscopy and thermo-
gravimetry (TGA) were performed to confirm the success of
functionalization.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The developed method for the functionalization of CEINs. *For the chemical structure of -cyclodextrin, see Fig. S1 in the ESI.}

FT-IR spectroscopy provided qualitative information about
the structure of the obtained materials. Firstly, the non-substi-
tuted aromatic aldehydes (1-2) were attached to the CEINs
surface. The FT-IR spectrum of the representative material 9 is
presented in Fig. 2 (for the spectrum of material 8 see Fig. S7
in the ESI}). The FT-IR spectrum of pristine CEINs is also
shown. The weak absorption band at 1585 cm™" is observed in
the FT-IR spectrum of pristine CEINs only. In contrast, the
spectra of the obtained materials consist of several strong
absorption bands. As for example, the main features for
material 9 are located at 1585, 1510, 1460, 1390, 1270, 1155,
960, 820, 685, and 460 cm™'. The characteristic absorption
bands at 1585, 820, 685, and 640 cm™" were assigned to the
C=C stretching and out-of-plane deformation vibrations. The
adsorption bands at 1510, 1460, 1390, 1270, 1155, and
960 cm™" assigned to the vibrations of the
N-methylpyrrolidine ring (C-N vibrations associated with the
presence of the tertiary amine group as well as C-C vibrations).
Importantly, no characteristic absorption band for the alde-
hyde group of the starting reactant (ca. 1730-1670 cm™"; see
data in section S5.2 in the ESI{) was observed. This finding
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Fig. 2 FT-IR spectra of pristine CEINs, material 9 and material 14. For
legends, see Fig. 1.
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supports the conclusion that the organic moieties were co-
valently attached to CEINs. Obviously, the substituted
N-methylpyrrolidine ring is formed on the surface of the func-
tionalized CEINs.

The success of such preliminary studies prompted us to
broaden up the range of the aldehydes employed in the
reported process. Ferrocenecarboxaldehyde (3) was chosen as
the representative metallocene compound. The covalent
attachment of the ferrocene (Fc) moiety was confirmed by
FT-IR spectroscopy (material 10, Fig. S8 in the ESIf). The
attachment of the aromatic moieties substituted with hydroxyl
groups, namely 4-hydroxybenzaldehyde (4) and 2,4-dihydroxy-
benzaldehyde (5), was also achieved (FT-IR spectra of materials
11 and 12 are presented in Fig. S9 and S10 in the ESI,} respect-
ively). The addition reactions with the hydroxyl-substituted
aldehydes were conducted in the DMSO/toluene solvent
system. Subsequently, heptanal (6) was applied as the repre-
sentative aliphatic aldehyde. Once again, FT-IR spectroscopy
was performed to confirm the success of the covalent attach-
ment of the aliphatic moiety. The characteristic absorption
bands for both the ligand and N-methylpyrrolidine ring were
found in the spectrum of the material 13 (Fig. S11 in the ESIY).
The addition of the azomethine ylide generated from the
B-cyclodextrin aldehyde (BPCD-CHO, 7)*' to the surface of
CEINs was also succeeded. The characteristic strong absorp-
tion bands resulting from BCD (especially C-O-C vibrations
arising from the glucose units, i.e. 1080 and 1025 cm™ ') and
the N-methylpyrrolidine ring were found in the FT-IR spectrum
of the obtained carbon material (14, Fig. 2). No characteristic
absorption band for the aldehyde group of CD-CHO (C=O,
1720 cm™", Fig. S6 in the ESIt) was observed.

The content of the introduced organic moieties was calcu-
lated from the thermogravimetric (TGA) curves. The represen-
tative TGA curves (acquired in nitrogen) of materials 9 and 14
are presented in Fig. 3 (for other TGA curves see Fig. S13-S17
in the ESIt). The TGA curve for pristine CEINs is also shown.
The first weight loss is observed between ca. 65 and 105 °C for
both pristine CEINs and the corresponding materials. It is

Dalton Trans., 2018, 47, 30-34 | 31
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Fig. 3 TGA curve (in nitrogen) of pristine CEINs, materials 9 and 14. For
legends, see Fig. 1.

associated with the presence of moisture in the samples. The
next weight loss up to 550 °C is observed only for the materials
8-14 and is directly attributed to the thermal decomposition
of the introduced moieties. This temperature range is typical
of the decomposition of covalently attached moieties to
CEINs.>*?*?> The functionalization yields ranging from
12 wt% to 21 wt% are summarized in Table 1. The details of
the calculation are presented in the ESI (section S67). The
highest content of the introduced moiety was found for
material 10 bearing the Fc unit (21.2%) and material 14
bearing the pCD moiety (20.8%).

To exclude a possible non-covalent adsorption of organic
moieties onto CEINs, the representative organic aldehydes 2, 3
and 5 (1.0 mmol) were refluxed with CEINs (20 mg) in the
absence of sarcosine. As expected, the lack of sarcosine, the
crucial reaction component for the formation of the intermedi-
ate ylide, prevented the covalent functionalization of CEINs.
No weight gain was observed. Moreover, no characteristic
absorption bands for the aldehydes in the FT-IR spectra were
observed. Furthermore, no weight loss in the TGA curves of
the obtained carbon materials was observed (data presented in
section S7 in the ESIf). These findings revealed that the
studied organic compounds were not permanently adsorbed
onto the CEINs. Consequently, our thesis on the covalent
modification of CEINs in the course of the developed
functionalization route was supported.

Carbon nanomaterial 10 with the Fc unit was expected to
show an interesting electroactivity. To explore its electro-
chemical properties and to determine the potential range of
electroactivity, nanomaterial 10 was physically adsorbed on the
glassy carbon electrode and subjected to the cyclic voltamme-

Table 1 Content of the introduced moieties (evaluated from TGA). See
Fig. 1 for legends

Material ~ Content of introduced  Material ~ Content of introduced
no. moiety [wt%| no. moiety [wt%|

8 11.8 12 18.2

9 13.3 13 12.0

10 21.2 14 20.8

11 17.0
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try experiments in the range of positive potentials. Both well-
defined one anodic peak and one cathodic peak are observed
in the cyclic voltammogram as presented in Fig. 4. These
peaks confirm the successful conjugation of Fc residues to
CEINs. The shift of the current signals on the potential scale
in comparison with the unsubstituted ferrocene®® is a conse-
quence of the interactions between the electron-donating
ligand and the cyclopentadienyl ring. The calculated amount
of Fc constituted ca. 18 wt% of the total weight of the carbon
material 10 adsorbed at the electrode surface. This number is
in very good agreement with the TGA data (ca. 21 wt%). It
means that almost all Fc residues attached to the CEINs
surface are capable of electron exchange with the electrode.
The detailed electrochemical characteristic of the carbon
material 10 is presented in section S8, ESI.{

BCD is a well-known host molecule that participates in the
formation of the supramolecular host-guest systems.**?’
Hence, the immobilization of p-cyclodextrin (BCD) onto CEINs
(material 14) gives a possibility to bind hydrophobic chemical
molecules to the functionalized carbon material. In particular,
the interactions between pCD and Fc are of significant interest
because of the high Fc@PCD association constant and the
reversibility of the inclusion. When Fc is oxidized to an ferro-
cenium cation (Fc¢*) no complex with BCD is formed.***” We
have examined the possibility of complexing the Fc inside the
CEINs-BCD material and the subsequent release of Fc¢' using
the oxidizer. Importantly, after complexation of Fc inside pCD
in material 14, Fc could be released from the complex
(material 15) using the aqueous solution of iron(u) chloride
(Fig. 5a, for experimental details see section S3.4 and discus-
sion in section S5.3 in the ESIT). This process is visualized in
Fig. 5b—d. When material 14 was sonicated in an aqueous solu-
tion of FeCl;-6H,0 and then centrifuged, no color change of
the supernatant was observed in comparison with FeCls,q
(Fig. 5b and c). In contrast, when material 15 was subjected to
the same experiment, the color of the supernatant changed
(Fig. 5d). This difference was associated with the oxidation of
Fc to Fc' followed by its release from the complex.

2.0

1/ pA

0.0 4

0.0 Of1 0?2 0Y3 Of4 075 0.6
E/V vs. Ag/AgCli3 M KCI

Fig. 4 Cyclic voltammograms of material 10 adsorbed on the glassy
carbon surface in 0.02 M PB buffer containing 0.15 M K,SO4, pH 7.40.
Experimental conditions: T = 21 °C; scan rate 100 mV s™; @ GC 3 mm.
For legend, see Fig. 1.
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Fig. 5 Complexation tests with Fc: (a) reaction scheme, (b) aqueous
solution of FeClz:6H,O (20 mg mL™Y), (c) material 14 after treatment
with FeCls-6H,0,q, (d) material 15 after treatment with FeCls-6H,0,,.
See the description in the text.

Conclusions

We have succeeded in the covalent functionalization of carbon-
encapsulated iron nanoparticles (CEINs) via the addition of azo-
methine ylides. The developed method is a one-step process and
employs commercially available reactants. Both aromatic and ali-
phatic aldehydes, as well as metallocene and sugar aldehydes
were used in the developed process. The presented functionali-
zation approach enables one to functionalize CEINs both with
small organic ligands and unique supramolecules (cyclodextrin).
The content of the introduced organic moiety was between 12
and 21%. For material 10 bearing the ferrocene unit, the charac-
teristic electrochemical signals were highly consistent with the
data for the ferrocene compound. This is a first example of the
ferrocene-CEINs conjugate with well-defined electrochemical
performance. Material 14 containing p-cyclodextrin units exhibi-
ted interesting complexation features, which have been proven
by demonstrating the reversible host-guest interactions between
p-cyclodextrin and ferrocene. In other words, the characteristic
properties of the organic moieties were retained after covalent
immobilization onto CEINs. The developed functionalization
route opens up a way to modify magnetic carbon-related
materials for a variety of applications.
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