RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 6

RSC Advances

Journal Name

YAL SOCIETY
CHEMISTRY

Of

Formation and Chemistry of Carboxylic Anhydrides at the

Graphene Edge

FReceived 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Martin Rosillo-Lopez,” Tai Jung Lee,” Malika Bella,” Martin Hart,? and Christoph G. Salzmann®’

Using graphene for a wide range of applications often requires delicate chemical processing and functionalisation. Here we

first report the synthesis of graphene nanoflakes with carboxylic acid groups at the graphene edges from multi-wall carbon
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nanotube materials. Using this material we then show that highly reactive carboxylic anhydride groups exist in dynamic

equilibrium with the carboxylic acids in aqueous dispersion. Heating in vacuum shifts the equilibrium as about 80% of the

carboxylic acid groups transform to the anhydrides. These new insights into graphene chemistry enable us to develop a

simple, straight-forward chemical functionalisation protocol for graphene making use of the anhydrides. The graphene

nanoflakes were found to react readily with amine nucleophiles in aqueous dispersion to yield the corresponding amides.

The new protocol allows us to alter the zetapotential of the graphene nanoflakes and to decorate the graphene edges with

gold nanoparticles. Due to its simplicity, we expect this procedure to find wide-spread use in the chemical

functionalisation of graphene and to enable new graphene-based applications.

Introduction

Graphene, a single layer of graphitic carbon, displays highly
remarkable physical properties such as mechanical stability,1
optical tl'ansparency,2 impermeability,3 and electrical’ and
thermal conductivity.5 Chemical processing and
functionalisation are often required to use graphene in
applications as diverse as drug delivery,s' 7 photovoltaics' ° and
devices,10 energy storage“"13 and chemical
The chemistry of graphene is remarkably complex
and some aspects, such as the chemical structure of graphene
oxide, are even controversial."” 18 Graphene chemistry can be
divided with respect to the locus of chemical functionalisation,
i.e. either on the basal plane19 or at the edge which typically
relies on carboxylate chemistry. Current standard procedures
2022 o proceed via acid chlorides.””

electronic

sensors.***®

are carbodiimide-catalysed
25

Despite much progress in the structural characterisation of
graphene and its edges,ze’ %7 the characterisation tools for
chemically functionalised graphenes are often not able to
reveal the exact chemical nature and location of functional
groups. The purification of products materials can also be
difficult as it is often impossible to completely remove all
reagents or other impurities from chemically functionalised
graphene. Further progress in graphene chemistry and simple
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protocols for chemical functionalisation are therefore urgently
needed.

Here we first report the bulk preparation of carboxylated
graphene nanoflakes (cx-GNFs) from readily available chemical
vapour deposition (CVD) multi-wall carbon nanotube materials
(Fig. 1a). The material is then used to explore the chemistry of
the carboxylated graphene edge and the chemical properties
of the cx-GNFs are benchmarked against the widely-used
graphene oxide (GO). The aim is to develop new procedures
for the facile chemical functionalisation of the graphene edge.

Our new preparation procedure for cx-GNFs relies on the
carbon nanotube
material in a first step with a 3:1 vol% mixture of concentrated

oxidative break-down of CVD multi-wall

sulfuric and nitric acid. The separation of the cx-GNFs from the
large amounts of the inorganic acids is achieved by
neutralisation with KOH pellets which leads to precipitation of
K,SO, and KNO; while the cx-GNFs remain in dispersion (Fig.
1b). The remaining dissolved salts in the cx-GNF dispersion are
then removed by dialysis and the pure cx-GNF material is
obtained after freeze-drying in 16 w% yield (further details are
provided in the ESIT).

The purity of the cx-GNFs is illustrated by the survey X-ray
photoelectron spectrum in Fig. 1c which shows no other
elements than carbon and oxygen. A high-resolution spectrum
of the Cls region confirms the presence of sp2 carbon with a
peak centred at 285.3 eV as well as a lower intensity peak at
289.4 eV which is attributed to carbon in oxidation state +lIl
such as in carboxyl (COOH) groups.zs' 28

Comparison with the Cls region of GO highlights that the
cx-GNFs are a very different carbon nanomaterial. The most
pronounced peak of GO is located at 287.2 eV which is due to
alcohol and epoxide groups on the GO basal plane.28 COOH
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groups are present in very small quantities as illustrated by the
low spectral intensity at around 290 eV. Thermal annealing at
900°C in a high vacuum leads to removal of oxygen-containing
groups for both the cx-GNFs and the GO as shown by the
second inset in Fig. 1c.
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Fig. 1 Chemical composition and structure of cx-GNFs. (a)
Idealised chemical cx-GNF. (b)
Photographic images of the filtered reaction mixture before
and after neutralisation. (c) X-ray photoelectron spectra of cx-
GNFs and GO. The insets show the Cls region before and after
heating to 900°C under high vacuum. (d) Atomic force

structure of a small
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microscopy image of cx-GNFs spin-coated onto highly oriented
pyrolytic graphite. (e) Height and (f) diameter distribution of
the cx-GNFs. (g) 3¢ solid-state NMR and (h) Raman spectra of
cx-GNFs and GO.

The atomic force microscopy image in Fig. 1d shows cx-
GNFs spin-coated from aqueous dispersion onto highly-
oriented pyrolytic graphite. The average height of the cx-GNFs
is 0.45 nm which is the expected value for monolayer
graphene (Fig. le).25 The averages of the shortest and longest
lateral diameters are 22.5 and 30.8 nm, respectively (Fig. 1f).
Similar dimensions have also been found using transmission
electron microscopy (Fig. S8t). The cx-GNFs are therefore one
to two orders of magnitude smaller than a typical GO sheet.

Consistent with the XPS results, the 3¢ solid-state NMR
spectrum of cx-GNFs shown in Fig. 1g indicates the presence of
sp2 carbon and carboxylic acids, and the absence of alcohol
and epoxide groups which are characteristic for G0.”° The
Raman spectra of cx-GNFs and GO on the other hand are quite
similar which may indicate that the graphenic regions within
our GO are of similar dimensions as the cx-GNFs (Fig. 1h).

The availability of highly carboxylated nanographenes now
enables us to explore the chemical properties of COOH groups
at the graphene edge. We first show that they can transform
to the corresponding carboxylic anhydrides with the
elimination of water upon heating in vacuum according to the
reaction scheme shown in Fig. 2a.
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Fig. 2 Formation of carboxylic anhydrides upon heating cx-
GNFs in high vacuum. (a) Reaction scheme of the anhydride
formation. (b) FT-IR spectra of cx-GNFs after heating to the
(c)

desorbing gas species upon heating.

indicated temperatures. In-situ mass spectrometry of

The formation of carboxylic anhydrides is illustrated by the
FT-IR spectra in Fig. 2b. The as-made cx-GNFs show an intense
peak centred at ~1700 ecm™ which is the expected value of the
C=0 stretching mode of COOH groups.zs' 8 Upon heating in
vacuum new C=0 stretching peaks emerge at 1781 and 1844
cm™ at the expense of the COOH peak. These two frequencies
are indicative for cyclic carboxylic anhydrides and correspond
to the asymmetric and symmetric C=0 stretching modes,
respectively.28 The conversion of the COOH groups to the
anhydride is, however, not fully quantitative which may be due
to geometric constraints at the graphene edge such as
‘stranded’ COOH groups located either between anhydride
groups or spatially too distant from other COOH groups so that
cyclic anhydrides cannot form. The intensity of the COOH peak
decreases markedly above 250°C. However, this does not lead
to a further increase of the intensities of the anhydride peaks
and is therefore correlated with the thermal decomposition of
the COOH groups. The anhydride groups are
thermally more stable. However, heating to 460°C leads to

‘stranded’

almost complete disappearance of the anhydride C=0
stretching peaks as well as the peaks characteristic for
anhydrides in the 500 to 1000 cm™ range. Consistent with the
XPS data shown in Fig. 1c heating to 900°C finally shows the
absence of polar functional groups.

Mass-spectrometry data recorded upon heating cx-GNFs in
vacuum corroborate the results from FT-IR spectroscopy (Fig.
2c). Water is released first upon heating. Detailed analysis of
the H,O desorption profile suggests that more than 90% of the
desorbing water is physisorbed. A second water Iloss,
attributed to anhydride formation, starts at about 200°C (Fig.
S6at). This is followed by two separate decarboxylation
processes with maxima at about 280 and 440°C, respectively.
According to the FT-IR measurements, the first corresponds to
the decarboxylation of the ‘stranded’ COOH groups and the
second to the release of CO, due to thermal decomposition of
carboxylic anhydrides. Peak fitting of the CO, desorption
profile shows that about 81% of the COOH groups present in
cx-GNFs  form anhydrides upon heating (Fig. S6bT).
Decarbonylation, the loss of CO, takes place last which is
consistent with the thermal decomposition pattern of other
carboxylic anhydrides.30 The overall thermal decomposition
pattern is consistent with what has been observed for
aromatic polycarboxylic acids.>* For example, benzene-1,2,3-
tricarboxylic acid releases water at 190°C due to anhydride
formation followed by decarboxylation of the remaining COOH
group at 300°C to give phthalic anhydride.31

The thermal decomposition of GO is very different in
comparison. Simultaneous desorption of H,O, CO and CO, is
observed at about 250°C (Fig. S77) again illustrating that the
cx-GNFs and GO are very different materials.

This journal is © The Royal Society of Chemistry 20xx

Formation and decomposition reactions of carboxylic
anhydrides have previously been discussed in the context of
32, 33 However,
these investigations were complicated by the chemically
diverse nature of activated carbons.

chemically functionalised activated carbons.
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Fig. 3 Chemical functionalisation of cx-GNFs via the anhydride.

(a)

ethylene diamine and AP cations. (b) AFM image and (c)

absorbance

Reaction scheme of an anhydride with cysteamine,

chemical structure of the coordination of gold nanoparticles to
cysteamine functionalised GNFs. (d) Change in zeta-potential
upon functionalisation with ethylene diamine. (e) FT-IR spectra
of Al-functionalised GNFs before and thermal treatment in
vacuum.

The presence of carboxylic anhydride groups at the
graphene edge offers an exciting prospect for simple chemical
functionalisation due to their highly reactive chemical nature.
Alongside acid chlorides, carboxylic anhydrides are the most
reactive carboxylic acid derivatives and therefore highly
susceptible for nucleophilic attack at the electropositive
carbonyl carbon atoms. The reactive nature of the anhydride
groups after heating in vacuum is illustrated by the hydrolysis
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reaction in water and even humid air at room temperature
back to the carboxylic acids (Fig. S9).

Yet, close inspection of the FT-IR spectra shown in Figs 2b
and S91 shows that the as-made cx-GNF material as-well as
the hydrolysed material display a weak intensity of the lower
wavenumber C=0 stretching peak characteristic for
anhydrides. This suggests that a small fraction of the COOH
groups already form anhydrides before the equilibrium is
shifted by heating in vacuum and that a small fraction of
anhydride groups remains after hydrolysing the vacuum-
heated material.

We next show that carboxylic anhydrides exist in dynamic
equilibrium in aqueous dispersions of cx-GNFs by reacting
them with amine nucleophiles. Fig. 3a shows the reaction
schemes of an anhydride group with cysteamine or
ethylenediamine to give the chemically functionalised cys-GNF
and eth-GNF product materials, respectively. The reactions
yield the corresponding amides plus a free COOH group which
can then in principle form another anhydride leading to a
‘cascade of chemical functionalisation’ along the carboxylated
graphene edge.

XPS and FT-IR spectra indicating the successful chemical
functionalisation of the cx-GNFs are shown in Figs S3-5t. The
AFM picture in Fig. 3b shows that the chemical
functionalisation with cysteamine has, as expected, taken
place at the graphene edges as 5 nm gold nanoparticles
coordinate to the thiol groups of cys-GNF according to Fig. 3c.

The zetapotential measurements shown in Fig. 3d show
that the as-made cx-GNFs display an average zetapotential of
about -45 mV due to negatively charged carboxylates which
are in equilibrium with carboxylic acids. The chemical
functionalisation of cx-GNFs with ethylene diamine shifts the
zetapotential to about -30 mV as positively charged NH;"
groups are introduced.

In addition to using the anhydride groups for chemical
functionalisation we also show how their formation can be
suppressed. This is achieved with AP*" cations which are known
to form some of the strongest complexes with carboxylates.34
The AJ/-GNF material consequently does not show the
anhydride peaks in the FT-IR spectra even after vacuum
heating to 285°C (Fig. 3e).

Conclusions

In summary, we have opened up a new chapter in graphene
chemistry by showing that carboxylic anhydride groups exist in
dynamic equilibrium at highly carboxylated graphene edges.
This was used to develop a simple single-step protocol for
chemical functionalisation of graphene. We anticipate that the
new procedure will be used extensively for, for example,
creating graphene building blocks for the development of new
self-assembly approaches or linking amine-containing
biomolecules, such as proteins or enzymes, to graphene for
medical and energy-related applications.
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