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Stable dispersion of reduced graphene in various organic solvents was achieved via noncovalent
functionalization with amine-terminated polymers. An aqueous dispersion of reduced graphene was
prepared by chemical reduction of graphene oxide in aqueous media and was vacuum filtered to
generate reduced graphene sheets. Good solvents and nonsolvents for the dried reduced graphene were
evaluated using a solubility test. To achieve stable dispersion in the evaluated nonsolvents, amineterminated polystyrene was noncovalently functionalized to the graphene, while graphene sheets were
phase transferred via sonication from aqueous phase to the organic nonsolvent phase, including the
amine-terminated polymers. Thorough FTIR and Raman spectroscopy investigation verified that the
protonated amine terminal group of polystyrene underwent noncovalent functionalization to the
carboxylate groups at the graphene surface, providing the high dispersibility in various organic media.

Introduction
Graphene is an emerging carbon nanomaterial that is potentially
useful in a variety of technological areas, such as electronics,1–3
sensors,4 electromechanics,5 solar cells,6,7 memory devices,8
hydrogen storage9,10 ultracapacitors,11 and so on. Since the
unexpected separation of single-layer graphene sheet from
natural graphite through the laborious micromechanical
cleavage method,1 various synthesis methods for graphene have
been developed, including epitaxial growth,12 thermal exfoliation
of graphite oxide,13 gas phase synthesis,14,15 chemical reduction
from graphene oxide,16–20 and liquid phase exfoliation of
graphite.21–23 Nevertheless, the mass production of highly functional, fully exfoliated graphene sheets still remains as a formidable challenge.
Oxidative exfoliation of natural graphite by acid treatment
and subsequent chemical reduction has been evaluated as one of
the most efficient methods for low-cost, large-scale production of
graphene. Graphene oxide, an oxidized derivative of graphene
generated in this approach, is readily dispersable in aqueous
media. This aqueous dispersibility is greatly advantageous
for processing graphene into films, sheets, composites and so
on.16–18,24–27 Ruoff and co-workers16 prepared stable aqueous
dispersion of polymer-coated reduced graphene by reducing
graphene oxide sheets using hydrazine in the presence of poly(sodium-4-pyrene sulfonate).17 Li et al.18 demonstrated that
a dispersant-free aqueous dispersion of reduced graphene can be
prepared by maintaining a high pH value during chemical
reduction and thus controlling electrostatic stabilization arising
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from negatively charged functional groups remaining at the
reduced graphene surface.
Unlike aqueous dispersibility, the organo-dispersibility of
graphene has been less explored so far. Haddon and co-workers28
demonstrated that covalent functionalization with octadecylamine yields exfoliated graphene in organic solvents. M€
ullen and
co-workers29 produced chloroform-soluble graphene through
surfactant-supported functionalization. Ruoff and co-workers30
prepared an organosoluble polystyrene-graphene composite by
means of chemical reduction with N,N-dimethylhydrazine of
phenyl isocyanate-treated graphene oxide. Polymer-assisted
organo-dispersion of graphene is particularly advantageous for
preparing graphene-polymer nanocomposites with remarkably
enforced electrical and mechanical properties.30,31
In this work, we exploited organo-dispersed graphene in
various solvents mediated by noncovalent functionalization with
end-functional polymers. First, an aqueous dispersion of reduced
graphene was prepared by chemically reducing graphene oxide
according to recently reported preparation method.18 The dispersibilitiy of the dried reduced graphene was investigated in
a broad spectrum of organic solvents. For the evaluated nonsolvents, the stable dispersion of graphene was achieved via
noncovalent functionalization with amine-terminated, end-functional polymers. The carboxylate functional groups of reduced
graphene remaining after chemical reduction acted as functionalization sites for the protonated terminal amine groups of the
end-functional polymer. The noncovalent grafting via ionic
interaction was confirmed by attenuated total reflection Fourier
transform infrared (ATR-FTIR) and Raman spectroscopy.

Experimetal
Materials
Graphite was purchased from GK (product MGR 25 998 K).
The hydrazine and ammonia for the reduction of graphene
oxide were purchased from Junsei. H2SO4 (Merck), KMnO4
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(Sigma-Aldrich) and H2O2 (Sigma-Aldrich) were used as
received. o-Xylene, acetone, pyridine, 1-methyl-2-pyrrolidone
(NMP), 1,3-dimethyl-2-imidazolidinone, N,N-dimethylformamide (DMF), g-butyrolactone, dimethyl sulfoxide (DMSO),
1-propanol, ethanol (EtOH), methanol (MeOH) and ethylene
glycol (EG) were purchased from Sigma-Aldrich. Hexane,
benzene, tetrahydrofuran (THF), and dichloromethane were
purchased from Junsei. End-functional polymers including
amine terminated polystyrene (PS–NH2) (Mw ¼ 3,000 g mol1),
carboxylic acid terminated polystyrene (PS–COOH) (Mw ¼
3,000 g mol1) and hydroxyl terminated poly(methyl methacrylate) (PMMA-OH) (Mw ¼ 6,000 g mol1) were purchased from
Polymer Source, Inc.
Preparation of reduced graphene
Graphite oxide was prepared by a modified Hummers method.32
Dialysis of the as-prepared the graphite oxide was carried out to
completely remove residual salts and acids. The gel-like graphite
oxide was freeze-dried, and a fine brown powder was obtained.
Aqueous graphene oxide dispersion of 0.1 wt% was prepared by
mild sonication, yielding a homogeneous brown dispersion.
The graphene oxide dispersion was further centrifuged to
remove unexfoliated graphite oxide (15000 r.p.m., 10 min).
The concentration of the remaining exfoliate dispersion
was 0.030 wt%. A reduced graphene dispersion was prepared
by chemically reducing the aqueous graphene oxide dispersion.
After the graphene oxide dispersion was heated in an oil bath at
100  C under reflux, 15 ml of ammonia solution (28 wt% in water)
and 30 ml of hydrazine (80 wt% in water) were added. After
chemical reduction for 2 h, the obtained mixture was cooled to
room temperature and excess hydrazine and ammonia were
removed by dialysis. The resultant reduced graphene dispersion
was centrifuged to remove flocculated aggregates caused by
chemical reduction (15000 r.p.m., 10 min) and the concentration
of the finally obtained dispersion was 0.0090 wt%. Graphene
paper was made by vacuum filtration of the homogeneous
dispersion through a polyvinylidene fluoride membrane filter
(47 nm in diameter, 0.45 mm pore size; Millipore).
Preparation of polymer functionalized reduced graphene
End-functional polymers (0.10–2.0 wt%, 1 ml) were dissolved in
organic solvents (dichloromethane, o-xylene, benzene, and
hexane). The prepared organic polymer solution was added to
the vial containing aqueous reduced graphene dispersion
(0.0090 wt%, 1 ml). The vial including phase-separated organic
and aqueous phases was subjected to 5 h sonication for the
noncovalent functionalization and phase transfer of graphene.
Characterization of reduced graphene and polymer
functionalized reduced graphene
ATR-FTIR analyses were performed with Bruker Optiks,
IFS66V S1, where a microscope (HYPERION 3000) was fitted
with an ATR objective as the internal reflectance element and
a mercury-cadmium-telluride (MCT) detector. KBr pellet
samples were used. The number of scans was 68, and the scanning
resolution was 2 cm1. Atomic force microscopy (AFM) images of
reduced graphene were taken in the tapping mode AFM
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(Nanoman, Veeco). Raman spectra were recorded from 1800 cm1
to 100 cm1 on a high resolution dispersive Raman microscope
(LabRAM HR UV/Vis/NIR, Electrooptics). The dispersions of
grapheme oxide and reduced graphene in aqueous or organic
solvents were analyzed by UV-Vis spectroscopy (Shimadzu UVVIS-NIR scanning spectrophotometer, UV-3101 PC).

Results and discussion
Dispersibility of reduced graphene in various organic solvents
An aqueous dispersion of reduced graphene was prepared by
chemical reduction of graphene oxide in aqueous media without
any dispersing agent. A detailed investigation on the chemical
composition and physical properties revealed that the reduced
graphene sheets decorated with chemical functionalities such as
hydroxyl groups and carboxylic acid groups were dispersed in
aqueous medium (ESI†). We also observed aqueous dispersion of
reduced graphene shows long-term (several months) stability
caused by negatively charged functional groups at the reduced
graphene.18 The electrical conductivity is a good indicator of the
extent to which graphene oxide has been reduced. A graphene
film was prepared by vacuum filtration and dried at 110  C to
evaporate any residual moisture for conductivity measurement.
The average conductivity was measured to be about 1500 S m1.
It indicates that the conjugated sp2-carbon network is extensively
restored in the reduced graphene.
The dispersibility of reduced graphene in various (16 kinds)
organic solvents was tested in the following procedure. Firstly,
dried graphene paper was prepared by vacuum filtration of the
aqueous reduced graphene dispersion. A few pieces of the graphene paper and an organic solvent were loaded in a vial
(reduced graphene concentration: 0.4 mg ml1) and sonicated for
5 h. The colloidal stability of the prepared dispersion was evaluated for 1 month. Fig. 1(a) shows the photographs of reduced
graphene dispersions in water and various organic solvents
1 month after preparation. Black or grey colors of the vials
indicate that the dried and reduced graphene can be dispersed in
the corresponding solvents. The dispersibility in various solvents
is summarized in Table 1. The reduced graphene formed a stable
dispersion in NMP, 1,3-dimethyl-2-imidazolidinone, g-butyrolactone, 1-propanol, DMF, EtOH and EG (a limited amount of
precipitate was observed in these solvents). UV-Vis absorption
spectroscopy was employed to confirm the dispersibility of the
reduced graphene, as shown in Fig. 1(b). The absorption peaks of
the graphene were observed at 270 nm for 1-propanol, EtOH and
EG, confirming the stable dispersibility of reduced graphene in
those solvents.33 We note that the spectra for NMP, 1,3dimethyl-2-imidazolidinone, g-butyrolactone, and DMF were
plotted in the wavelength above 269 nm, because it was impossible to compensate their strong absorption below 269 nm.
Fig. 2 shows an AFM image of graphene sheets deposited on
a silicon wafer by drop-casting a reduced graphene dispersion
in 1,3-dimethyl-2-imidazolidinone. The measured thickness
of 0.91 demonstrates that the reduced graphene is fully exfoliated into individual sheets.18
Hansen solubility parameter34 including dd (dispersion cohesion parameter), dP (polarity cohesion parameter), and dH
(hydrogen bonding cohesion parameter) provides very useful
This journal is ª The Royal Society of Chemistry 2010

Fig. 1 (a) Photographs of reduced graphene dispersed in water and 16 organic solvents via 5 h sonication. The photographs were taken 1 month after
the preparation of the reduced graphene dispersion. (b) UV-Vis absorption spectra of reduced graphene dispersed in good solvents. The spectra of NMP,
1,3-dimethyl-2-imidazolidinone, DMF, and g-butyrolactone are only shown in the wavelength range from 269 nm to 400 nm due to compensation for
their strong absorption at <269 nm.
Table 1 Dispersibility of reduced graphene in the tested solvents and
their 70 Hansen solubility parameters
Hansen solubility
parameters [MPa1/2]32

Fig. 2 (a) An AFM image (1 mm  1 mm ) of isolated reduced graphene
sheets deposited onto an Si wafer from dispersion in 1,3-dimethyl-2imidazolidinone, (b) a thickness profile of graphene sheets marked by the
black line in (a), where the height differences are 1.77 nm between the two
black arrows, 0.91 nm between the two red arrows and 1.24 nm between
the two green arrows, respectively.

information to predict dispersibility of graphene in organic
solvents.33 Ruoff and co-workers demonstrated that reduced
graphene sheets could be well dispersed in several organic
solvents having high dP + dH value.35 As summarized in Table 1,
the organic solvents tested in this study are listed up with dP + dH
values. The solvents (NMP, 1,3-dimethyl-2-imidazolidinone, gbutyrolactone, 1-propanol, DMF, EtOH and EG) had relatively
high dP + dH values compared to nonsolvents (hexane, benzene,
o-xylene, dichloromethane, THF, pyridine and acetone) for
reduced graphene. However, as previously commented by Ruoff
ad co-workers, reduced graphene was not dispersable in DMSO,
MeOH and water despite their high dP + dH. We note that among
various nonsolvents for reduced graphene, the small pieces of
reduced graphene paper were not even split into smaller pieces in
hexane, benzene, dichloromethane or water after 5 h sonication,
while they were split into small pieces and swollen in o-xylene,
THF, pyridine, acetone, DMSO and MeOH. This indicates that
hexane, benzene, dichloromethane and water are highly incompatible to reduced graphene.
This journal is ª The Royal Society of Chemistry 2010

No.

Solvent

dD

dP

dH

dP + dH

Dispersibility
of reduced
graphene

1
2
3
4
5
6
7
8
9

Hexane
Benzene
o-Xylene
Dichloromethane
THF
Pyridine
Acetone
NMP
1,3-dimethyl-2imidazolidinone
g-butyrolactone
1-propanol
DMF
DMSO
EtOH
MeOH
EG
Water

14.9
18.4
17.8
18.2
16.8
19.0
15.5
18.0
18.0

0.0
0.0
1.0
6.3
5.7
8.8
10.4
12.3
10.5

0.0
2.0
3.1
6.1
8.0
5.9
7.0
7.2
9.7

0.0
2.0
4.1
12.4
13.7
14.7
17.4
19.5
20.2

No
No
No
No
No
No
No
Yes
Yes

19.0
16.0
17.4
18.4
15.8
15.1
17.0
15.5

16.6
6.8
13.7
16.4
8.8
12.3
11.0
16.0

7.4
17.4
11.3
10.2
19.4
22.3
26.0
42.3

24.0
24.2
25.0
26.6
28.2
34.6
37.0
58.3

Yes
Yes
Yes
No
Yes
No
Yes
No

10
11
12
13
14
15
16
17

Noncovalent functionalization of reduced graphene by
end-functional polymers
Reduced graphene could be dispersed in nonsolvents through
noncovalent grafting with an end-functional polymer, PS–NH2.
Among the various nonsolvents for reduced graphene, hexane,
benzene, o-xylene and dichloromethane, which are immiscible
with the aqueous phase, were used for the noncovalent functionalization. Fig. 3(a) shows the photograph taken before
sonication. In each vial, the dark phase corresponds to the
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aqueous dispersion of reduced graphene and the transparent
phase corresponds to the PS–NH2 (1.3 wt%) dissolved nonsolvents. The aqueous phases with reduced graphene were
located at the bottom and the organic phases with PS–NH2
(transparent phases) were located on the top side for o-xylene
(density: 0.879 g ml1), benzene (density: 0.874 g ml1) and
hexane (density: 0.659 g ml1), due to their low density. On the
other hand, aqueous phase was located on the top side and
dichloromethane with PS–NH2 was at the bottom due to the high
density of dichloromethane (density: 1.325 g ml1). After 5 h
sonication, the organic phases except hexane became dark,
indicating that the reduced graphene sheets were phase transferred to the organic phases (Fig. 3(b)). A schematic description
of the phase transfer is presented in Fig. 3(c).
The reduced graphene was transferred from aqueous to
organic phase due to the noncovalent (ionic) interaction between
the protonated terminal amine groups (NH3+) of PS–NH2 and
carboxylate groups (COO) of reduced graphene. As shown in
the ATR-FTIR spectra of Fig. 4, the peak for the N–H bending

of pure PS–NH2 at 1600 cm1 became significantly broadened
after functionalization to graphene. This confirms that ionic
interaction occurred between the protonated terminal amine
groups of PS–NH2 and the carboxylate groups on the graphene
sheet.36 Fig. 5 exhibits dispersive Raman spectra of PS–NH2
functionalized reduced graphene, reduced graphene, graphene
oxide and graphite. The G band of graphene oxide is broadened
and shifted from 1567 cm1 to 1596 cm1, and the D band
becomes significantly stronger than graphite.17 The Raman
spectrum of reduced graphene shows higher D/G intensity ratio
(1.05) than graphene oxide (0.92) implying the decreased size of
the sp2 domains upon chemical reduction of the graphene
oxide.37 The G band of reduced graphene observed at 1589 cm1
markedly shifted to 1596 cm1 after PS–NH2 functionalization,
indicating a better exfoliation of graphene layers.38–41 The
carboxylate groups of graphitic materials induced by acidtreatment have been used to provide a functionalization sites for
amine-containing molecules.42 Similar noncovalent ionic functionalization of carbon nanotubes was used in our previous
work.41,43–45 In the present work, we demonstrate that the
carboxylate groups remaining at reduced graphene after the
hydrazine reduction of graphene oxide provide sufficient functionalization sites for PS–NH2. Furthermore, a high dispersibility in a broad spectrum of organic solvents is anticipated
in our approach, owing to the large size and chemical diversity of
the polymeric dispersant.43
Noncovalent functionalization of reduced graphene in benzene
was tested in the presence of various polymers including PS,
PMMA–OH, PS–COOH and PS–NH2, as shown in Fig. 6. The
noncovalent functionalization occurred only with PS–NH2. Other
polymers simply caused the dilution of dark water phases without
phase transfer. The dilution occurred as reduced graphene sheets
moved to the water–benzene interface due to the attractive
interactions between reduced graphene in water phase and polymers in benzene phase. However, complete phase transfer did not
occur in the absence of amine terminated polymers.
The phase transfer of reduced graphene to the benzene phases
with various concentrations of PS–NH2 is demonstrated in
Fig. 7. After 5 h sonication, reduced graphene was well-dispersed
in benzene phase containing 0.4 wt% or 0.7 wt% of PS–NH2,
while it remained at the water–benzene interface in other vials

Fig. 4 ATR-FTIR spectra of pure PS–NH2 and PS–NH2 functionalized
reduced graphene.

Fig. 5 Dispersive Raman spectra of PS–NH2 functionalized reduced
graphene, reduced graphene, graphene oxide and graphite.

Fig. 3 Phase transfer of reduced graphene (0.009 wt%) from the aqueous
phase to the organic phase via PS–NH2 functionalization. (a) Before
sonication, dark phases were aqueous dispersions of reduced graphene,
and transparent phases were PS–NH2 (1.3 wt%) dissolved organic
solvents. (b) After 5 h sonication, phase transfer occurred, except in
hexane. (c) A schematic illustration of phase transfer via noncovalent
functionalization.
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graphene processing, which may broaden the application area of
highly functional two-dimensional carbon materials.
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Fig. 6 Photographs for phase transfer of reduced graphene (0.009 wt%)
in the presence of various polymers: (a) before and (b) after 5 h sonication. Benzene phases include PS, PMMA–OH, PS–COOH and PS–NH2
(polymer concentration: 1.3 wt%).

Fig. 7 Photographs for phase transfer of reduced graphene (0.009 wt%)
in the presence of various concentrations of PS–NH2 in benzene phase:
(a) before and (b) after 5 h sonication.

(although phase transfer has occurred, reduced graphene has
precipitated at the interface). When the concentration of PS–
NH2 is low (0.1 wt% and 0.2 wt%), the insufficient functionalization of reduced graphene may result in the poor dispersibility.
Both reduced graphene and PS–NH2 functionalized reduced
graphene sheets are located at water–benzene interface. On the
other hand, we presume that the poor dispersibility at high
concentration (1.6 or 2.0 wt%) is attributed to the depletion
interaction involved with free excess PS–NH2. As the reduced
graphene in benzene phase approached each other, their depletion zones overlapped to generate a volume of solvent between
the reduced graphene, where the concentration of the free PS–
NH2 that are unbound to graphene surface was significantly less
than that in the bulk solvent. The difference in osmotic pressure
between the bulk solvent and the solvent in depletion zone leads
to an effective attraction among graphene sheets (depletion
interaction), resulting in the observed aggregation of graphene
sheets.46

Conclusions
A novel method for dispersing graphene in various organic
solvents by noncovalent functionalization with end-functional
polymers has been demonstrated. The carboxylate groups
remaining after chemical reduction of graphene oxide successfully provided the noncovalent functionalization sites to the
protonated amine terminal group of end-functional polymers.
The noncovalent functionalization facilitated the phase transfer
of graphene sheets from water phase to organics phase via simple
sonication. The chemical nature of organic solvents and the
end-functional group of polymer as well as the concentration of
end-functional polymer were crucial to determine the functionalizability and dispersibility of reduced graphene. The facile
organo-dispersibility of polymer functionalized graphene achieved in the approach demonstrated here opens up a new route to
This journal is ª The Royal Society of Chemistry 2010
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