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We report the synthesis and applications of APPE (aminophenyl
propargyl ether) as a novel n-type dopant for graphene. The
characteristics of APPE-doped graphene films were investigated using
Raman spectroscopy as well as electron transport measurements.
The Raman 2D/G peak ratio decreased by more than 40%, and the
minimum conductivity voltage (Dirac voltage) was shifted to

133 V

as the pristine graphene was doped with APPE, indicating that
the graphene was strongly n-doped. We suppose that the electron
donating property of the amine group (–NH2) is the origin of such an
intense n-doping effect. In contrast, a similar molecule with an
electron withdrawing nitro group (–NO2) (nitrophenyl propargyl
ether, NPPE) showed a slight p-doping effect. Thus, we conclude that
the doping effect of a molecular framework strongly depends on the
functional substituents, which can be represented by the Hammett
equation. We also confirmed that the sheet resistance of the APPE
doped graphene film was reduced by B70%, which is crucial to
enhance the electrical conductivity of graphene for various electronic
applications. In addition, the acetylene group of APPE appears
promising to be utilized in ‘‘click chemistry’’ to further functionalize
the p-surface of graphene for sensors and bio applications.

Introduction
Graphene has received much attention since it came to the real
world in 2004 owing to its outstanding electrical, mechanical, and
chemical properties.1 Recent advances in graphene synthesis by
the chemical vapor deposition (CVD) method have enabled various
practical applications such as transparent electrodes for displays
and energy devices.2–6 Nevertheless, the electrical properties of
graphene such as work-function and conductivity need to be
further engineered to enhance the performance of graphene-based
devices by controlling the interface with other materials.8,9,12–16
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In this regard, the chemical doping of graphene is very crucial as
appropriate doping can finely tune the electrical properties of
graphene. The chemical doping of graphene is efficient due to
the fact that the atoms on graphene are fully exposed and very
sensitive to adsorbed molecules. Although both p/n-doping
methods are essential for optimizing the performance of
graphene-based electronic devices, the molecular n-doping of
graphene has been relatively less investigated compared to
p-doping as graphene is more readily p-doped by adsorbates.
Here, we devised a facile and eﬀective n-doping method for
graphene, utilizing the electron-donating nature of amine
functional groups attached to phenyl propargyl ether. Although
several studies on graphene n-doping have already been
reported in the past few years, most of the doping methods
resulted in an insignificant n-doping eﬀect and/or inevitably
degraded graphene quality.8,9,12–16 In 2009, Xiaochen Dong,
M. S. Dresselhaus and co-workers explored n-doping of single
layered graphene with various aromatic molecules exhibiting
respectable n-doping efficiency.12,19 However, to the best of our
knowledge, there is no report on controlling an aromatic
molecule’s substituents to induce both p/n-doping as needed.
APPE can be easily synthesized via NPPE intermediates and
deposited on large-area graphene by dipping or spin casting.
The outstanding n-doping eﬀect of APPE was confirmed by Raman
spectroscopy as well as electrical transport measurements of field
eﬀect transistors (FETs) based on APPE-doped graphene.

Results and discussion
We suggested aminophenyl propargyl ether (APPE, Scheme 1)7 to
act as an n-type dopant based on its capability of interacting with
graphene through p–p interaction and the amino group’s strong
electron-donating property. Furthermore, the acetyl group of APPE
can be utilized for further reaction with other organic functionalities
using click chemistry.10 APPE was synthesized according to a known
procedure which is described in Scheme 1.7
We had successfully doped graphene with APPE by dipping a
graphene FET into a solution of APPE and tetrahydrofuran
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Scheme 1 Preparation procedures of nitrophenyl propargyl ether (NPPE) and
aminophenyl propargyl ether (APPE).

Fig. 1

Doping procedure of graphene with APPE.

(THF) (Fig. 1). The SEM image of a FET device is shown in Fig. 3a.
In order to examine the type of doping APPE induces, we recorded
the Raman spectrum of an APPE doped graphene FET from which
we observed two conspicuous characteristics (Fig. 2a).
First, as observed in other n-doped graphene examples,12,13
the statistical intensity ratio 2D/G of the APPE doped graphene
was reduced by 40% compared to pristine graphene, indicating
that the graphene FET was doped (Fig. 2b).12,13 But to our
surprise, both of the 2D and G peaks in the spectrum were
upshifted, which has been unprecedented in the previous studies
on n-doped graphene; the Raman spectra in the preceding reports
have exhibited a down shifted G peak as opposed to the 2D peak.
In addition to these Raman spectral data, as shown in
Fig. 2a, a small D band peak appeared at 1350 cm 1, indicating
increasing disorder of the graphene basal plane. The appearance
of a D band through p–p interaction between aromatic
molecules and graphene is explained clearly in the reports
of Xiaochen Dong, M. S. Dresselhaus.12,19 To identify which
type of dopant APPE is, we examined transport measurements
of APPE doped graphene FETs under ambient conditions,
where the Dirac voltage (the gate dependence of minimum
conductivity) shift depends on the levels of electron or hole
doping.17 In this experiment, as shown in Fig. 3a, graphene
FETs doped with APPE showed a sharp negative shift of the
Dirac voltage when pristine graphene was taken as a control.
This result clearly indicates that APPE is an n-type dopant in
graphene FETs.
We also compared the n-doping eﬃciency of our method to
those of other known procedures (Table 1). The results show
that our n-doping method induced a more potent n-doping
eﬀect than the reported methods.8,9

18354

Phys. Chem. Chem. Phys., 2013, 15, 18353--18356

Fig. 2 (a) Raman spectra obtained from pristine graphene (black, bottom) and
APPE doped graphene (red, top). (b) Statistical intensity ratio 2D/G for pristine
graphene (black) and APPE doped graphene (red). (c) Peak shift of 2D/G for
pristine graphene (black, bottom) and APPE doped graphene (red, top).

In order to employ n-doped graphene FETs in electronic
applications, it is important to examine their electrical properties.
To that end, we measured the sheet resistance as a function of
doping time (Fig. 4a). Notably, after the graphene was n-doped
with APPE, the sheet resistance of graphene was reduced to threefold less than that of pristine graphene.
To confirm the assumption that the doping eﬀect depends
on a molecule’s functional substituent, we measured the
transport properties of nitrophenyl propargyl ether (NPPE)
doped graphene FETs as a comparison. As opposed to APPE’s
electron-donating amine group, NPPE’s electron-withdrawing
group was assumed to make p-doped graphene. As it is shown
in Fig. 3b, the Dirac point of NPPE doped graphene was slightly
shifted to the positive direction, showing that it actually
induces p-doping.
In organic chemistry, the Hammett equation has been
widely used to evaluate organic reactions and their mechanisms
(eqn (1)).18 The same equation can also be utilized as an
empirical reference to determine the substituent eﬀect.
rX = log Kx

log KH
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Fig. 4 Sheet resistances (a) and charge carrier mobilities (b) of APPE doped
graphene FETs.

(Fig. 4b) might originate from the screening eﬀect of APPE on
graphene.26

Experimental
Fig. 3 (a) SEM image of the FET device (scale bar: 50 mm). Conductivity–gate
voltage curves of graphene and APPE (b) and NPPE (c) doped graphene FETs
measured at Vsd = 0.01 V.

Table 1

Comparison of Dirac voltage values after diﬀerent n-doping treatments (V)

n-Doping by

Dirac voltage shift (V)

Au nanoparticles (ref. 8)
SAM-NH2 (ref. 9)
APPE

53.1
110
133

where KH is the ionization constant of benzoic acid in water at
25 1C and Kx refers to the corresponding constant for parasubstituted benzoic acid. These r values also represent the
electrical properties of a substituent. For APPE, the substituent
values of amine and acetylene groups are 0.66 and 0.23,
respectively. As a reference, the substituent value of the nitro
group in the Hammett equation is 0.778. These values indicate
the electron withdrawing properties of acetylene and nitro
groups, which might explain the unconventional G peak
upshift in the Raman spectrum unlike other n-doped graphene
examples. Finally, we predict that the presence of an acetylene
group could enhance the hole mobility of APPE doped graphene
FETs only, making the electron mobility almost constant
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p-Nitrophenyl propargyl ether (NPPE) was prepared by the
reaction between 5.65 g of p-nitrophenol dissolved in 50 ml
of 0.8 N aqueous NaOH and 1.28 g of propargyl bromide in the
presence of a phase transfer catalyst. NPPE was reduced with
28.8 g of stannous chloride in 70 ml of concentrated HCl. The
crude product was purified by distillation (bp 95 1C at 10 mm
Hg) and characterized by the comparison of 1H NMR data with
that of the known product.
Graphene field eﬀect transistors were constructed from
monolayer graphene grown by chemical vapor deposition
(CVD).11 Electrodes consisting of a 5 nm chrome (Cr) sticking
layer and a 30 nm gold (Au) layer were thermally deposited on
top of the graphene using a patterned stencil mask. In addition
to this, we constructed a graphene channel using the conventional
e-beam lithography method.
In conclusion, we found APPE as a new graphene n-dopant
without degrading the quality of intrinsic graphene. We proved
APPE’s intense n-doping eﬀect by examining the Raman spectrum
and measuring the transport properties. We also examined
the sheet resistance of APPE doped graphene FETs for their
applications in electronics. In addition, we suggest the n-doping
mechanism by using the Hammett equation. We also confirmed
that the doping eﬀect of a molecular framework strongly
depends on the functional substituents as changing the APPE’s
substituent to an electron withdrawing nitro group (NPPE)
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resulted in a slight p-doping eﬀect. Since APPE has an acetylene
group as a substituent, it might be able to carry out click
chemistry10 as well, making it a more versatile dopant. As a
matter of fact, the usage of APPE as a tool for functionalization
of CNT through click coupling has been previously reported.20
This might suggest that APPE and NPPE doped graphene can
be further applied to electrochemical biosensors with n-type
and p-type graphene in the near future.21–25
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