ChemComm
Accepted Manuscript

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. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it 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.

www.rsc.org/chemcomm

Page 1 of 3

ChemComm

Chemical Communications

RSCPublishing

COMMUNICATION

Cite this: DOI: 10.1039/x0xx00000x

Solvent-free Diels-Alder reaction of graphite into
functionalized graphene nanosheets

Received 00th January 2014
Accepted 00th January 2014
DOI: 10.1039/x0xx00000x
www.rsc.org/

A solvent-free Diels-Alder reaction was carried out by
heating a mixture of graphite and a typical dienophile, maleic
anhydride (MA) or maleimide (MI), in a sealed glass ampoule
of argon. The functionalization of graphite with dienophile
was confirmed by various characterization techniques,
suggesting the efficient functionalization and delamination of
graphite into a few layers of graphitic nanosheets.

to the chemistry involved, it is commonly acceptable that organic
solvents are necessary to dissolve all of the reactants, allowing them
to collide and then react with each other.15 However, this principle
does not apply for the chemistry of carbon nanomaterials. Most
carbon nanomaterials are known to be thermodynamically insoluble
in common organic solvents, whereas they form kinetically stable
suspensions in amide solvents such as dimethylformamide (DMF) or
N-methyl-2-pyrrolidone (NMP). In other words, solvents are not

Since the advent of new carbon materials, various attempts to

always helpful for the functionalization of carbon nanomaterials.

manipulate their properties are constantly conceived. One of the

Hence, to explore their reactivity in the absence of a solvent is highly

most viable methods is known as chemical modification, which is the

challenging.16,17

incorporation of functional group(s) by means of covalent or non-

In this communication, we demonstrate a solvent-free Diels-Alder

covalent bonds. By tuning their intrinsic properties using chemical

reaction of graphite into functionalized graphene nanosheets using

modification methods, carbon nanomaterials offer a great number of

two different dienophiles as an alternative to the solvent-assisted

potential applications.1,2 However, given the chemical inertness

approach. To increase the reaction feasibility conceptually, maleic

arising from their fully conjugated aromatic network structure,

anhydride (MA) and maleimide (MI) were chosen as the dienophiles

carbon nanomaterials are known to be difficult for functionalization.3

for use in this study, whereas graphite was chosen as a diene. In

Thus, highly reactive chemical species or harsh reaction conditions

contrast to our previous work in which a mechanochemical approach

are required to overcome the large reaction barrier, such as oxidation

was used,18 thermodynamically preferred reaction products are

using a strong acid4,5 or the addition of radicals.6,7

obtained here, as the reaction is conducted at a relatively high

To date, several chemical approaches have been developed for

temperature (160-220 oC) in an sealed glass ampoule of argon. We

modifications of carbon nanomaterials. A promising approach is

expected

cycloaddition8 owing to the flexibility of the reaction procedure

graphene nanosheet (MAG) and maleimide-functionalized graphene

involved and it yields a variety of desirable functional groups.

nanosheet (MIG) could be dispersed well in a polar solvent.

Therefore,

the

Furthermore, the functionalization process induces the delamination

cycloaddition of fullerene,9 carbon nanotubes,10 and the more

of the graphite into graphene nanosheets by dispersing the resultant

recently graphene.2 Among them, the Diels-Alder reaction, i.e., [4+2]

MAG or MIG in a common organic solvent.

numerous

studies

have

been

reported

on

that

the

resultant

maleic

anhydride-functionalized

cycloaddition on graphene, was experimentally demonstrated by

The solvent-free Diels-Alder reactions were performed in closed

Haddon’s group based on the concept of the dual behaviour of

and sealed system using a glass ampoule of argon (Scheme 1). It

graphene as either a diene or a dienophile.11,12 Following their

should be noted that graphite is a stable material, which, in turn,

experimental results, Houk13 and Denis14 computationally predicted

implies that it has poor reactivity. To facilitate the Diels-Alder reaction,

the reaction sites of graphene for Diels-Alder reactions. With regard

we carried out the reaction at a relatively high temperature (160-220
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C). While conducting the reaction in an open process, MA or MI

melted and evaporated, becoming condensed above the heated
zone and thus lowering the reactivity and the reaction yield.
Therefore, we utilized a solvent-free procedure with a sealed tube.
After the reaction was complete, the products were Soxhletextracted with tetrahydrofuran (THF) to remove the unreacted
dienophile completely, after which the resultant products were
freeze-dried at a reduced pressure and characterized. In both cases,
the mass of the product was greater than the mass of the starting

Fig. 1. SEM images: a) pristine graphite, b) MAG, and c) MIG. Scale bars are 1 μm.
Insets in each case are photographs of the sample dispersion in NMP after
standing for 1 month under normal laboratory conditions. The concentration is
0.5 mg/ml. HR‐TEM images: d) pristine graphite, e) MAG, and f) MIG. Scale bars
are 5 nm. Insets are SAED patterns of each respective sample.

Scheme 1. a) Schematic representation of the solvent‐free Diels‐Alder reaction
of graphite in the presence of a specific dienophile, maleic anhydride (MA) or
maleimide (MI). The red spheres denote the oxygen.

It has been reported that graphene can function as either a diene
or a dienophile in a Diels-Alder reaction.11 Because we use two
dienophile (MA, MI) as the 2π component here, graphite should
function as a 4π component. Therefore, the reaction is expected to

The functionalization of graphene is expected to improve the

occur at the basal plane and the peripheral positions, especially at

dispersibility due to the polar functional groups. This prediction is

the armchair edges. According to the computational prediction

easily confirmed by dispersing the functionalized graphene

reported by Houk’s group,13 the basal plane of graphene cannot be

nanosheets in a polar solvent. For example, MAG and MIG show good

functionalized, and functionalization occurs only at the armchair

dispersibility in NMP, while graphite completely settled down after

edges. The limited number of functionalization sites, therefore, could

one month under the same condition (Insets in Figs. 1a, b, and c).

influence the degree of functionalization. Thus, we undertook a

Upon exposure to a laser beam, the Tyndall scattering effect was

thermogravimetric analysis (TGA) to identify the degree of

observed for both MAG and MIG. The morphologies of the dispersed

functionalization by thermally stripping off the MA and MI moieties

solutions were compared by means of scanning electron microscopy

from MAG and MIG, respectively. Compared to pristine graphite, the

(SEM) and transmission electron microscopy (TEM). As shown in Figs.

TGA thermograms of MAG and MIG (Fig. S2, ESI†) obtained in an air

1 and S1 in ESI†, the grain size is reduced to approximately 1 μm

atmosphere showed a gradual weight loss starting at approximately

compared to pristine graphite. Unlike the graphite (Fig. 1a), the

200 oC, with the weight losses of MAG and MIG being approximately

morphologies of MAG and MIG show two-dimensional transparent

2 and 1 wt.%, respectively, at around 500 oC in air.

sheets stacked onto each other (Figs. 1b and c), indicating the

To investigate the structural information of MAG and MIG further,

efficient functionalization and exfoliation of graphite into a few layers

the Raman spectra (Fig. S3, ESI†) were obtained from powdered

of graphene nanosheets. The exfoliation was further confirmed by a

samples. While pristine graphite has a ratio of the D- to G-band

TEM analysis (Figs. 1 and S1, ESI†). Compared to pristine graphite (Fig.

intensity levels (ID/IG) of 0.20, MAG and MIG have stronger intensities

1d), MAG (Fig. 1e) and MIG (Fig. 1f) clearly show a few layers of sheets.

of 0.54 and 0.52, respectively, which is indicative of a structural defect

These results indicate that functionalization induces further

induced by covalent functionalization. The types of functional groups

delamination of MAG and MIG in a solution to form fewer graphitic

of the resultant MAG and MIG can be confirmed by Fourier transform

layers.

infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy
(XPS). Pristine graphite shows a strong C=C stretching band at 1580
cm-1 and shows other minor bands as well due to the physically
adsorbed oxygen (1220 cm-1) and moisture (1630, 3430 cm-1).19 On
the other hand, MAG and MIG display a decisive difference from the
graphite. The first is a strong band at approximately 2800 and 2900
cm-1, corresponding to sp3 C-H stretching attributed to the DielsAlder reaction.11 The second difference results from the carbonyl
(C=O) functionality of MAG and MIG. MAG exhibits a strong C=O
band at around 1730 cm-1, corresponding to the carboxylic acid
moieties, and a weak band at 1780 and 1880 cm-1, which is attributed
to the anhydride moieties (Fig. 2a, right) (mostly the anhydrides show
two stretching bands for C=O groups; the results are from the
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asymmetrical (1860 cm-1) and symmetrical (1780 cm-1) C=O
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stretching modes.20). These results suggest that anhydride groups on
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MAG are mostly hydrolyzed into carboxylic acid. MIG also has strong
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