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Functionalization of graphene based on the coupling of acylium ions

under conditions similar to Friedel–Crafts acylation is reported. The

reaction is applied to the functionalization of graphene with low

molecular weight polypropylene, and the resulting material when

incorporated as a filler significantly enhances the electrical, mechan-

ical and thermal performance of a commodity polymer like

polypropylene.
The covalent functionalization of graphene is of great impor-
tance in many elds, including: electronics, where chemistry
induces a band gap on graphene;1 touch screens, smart
windows or other optical devices, in which graphene combines
transparency and conductivity and where chemistry promotes
adhesion to plastic or glass substrates; supercapacitors, where
the presence of modifying groups inuences the capacitance
and lifetime of the device; and structural and conducting
materials such as polymer nanocomposites, where the chem-
istry of graphene determines the interaction with the matrices
and, consequently, the incorporation of new properties to the
polymer (e.g. electrical conductivity).2 In the latter case, the
covalent incorporation of graphene to polymers leads to
substantial improvements in mechanical performance as well
as additional functionalities.3

Due to its high impact on materials science, the chemistry of
graphene has been recently reviewed by several authors.4–6 The
principal synthetic routes for the functionalization of graphene
can be classied into four main groups: the chemistry of gra-
phene oxide,7 diazonium coupling,4,6 click reactions8,9 and other
cycloaddition reactions.5,6

Anhydrides occupy an important place in organic chemistry
due to their wide chemical versatility, and the modication of
s and Energy Applications, Institute of
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60
graphene with anhydrides is very interesting because this group
is an active and versatile reagent. However, research on
anhydride-functionalization of graphene is scarce. To the best
of our knowledge, the only example where graphene has been
functionalized with anhydrides is the Diels–Alder coupling of
graphene with maleic anhydride,10–12 a limited cycloaddition
reaction requiring unsaturated bonds in the anhydride. A rather
more interesting methodology, proposed here, is the opening of
cyclic anhydrides in the presence of graphene. In this case the
opening of the anhydrides would lead to graphene functional-
ized with polar carboxylic groups with a broad chemistry, and
would avoid strong oxidation and the subsequent detriment to
the sp2 network of graphene, an inevitable consequence of the
preparation of GO.7

Furthermore, cyclic anhydrides are fundamental tools in
polymer science because one of the most important families of
polymers, the polyolens, can be functionalized with succinic
anhydride by radical reaction with maleic anhydride,13–15 and
the anhydride-functionalized polymers are habitually and very
successfully employed as compatibilizers in polymer matrices
that incorporate diverse modifying llers or nanollers to
obtain high performance materials.16,17

Here we report a detailed study on the covalent modication
of graphene under the conditions employed for Friedel–Cras
acylation with anhydrides. Although Friedel–Cras acylation of
graphene edges with derivatives of aminobenzoic acid has been
reported,18–21 the experimental conditions differ from those
described here. The use of carboxylic acid anhydrides affords
several advantages; they avoid the use of acyl chlorides, there
are no by-products and the reactions tend to give high yields.22

In our case, the conditions employed lead to the formation of
highly electrophilic acylium ions that immediately react with
the electron-rich graphene (Scheme 1).

Full experimental details are provided in the ESI.† Succinic
acid and graphene grown by chemical vapor deposition (CVD-G)
and deposited on a Si/SiO2 substrate were employed as an initial
model to study the coupling between anhydrides and graphene
surfaces under typical Friedel–Cras conditions.
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Synthetic route of succinic anhydride opening and
coupling to graphene.

Fig. 1 Raman characterization of CVD-G coupled to acylium ions
from succinic acid. (A) Averaged Raman spectra of CVD-G before and
after functionalization. (B) ID/IG band ratio image from a 30 � 30 mm2

area of mCVD-G. Representative spectra of both colored zones are
shown in (C). lex ¼ 514.5 nm.
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Raman spectroscopy is one of the most powerful techniques
for the study of graphene, and can provide important infor-
mation regarding its covalent functionalization since the
introduction of a functional group, particularly on the basal
plane, constitutes a defect in the sp2 lattice.23–25 Fig. 1 shows the
Raman spectra of CVD-G before and aer functionalization. The
following characteristic features of graphene were observed in
the CVD-G before the chemical reaction: the G-band at around
1580 cm�1, corresponding to a doubly degenerate (iTO and LO)
phonon mode (E2g symmetry) at the Brillouin zone centre, and
the second order 2D band at around 2700 cm�1 (Fig. 1A).26 Aer
reaction (mCVD-G) the Raman spectra collected from different
areas of the wafer displayed some heterogeneity, with some
zones where spectra similar to the original graphene were
collected, and others, where important differences were
observed that can be related to the experimental conditions
employed (see details in ESI†). In these regions, the spectra
show a strong contribution of the disorder-induced D and D0

bands at 1349 cm�1 and 1624 cm�1, respectively, which can be
activated by sp3 hybridization both through covalent function-
alization23 and physical damage.25 The latter cause is dismissed
in this study because of the gentle experimental conditions
employed, and we consider the increase of the D band to be
associated with the covalent modication of the sp2 network.
Albeit difficult to assess quantitatively, the intensity ratio of the
D and G peaks (ID/IG) gives us some qualitative indication of the
level of functionalization and its distribution along the gra-
phene monolayer. The D and G peaks were deconvoluted
(adjusted to Lorentzian curves) and the average ID/IG ratio was
seen to increase from 0.1 for CVD-G to >0.7 for the modied
samples. A control experiment with CVD-G and the AlCl3 cata-
lyst (see details in ESI†) shows an ID/IG ratio of 0.13, conrming
that the increase in the D-band arises only from covalent
attachment of the opened anhydride moieties. The ID/IG band
ratio was employed to obtain an image from spectra recorded
from a 30 � 30 mm2 area where representative changes with
respect to the starting graphene were observed, Fig. 1B. Several
colored zones with different ID/IG ratios can be distinguished in
the image, the black and red regions corresponding to those
with the lowest and highest values, labeled as (I) and (II) in
Fig. 1B, respectively, in the range ID/IG � 0.4–0.75. These
results also show that the functionalization is somewhat
This journal is © The Royal Society of Chemistry 2016
heterogeneous in its distribution, albeit the degree of modi-
cation is reasonable over the whole mapped area. Although
FTIR microspectroscopy can complement the study of this
system, modifying groups on the surface were not detected due
to their low concentration (as explained in ESI†).

The anhydride opening reaction employed here leads to the
presence of polar groups on the graphene surface that will
modify its surface properties, which has a direct impact on
several potential applications. Graphene is classied as
a hydrophobic material and has demonstrated water-repulsion
RSC Adv., 2016, 6, 36656–36660 | 36657
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properties in hydrophilic polymers.27 Despite the fact that the
contact angle of graphene surfaces has been shown to be time
dependent,28,29 in our case the use of water contact angle (WCA)
gives a clear estimation of the changes in graphene wettability
aer functionalization with succinic anhydride (ESI, Fig. S1†).
The average WCA for CVD-G measured at several points was
85.9� and falls into the range of experimental and theoretical
values for CVD-G on a Si/SiO2 substrate.29–31 Aer chemical
functionalization, the WCA falls markedly and values of
between 45.6� and 62.5� are obtained. Independently of this
uctuation, undoubtedly due to the heterogeneity in the
distribution of the functionalization, it is clear that the func-
tionalization shown in Scheme 1 leads to a remarkable increase
in water affinity. Aer observing that the acylium ion could be
successfully coupled to the graphene surface of CVD-G, the
same chemical reaction was scaled-up to bulk conditions with
polymeric materials. Here graphene nanoplatelets (GNP) were
reacted with maleic anhydride graed polypropylene, PP–MA,
(see full experimental details in ESI†). The reaction was
accomplished using an excess of polymer in order to conrm
the changes in the pendant anhydride groups (anhydride
concentration in PP–MA was �8 wt%).
Fig. 2 (A) FTIR spectra of PP–MA and its product by coupling to graphene
image of a hot-pressed film of a nanocomposite of iPP with 5 wt% of G

36658 | RSC Adv., 2016, 6, 36656–36660
The success of the reaction was conrmed by both Raman
and FTIR spectroscopy. The latter shows clear variations in the
carboxylic band region 1850–1550 cm�1 (Fig. 2), which conrm
the successful opening of the pendant anhydride group in
polypropylene. The polymer before reaction, PP–MA, presents
characteristic vibrational signatures with bands at 1850 cm�1

and 1782 cm�1 attributed to the asymmetric and symmetric
stretching of the C]O in anhydride moieties, the band at 1714
cm�1 due to the ester C]O stretching vibration, and a weak
band centered at 1655 cm�1 originating from an acid C]O
stretching vibration due to some hydrolysis of the anhydride
groups (Fig. 2A).32–35 Aer reacting with graphene, G–PP, the
latter band strongly increases in intensity along with the
disappearance of the bands due to the anhydride group (1850
and 1752 cm�1). In addition a new vibrational mode appears at
lower wavelength (�1605 cm�1) that is characteristic of COO�

involved in hydrogen bonds.32 Furthermore, other less intense
bands due to the C–O–C vibration in anhydrides (around 1225
and 930 cm�1) also disappear aer the reaction with the
GNPs.32,34 Raman spectroscopy also conrms the reaction (ESI,
Fig. S2†). The modied polymer, G–PP, presents the specic
bands of polypropylene36 and an additional contribution at
, G–PP. (B) SEMG–PP, scale bar¼ 20 mm. (C) Photography and (D) SEM
–PP as filler. Scale bar ¼ 50 mm.

This journal is © The Royal Society of Chemistry 2016
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1584 cm�1 due to the G-band of graphene (full details of FTIR
and Raman bands given in Table S1†). Finally, scanning elec-
tron microscopy images of samples prepared by cryo-fracturing
hot pressed G–PP show regions where graphene laminates are
perfectly dispersed in the matrix (le-hand triangle in Fig. 2B),
although some incidence of agglomeration can also be found
(see arrows in Fig. 2B).

It is important to point out that the reaction described here
for polypropylene is much wider in scope for polymer-based
materials. Several polymers that bear pendant anhydride
moieties but with very different chemical structure and prop-
erties, such as poly(styrene-b-ethylene-co-butylene-b-styrene)
(SEBS), poly(ethylene/vinyl acetate) (PEVA), polyethylene (PE),
etc., are commercially available. In this respect, we have suc-
ceeded in employing the same reaction for anhydride maleic-
graed poly(vinyl chloride) (PVC), and the complete results
are included in the ESI.†

Once the coupling of acylium ions from anhydrides to bulk
graphene was conrmed, we employed the G–PP as a ller for
neat isotactic polypropylene, iPP. It is widely known for polymer
nanocomposites that the key factor for obtaining superior
properties lies in the strength of the ller/polymer interphase.
One interesting strategy to improve this interphase is the
modication of the ller with polymer brushes with a similar
structure to the matrix.37 With this in mind we modied the
experimental conditions in order to prepare G–PP materials
with much higher quantities of graphene to be used as a ller
for iPP, which has important interest for the applications of this
commodity polymer.

Fig. 2C shows an 8 � 8 cm2 hot-pressed lm of an iPP/G–PP
nanocomposite (see ESI for methodology†). The use of modied
graphene, G–PP helps to efficiently disperse the ller into the
iPP matrix and graphene islands perfectly distributed
throughout the whole polymeric matrix are clearly distin-
guished (Fig. 2D). These islands of partially wrinkled graphene
laminates are around 10–20 mm long and of very different
thicknesses, ranging from a few nanometers to 5–10 mm. A
nanocomposite with 5 wt% of G–PP (3.7 wt% of graphene)
imparts electrical conductivity to pristine iPP and enhances its
thermal stability (see ESI†). Thermogravimetric analysis (TGA)
shows a remarkable improvement in the thermal stability of iPP
with the onset of degradation increased by around 100 �C, and
the temperature at which themaximum degradation rate occurs
shied from 469 �C for iPP to 483.5 �C for iPP/G–PP (Fig. S5†).
Furthermore, this nanocomposite displays a reasonable elec-
trical conductivity, 1.2 � 10�3 S cm�1 (details in ESI†), which is
higher than that previously reported for similar compositions.38

In addition, the presence of graphene exerts a nucleating
effect in the nanocomposite (Fig. S6†) that translates into an
improvement in some mechanical properties, e.g. the Young's
modulus for the nanocomposites is �2 times greater than that
of neat iPP (Table S2†). Although preliminary, these are very
promising results and more experiments are currently
underway to fully study this type of materials. Nanocomposites
of varying composition and prepared under different processing
conditions are currently under evaluation, and the use of these
nanocomposites in more complex hierarchical structures is also
This journal is © The Royal Society of Chemistry 2016
being addressed. Moreover, the graphene furnished with poly-
mer chains and with carboxylic groups obtained in this work
demonstrates a dual role as reinforcement with the potential to
be employed as a compatibilizer with many other polymers.

Conclusions

We have highlighted the impact of the chemistry of cyclic
anhydrides in the preparation of graphene-based polymeric
materials. In this report we mention the wide scope of this
reaction in the eld of polymer chemistry. Since succinic
anhydride is routinely graed to diverse polymers in order to
improve adhesion and compatibility for very different applica-
tions, the exploitation of this approach is of special interest for
the preparation of graphene-based polymer nanocomposites.
Furthermore, the described strategy provided graphene with
carboxylic moieties with broad chemistry for subsequent func-
tionalization reactions. This new approach can provide gra-
phene with an adequate concentration of polar carboxylic
groups with a far lower negative impact on the graphene surface
quality, avoiding strong oxidation of graphite (to produce GO).
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