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To search for an effective way to control the carrier type and concentration of graphene, the adsorptions of
the electrophilic molecules (TCNE, TCNQ and F4-TCNQ) and the nucleophilic molecules (TDAE and ANTR)
on the graphene sheet were investigated using first principle theory calculations. Mulliken population
analysis results showed that electrons transferred from the graphene to TCNE, TCNQ and F4-TCNQ, while
from TDAE to the graphene sheet. Furthermore, the density of states (DOS) result also was consistent with
this. We hope our calculations will be useful for the application of graphene in nanoelectronic devices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has attracted wide attention since its discovery in
2004 [1] due to its unique structure and properties, it shows
numerous potential applications in nanoelectronic devices, such
as high speed logic devices, sensors and transparent electrodes
[2-7]. Experimental and theoretical researches indicated that
graphene has high crystal quality with low density of defects
[8,9], in which charge carriers can travel thousands of interatomic
distances without being scattered [10-12] and behave as massless
relativistic particles. This results in very high electron mobility in
graphene, a carrier mobility in excess of 200,000 cm?/(V s) was
measured for a single layer of mechanically exfoliated graphene
[13]. Graphene can be used in ballistic transistor with such high
electron mobility [3]. Graphene will bring a major breakthrough
in developing future generations of nanoelectronic devices.

However, for further developing of graphene-based devices,
controlling the carrier type and concentration of graphene is the
most important content. It had been recently shown that n-type
carrier concentration in epitaxial graphene could be realized by
deposited alkali metal atoms on graphene [14]. However, the addi-
tion of heteroatoms will destroy the crystal quality and reduce the
carrier mobility of graphene. Very recently, Chen et al. [ 15] obtained
p-type doped graphene by adsorbed F4-TCNQ on the graphene sur-
face. They found that electrons transferred from graphene to the F4-
TCNQ molecule. This result was also confirmed by Lu et al. [16] with
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density functional theory (DFT). It provided a nondestructive way
for controlling the carrier type and concentration of graphene by
adsorbing organic molecules with different electronic properties.
So, it is very important to understand the interaction between or-
ganic molecules and graphene. However, up to now, there has been
few theoretical research on the adsorption of organic molecules on
graphene. In this paper, we investigated the adsorption of the elec-
trophilic molecules (TCNE, TCNQ and F4-TCNQ) and the nucleo-
philic molecules (TDAE and ANTR) on the graphene surface with
first principle study. The former is well known as electron acceptor
organic molecules with adiabatic electron affinity of 3.17, 2.80 and
3.38 eV, respectively. The later is well known as strong donor or-
ganic molecules with adiabatic ionization energy of 5.36 and
7.36 eV, respectively. We found that both electrophilic and nucleo-
philic molecules will affect the geometrical and electronic struc-
tures of graphene through different ways. And the relationship
between the adiabatic electron affinity of electrophilic molecules
and the electron transfer was revealed will be useful for the appli-
cation of graphene in nanoelectronic devices.

2. Method

All DFT calculations were performed using DMol® code [17,18]
to study the interactions between organic molecules and the
graphene surface. Structure optimizations and corresponding total
energy calculations of the most stable geometries were based on
the generalized gradient approximation (GGA) function with the
Perdew-Burke-Ernzerhof (PBE) correction [19]. Compared to local
density approximation (LDA), GGA will not lead to a strong
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bonding of molecules. So, if the calculated molecules adsorb on
graphene surface, they will definitely bind in a real system
[20,21]. The DFT semicore pseudopotentials (DSPP) core treatment
[22] was implemented for relativistic effects, which replaces core
electrons by a single effective potential. To ensure that the results
of the calculations were comparable, identical conditions were em-
ployed for organic molecules, the graphene substrate and also the
adsorbed graphene system. The k-point was set to 8 x 8 x 1 for all
slabs, which brings out the convergence criterion of 10~ hartree
on energy and electron density, and that of maximum force of
0.002 hartree/A. Self-consistent field procedure was carried out
with a convergence criterion of 107° hartree on energy and elec-
tron density.

To study the adsorption of organic molecules on graphene, a
8 x 8 graphene supercell (128 carbon atoms per graphene layer)
was used. This was chosen to keep the separate distance between
organic molecules large enough to eliminate their interaction in
neighboring supercells. Five high-symmetry adsorption sites of or-
ganic molecules on graphene were considered in the present study,
and they are schematically shown in Fig. 1. Initially, the organic
molecule was put with its center on the five sites and with its long
axis (C=C double bond direction except ANTR) along armchair
(sites 1 and 2) or zigzag (sites 3, 4 and 5) direction. Furthermore,
the center of organic molecule was above the hollow site of graph-
ene for binding sites 1 and 5. In contrast, the center of organic mol-
ecule was over the bridge site of graphene for sites 2 and 4. At site
3, the center of organic molecule was above a carbon atom of
graphene.

Full geometry optimization had been performed for all these or-
ganic molecules (TCNE, TCNQ, F4-TCNQ, TDAE and ANTR) and
8 x 8 graphene separately prior to the optimization of the adsorp-
tion system. The optimized geometry of the free graphene sheet
showed C—C bond length of 1.42 A, which was in good agreement
with previous reports.

3. Results and discussion

To find the most favorable adsorption configurations, we first
calculated the binding energy (E,) of adsorbed systems, which is
defined as

Ey, = Eomc — (E¢ + Eom), (1)

where Eopn.c, Ec and Egy denote the total energy of adsorbed sys-
tem, isolated graphene and organic molecule, respectively. The
most stable configurations of the TCNE, TCNQ, F4-TCNQ, TDAE
and ANTR molecules on the graphene sheet were summarized in
Fig. 2. More detailed information for favorable adsorption configu-
rations from the calculation, including values of adsorption energy,

Fig. 1. Schematic top view of five high-symmetry adsorption sites on grapheme.

equilibrium graphene-molecule distance (defined as the center
-to-center distance of nearest atoms between graphene and organic
molecule) and the charge transfer (Mulliken charge), were listed in
Table 1. As we can see, for all organic molecules, E;, was negative,
which meant that the molecules can be adsorbed on graphene sheet
from the thermodynamical viewpoint. From the optimized geome-
tries, we found that for TCNE and ANTR, the structure with its long
axis along armchair direction would be energy favorable. In con-
trast, for TCNQ, F4-TCNQ and TDAE, the configuration with its long
axis along zigzag direction would be most stable.

3.1. TCNE on graphene

The most stable structure of TCNE on graphene was shown in
Fig. 2a. The central C=C bond of TCNE was above the hollow site
of graphene with its C=C bond along the armchair direction. This
was in quite agreement with Lu’s results [16]. Though structure
in Fig. 2a was the most stable adsorption site, the binding energy
differences of various sites were no more than 0.03 eV. The ad-
sorbed TCNE molecule was found floating above the graphene layer
at about 3.4 A and no evidence of formation of chemical bonds be-
tween them [16]. A charge transfer of ~0.274 e from graphene to
TCNE molecule was found. Almost 0.24 e was transferred to four
C=N groups while the other transferred to the other two carbon
atoms of TCNE, leaving holes in the graphene sheet behind.

3.2. TCNQ on graphene

According to the binding energy, the configuration in Fig. 2b
represented the energetically most stable configuration with E, =
—0.255 eV, and TCNQ-graphene equilibrium distance of 3.497 A.
The bezenoid ring of TCNQ was stabilized above the C—C bond of
the graphene sheet with its long axis along the zigzag direction.
This tendency was in agreement with the ab initio results of TCNQ
doped (5,5) armchair single walled carbon nanotubes (SWCNTs)
[22]. The Mulliken population analysis revealed that the electron
charge transfer about 0.26 e occurred from graphene to TCNQ mol-
ecule. To better understand the interfacial charge rearrangements
between TCNQ and graphene, the deformation charge density Ap
of adsorbed system was calculated, which illustrated how the
charge density changes during this adsorption process. Ap was de-
fined as

Ap = pr — (Pg + Pom) (2)

in which pr, pc and pop denoted electron density of the TCNQ-
graphene adsorbed system, graphene and organic molecule for the
adsorbed system, respectively. Contour plots of the charge rear-
rangements upon adsorption calculated using Eq. (2) were shown
in Fig. 3 together with a structure representation of the TCNQ
molecular. In Fig. 3a, electrons flowed from the red! areas to the
gray areas. Compared with the results present in Fig. 3b and Table
2, the regions of electron accumulation were concentrated on those
bonds that were shortened upon adsorption.

3.3. F4-TCNQ on graphene

Similar to its precursor TCNQ, in which all four fluorine atoms
are replaced by hydrogen atoms, the most stable structure for
F4-TCNQ adsorbed system was same as TCNQ adsorbed system.
The long axis of F4-TCNQ pointed to the zigzag direction and the
bezenoid ring of F4-TCNQ was stabilized above the C—C bond of
the graphene sheet, with E, = —0.255 eV, and TCNQ-graphene equi-
librium distance of 3.497 A. FA-TCNQ was known to adopt a fully

1 For interpretation of color in Figs. 1-5, the reader is referred to the web version of
this article.
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Fig. 2. Most stable configurations of the TCNE (a), TCNQ (b), F4-TCNQ (c), TDAE (d) and ANTR (e) molecules on the graphene sheet.

Table 1
Calculation results of the adsorption energy Ej, equilibrium graphene-molecule
distance d and the charge transfer q for the favorable adsorption configurations.

Adsorbed system Ep (eV) d(A) q(e)

TCNE + graphene -0.233 3.401 -0.274
TCNQ + graphene —0.255 3.497 —0.263
FATCNQ + graphene —0.635 3.508 —0.506
TDAE + graphene -0.417 3.082 0.454
ANTR + graphene -0.151 3.748 0.002

planar and quinoidal structure in the gas phase or as a molecular
crystal [23]. This situation changes upon adsorption on graphene:
F4-TCNQ adopted a bent geometry with the nitrogen atoms
0.188 A closer to the graphene sheet than the = backbone, which
indicated a strong attractive interaction between the —CN substit-
uents and the graphene sheet. Moreover, a distortion of the molec-
ular skeleton form a quinoidal toward an aromatic structure was
observed. This aromatic stabilization could be identified when
comparing the bond-length changes in Table 3. The Mulliken pop-
ulation analysis revealed that about 0.51 e charge transformation
occurred from graphene to F4-TCNQ molecule. The Mulliken pop-
ulation results also revealed that for the electrophilic molecules,
the more negative adiabatic electron affinity is, the more electron
transfers to graphene. The structure change and charge transfer

results were similar to that of F4-TCNQ adsorption on Ag (111)
surface [24]. Carbon has a similar electron affinity (1.26 eV) as Ag
(1.30eV) [25]. Fig. 4 and Table 3 showed that the regions of
electron accumulation are concentrated on those bonds that were
shortened upon adsorption.

3.4. TDAE on graphene

The energy favorable structure for TDAE adsorbed system was
shown in Fig. 2d. The molecular center of TDAE was above the
C—C bond of graphene and its long axis was along the armchair
direction. The adsorbed TDAE molecule was found floating above
the graphene layer at about 3.1 A and no evidence of formation
of chemical bonds between them. A charge transfer of ~0.454 e
from TDAE molecule to graphene was found.

3.5. ANTR on graphene

The energy favorable structure for ANTR adsorbed system was
shown in Fig. 2e. The central phenyl ring of ANTR was above the
C—C bond of graphene and its long axis was along the zigzag direc-
tion. The adsorbed ANTR molecule was found floating above the
graphene layer at about 3.7 A and no evidence of formation of
chemical bonds between them. A small charge transfer of
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Fig. 3. Electron density difference isosurfaces (a) (the gray region shows the
electron accumulation, while the red region shows the electron loss) and a structure
representation of the TCNQ molecular (b) (the dark gray, white and blue atoms
represent C, H and N, respectively) for TCNQ adsorption system.

Table 2
Bond lengths change for TCNQ before and after adsorption (bonds 1-5 are shown in
Fig. 3b).

Bond Number Tisolated TcNg (A) Fadsorbed Teng (A) Ar (A)

N=C 1 1171 1173 +0.001

c—C 2 1.421 1.418 —0.002

c=C 3 1.399 1.408 +0.006

c—C 4 1.438 1434 —0.003

c=C 5 1.363 1.366 +0.002
Table 3

Bond lengths change for F4-TCNQ before and after adsorption (bonds 1-6 are shown
in Fig. 4b).

Bond Nb Tisolated FaTcNg (A) Tadsorbed Fatcng (A) Ar (A)

N=C 1 1.171 1173 +0.002
c—C 2 1.422 1.419 —0.003
=C 3 1.400 1.414 +0.014
c—C 4 1.438 1.429 —0.009
c=C 5 1.368 1373 +0.005
C—F 6 1.338 1.345 -0.007

~0.002 e from graphene to ANTR molecule was found. This ad-
sorbed system had the smallest binding energy and charge transfer
value and biggest binding distance among these organic molecule
adsorbed systems.

Fig. 4. Electron density difference isosurfaces (a) (the yellow region shows the
electron accumulation, while the blue region shows the electron loss) and a
structure representation of the F4-TCNQ molecular (b) (the dark gray, green and
blue atoms represent C, F and N, respectively) for F4-TCNQ adsorption system.

3.6. Density of states

To better understand the bonding properties through electronic
structure, the electronic density of states (DOS) of these adsorbed
systems were obtained in Fig. 5. In this part, the Kohn-Sham DOS
was computed using a 8 x 8 x 1 I'-centered Brillouin-zone sam-
pling, and the energy eigenvalues were smeared with Gaussians
of width of ¢ =0.1eV. Our computation results showed that the
pristine graphene was a zero-gap semiconductor, and its Fermi en-
ergy exactly crossed the Dirac point, being in agreement with the
calculated results of other research [16]. While, the calculated
DOS results of graphene in the presence of organic molecules
clearly showed discrete molecular levels around the Fermi energy.
For TCNE, TCNQ and F4-TCNQ adsorbed systems, the presence of or-
ganic molecules resulted to the slightly shifting of Dirac point to-
wards the higher energy level, the electrons were moved from the
valence bands of graphene to the TCNE, TCNQ and F4-TCNQ mole-
cules. For TDAE adsorbed systems, the presence of TDAE molecules
caused the slightly shifting of Dirac point towards the lower energy
level, the electrons were moved from TDAE molecule to the conduc-
tion bands of graphene. While for ANTR adsorbed system, there was
no significant change for the Dirac point, and this result consisted
with our Mulliken population analysis results that almost no charge
transfer was found between ANTR and the graphene. Meanwhile,
we can explore the hybridized orbitals by analyzing total density
of state (TDOS) of adsorbed systems and partial density of state
(PDOS) of organic molecules. From Fig. 5 we can see that there
was almost no orbital hybridization between organic molecule
and the graphene, indicating weak interaction between them.
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Fig. 5. Total density of state (TDOS) and partial density of state (PDOS) results for five adsorbed systems with preferred configuration (the dash line, black line, blue line and
red line indicate the Fermi level, the TDOS of adsorbed systems, the PDOS of graphene and PDOS of organic molecules).

4. Conclusions

In summary, with DFT calculations, the adsorptions of the elec-
trophilic molecules (TCNE, TCNQ and F4-TCNQ) and the nucleo-
philic molecules (TDAE and ANTR) on the graphene sheet was
investigated. The computational results showed that the small
binding energy and large adsorption distance indicated that organ-
ic molecules underwent physical adsorption on graphene surface.
Mulliken population analysis results showed that obvious elec-
trons transformation occurred between graphene sheet and TCNE,
TCNQ, F4-TCNQ and TDAE, but did not for ANTR. Electrons trans-
ferred from the graphene to TCNE, TCNQ and F4-TCNQ, while from
TDAE to the graphene sheet. Furthermore, the density of states
(DOS) result also was consistent with this. So, by adsorbing differ-
ent kind of organic molecules, the carrier type and concentration of

graphene can be controlled. Our novel results should have great
implications for future graphene-based nanoelectronic devices.
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